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Abstract This paper reports magnetospheric multiscale (MMS) observations of the sub‐ion‐scale
dynamics within the ion diffusion region (IDR) in the Earth's magnetotail. MMS crossed the IDR from
the southern to the northern hemisphere, at about two ion inertial length earthward of the X line with a
small guide field. Electrons were anisotropic in the inflow region of the IDR and turned into isotropic within
the IDR. The isotropization of the electrons was probably due to the pitch angle scattering in highly
curved magnetic field lines. We suggest that the thickness of the electron isotropic region strongly depends
on the horizontal distance to the X line. The out‐of‐plane current bifurcated in the IDR. It peaked at the
boundaries between the inflow and outflow electrons around the separatrices. Magnetic energy conversion
and dissipation predominantly occurred at the peak of the out‐of‐plane current instead of at the neutral
sheet center where BL = 0. Both the energy dissipation and normal electric field EN exhibited evident
asymmetry with respect to the neutral sheet. The energy dissipation was larger around the northern
separatrix than around the southern separatrix. The electric field EN showed a tripolar variation across the
neutral sheet, that is, a unipolar EN around the southern separatrix and a bipolar EN around the northern
separatrix. The reasons and implications of these asymmetries are discussed.

1. Introduction

It is widely accepted that magnetic reconnection is initiated in a small‐scale diffusion region and causes
large‐scale magnetic topology changes. The core concept of the Hall reconnection model is the two‐scale dif-
fusion region based on the different masses of ions and electrons: The ion diffusion region (IDR) and the elec-
tron diffusion region (EDR). Ions (electrons) are demagnetized and decoupled from magnetic fields in the
IDR (EDR). It has been suggested that Hall effect, resulted from the decoupling of the ion and electron
motion in the IDR, is crucial for fast reconnection (e.g., Birn et al., 2001). However, some studies challenge
this conclusion by finding that fast reconnection is also achieved in electron‐positron plasma, where Hall
effect vanishes (Bessho & Bhattacharjee, 2005). Recent development of fast reconnection theory suggests that
macroscopic upstream/inflow conditions determine the fast reconnection rate while microphysics within the
diffusion region are not important (Liu et al., 2017).

In situ observations of the IDR in the Earth's magnetosphere in the past decade, from Cluster (e.g., Runov,
2003; Borg et al., 2005; Eastwood et al., 2007; Eastwood, Phan, et al., 2010; Wang et al., 2010, 2012;
Nakamura et al., 2006; Zhou et al., 2017), Wind (e.g., Øieroset et al., 2001), Geotail (e.g., Deng &
Matsumoto, 2001; Nagai et al., 2011), and THEMIS missions (e.g., Teh et al., 2010), have established the
quadrupolar out‐of‐plane Hall magnetic field and bipolar normal Hall electric field in/around the IDR,
which are consistent with numerical simulations (Pritchett, 2001). These observations found coherent struc-
tures in the IDR, including the secondary magnetic islands and dipolarization fronts (Chen et al., 2008; Fu et
al., 2013; Huang et al., 2012; Wang et al., 2010; Zhou et al., 2017). Abundant plasma waves, such as kinetic
Alfven waves (Chaston et al., 2005; Huang et al., 2010), lower hybrid drift waves (Zhou et al., 2009; Zhou, Li,
et al., 2014), whistler waves (Deng and Mastumoto, 2001; Zhou et al., 2011; Huang et al., 2016, 2017), and
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high‐frequency electrostatic waves (Viberg et al., 2013), have been detected within the IDR. These wavesmay
be important in energy dissipation and transport. They also provide important clues on how the particles are
regulated by reconnection. Sub‐ion‐scale physics and electron dynamics in the IDR have rarely been
investigated through these studies, since these missions do not have high‐resolution electron data even
though they provide sufficient high‐resolution electromagnetic field data.

Since 2015, magnetospheric multiscale (MMS) has provided high‐resolution measurements of the IDR at the
daysidemagnetopause (e.g., Graham et al., 2016; Phan et al., 2016;Wang et al., 2016; Zhou et al., 2016). These
IDRs were associated with asymmetric reconnection, in which the Hall electromagnetic fields are asym-
metric with respect to the reconnecting magnetopause current sheet (Tanaka et al., 2008; Mozer et al.,
2008; Dai, 2018). Zhou et al. (2016) studied high‐frequency plasma waves and inferred the wave‐particle
interactions based on the high‐resolution electron velocity distributions. Wang et al. (2016) found the ion
demagnetization and energization in the IDR. Graham et al. (2016) found the electron heating and intense
electron currents due to lower hybrid drift waves. Phan et al. (2016) also reported intense electron currents
within the IDR and suggested that sub‐ion‐scale process is important in the IDR.

MMS started phase 2b in the magnetotail fromMay 2017. Two EDRs, which were associated with symmetric
reconnection in the magnetotail, have already been reported in detail (Torbert et al., 2018; Zhou et al., 2019).
However, there is lack of detailed analysis of the IDR in symmetric reconnection from MMS. In this paper,
we reveal the fine structures of the IDR byMMS observations in themagnetotail. The data from the following
instruments onboardMMS have been used in this study: the fluxgate magnetometer (Russell et al., 2016), the
fast plasma instrument (FPI; Pollock et al., 2016), and the electric double probe (Ergun et al., 2016; Lindqvist
et al., 2016).

The remainder of this paper is organized as follows. We demonstrate the global context of this event in
section 2. The observations of the IDR are depicted in section 3. Section 4 shows the characteristics of this
IDR. Discussion and summary are given in section 5.

2. Overview of the X line in the Magnetotail

MMS was around [−20.4, −2.5, 2.8] RE in the geocentric solar ecliptic coordinate system in the magnetotail
at 09:43 UT (Figure 1a). Figure 1b shows that MMS constituted a nearly perfect tetrahedron in space with

Figure 1. (Panel a) Magnetospheric multiscale (MMS) orbit during the whole day of 19 June 2017 and (panel b) formation
of the four spacecraft in space at 09:43 UT. The orbit in panel (a) is in geocentric solar ecliptic (GSE) coordinate system.
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tetrahedron quality factor of 0.943 at 09:43 UT (Robert & Roux, 1993). The average spacing of the four
spacecraft was 24 km ~ 0.033 di ~ 1.5 de, where di ~ 720 km is the ion inertial length and de ~ 16 km is the
electron inertial length based on plasma number density of 0.1/cm3.

Figure 2 displays the MMS3 observations from 09:30 to 09:55 UT. The vectors are presented in the geocentric
solar magnetospheric (GSM) coordinate system. The spacecraft detected a tailward (~−400 km/s) to earth-
ward (~200 km/s) ion bulk flow reversal. The flow reversal was accompanied by the polarity change of mag-
netic field Bz from negative to positive, suggesting that a tailward retreating X line passed the spacecraft.
There was a flow quiescent period between the tailward and the earthward flow. We should note that the
flow speed is underestimated since a significant number of ions were above the upper energy limit of the
FPI, as is shown in Figure 2f. The plasma density was relatively stable (~0.1 cm−3) during the X line crossing
and was slightly higher in the ambient quiet plasma sheet (~0.2 cm−3).

Figure 2. Overview of MMS3 observations from 09:30 to 09:55 UT. From the top to the bottom are (a) three components of
the magnetic field; (b) total magnetic field; (c) plasma number density; (d) ion bulk velocities; (e) ion plasma β; and
(f) ion and (g) electron omnidirectional differential energy flux. Vectors are presented in geocentric solar magnetospheric
(GSM) coordinate system. MMS, magnetospheric multiscale.
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MMS was deep in the plasma sheet, where ion plasma β exceeded 10 and magnetic field Bx was around zero,
during 09:30–09:36 UT, before the onset of the tailward flow. MMS moved southward at 09:37 UT as it
detected the enhancement of the tailward flow, which marks the onset of a reconnection earthward of the
spacecraft. MMS exited the flow channel after 09:41 UT when βi observed by MMS was below 0.5. Then,
MMS encountered a bulge or a flux rope in the southern hemisphere approximately from 09:41:30 to
09:42:30 UT, when it recorded a bipolar variation of Bz. MMS was engulfed into the central plasma sheet
as it observed the elevated βi up to 3 and the enhancement of the ion/electron energy fluxes above 1 keV.
A dawnward ion flow was in association with the flux rope or the bulge. MMS then crossed the neutral sheet
rapidly from the southern to the northern hemisphere at around 09:43 UT, during the quiescent
flow interval.

The earthward flow started at about 09:46 UT when MMS approached the neutral sheet again. It persisted
nearly 5 min and reversed sign when MMS exited the neutral sheet. Figure 6a depicts the trajectory of
MMS through this X line from the tailward to the earthward side. MMS was in the plasma sheet (plasma
βi was around 0.5) when it did not observe the high‐speed outflow during 09:42:30–09:43 UT and 09:44–
09:45 UT. This implies that the reconnection did not reach the lobe, that is, it occurred in closed field lines.

3. Observations of the IDR

In the following, we focus on the neutral sheet crossing during the flow reversal. We have transferred the
vectors into an LMN coordinate system, which was obtained by applying the minimum variance analysis
on the magnetic field between 09:43:09 and 09:43:34 UT (Sonnerup & Scheible, 1998). The rotation matrix
from GSM to LMN is: L = [0.958, 0.272, 0.096], M = [−0.254, 0.640, 0.725] and N = [0.136, −0.718, 0.682].
Here, L corresponds to the maximum eigenvalue and points to the reconnecting component,N corresponds
to the minimum eigenvalue and points to the normal of the neutral sheet, and M corresponds to the inter-
mediate eigenvalue and completes the right‐handed orthogonal coordinate system, that is, M = N × L.
The ratio between the intermediate and the minimum eigenvalue is 22. The derived N has been double
checked by timing analysis, which provides the moving speed of the neutral sheet in the normal direction
VN ~ −90 km/s. The two vectors are only 8° different between each other, indicating that the obtained nor-
mal is reliable. We note that the neutral sheet normal deviated significantly from Zgsm, which is a common
feature of magnetotail current sheets and was likely caused by the kink‐type or sausage‐type instability or
other fluid instabilities (Sharma et al., 2008 and references therein).

Figure 3 shows the MMS3 burst mode observations of this neutral sheet between 09:43:17 and 09:43:33 UT.
MMS crossed the neutral sheet on the earthward side of this X line, because both the ion flow ViL and elec-
tron flow VeL together with the magnetic field BN were positive throughout this interval. There was an
enhancement of ViL (~200 km/s) in the neutral sheet in comparison to the inflow region. Note again that
ViL is underestimated due to the limited energy coverage of FPI. ViL was smaller than the ion outflow speed
observed at around 09:39 and 09:48 UT. It was also smaller than the electron outflow VeL, which means that
MMS was close to the X line as the ions had not been accelerated to the speed in the exhaust further away
from the X line. Note that the ion outflow speed is generally smaller than the inflow Alfven speed (Wu
and Shay, 2011). In this event, the inflow Alfven speed VA,in was about 1000 km/s based on the inflow mag-
netic field ~15 nT and plasma density ~0.1/cm3.

The reverse of BL was accompanied by a bipolar variation of the out‐of‐plane magnetic field BM from nega-
tive to positive. The bipolar variation is superposed on a small guide field Bg ~ 1.5 nT ~ 0.1 B0, which is
inferred from the shear angle (~170°) between the two asymptotic magnetic fields at around 09:45:40 and
09:52:10 UT, respectively. The polarity change is consistent with Hall quadrupolar magnetic field
(Pritchett, 2001; Eastwood, Phan, et al., 2010). The positive BM′ has a larger magnitude than the negative
BM′, here BM′ = BM − Bg.

A Hall current loop in the reconnecting plane (L‐N plane) was associated with the Hall magnetic field. It con-
sisted of an outward current in +L above/below the neutral sheet and an inward current in −L bounded by
the two outward currents (Figures 3f and 3g). The current densities calculated by the curlometer technique
(Figure 3f) and from the plasma moments (Figure 3g) are similar, except that the magnitude was larger for
the current derived from the plasma moments than from Ampere's law. The Hall current was mainly carried
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by electrons since the electron velocity was much greater than the ion velocity. This Hall current loop agrees
well with simulations (e.g., Lu et al., 2010) and generated the perturbations of BM.We notice that a current in
the +N direction is needed to close the Hall current loop at the reversal point of JL near the northern
separatrix. However, we see a –N‐directed current from the particle data. The closing of this Hall current
loop was probably not detected by MMS but at a location closer to the X line. Lu et al. (2010) pointed out
that electrons flow toward the X line along the separatrix, while the outflow electrons are at the inner side
of the separatrix. The two orange shadows in Figure 3 mark the locations of the two separatrices, which
are coincident with the peak speeds of the inflowing electrons. A density dip was observed corresponding
to the northern separatrix, while the density did not change obviously around the southern separatrix.

Figure 3. MMS3 burst mode observations of the ion diffusion region. (a) Magnetic fields BL (black) and BN (red);
(b) magnetic field BM; (c) electron density; (d) ion bulk velocities; (e) electron bulk velocities; (f) current density calculated
by the curlometer technique and (g) by the plasma moments, that is, J = nq (Vi − Ve); and (h) three components of
electric field. Vectors are presented in the LMN coordinate system. The orange shadows mark the separatrices. The three
blue bars denote the times of the ion velocity distributions shown in Figure 5. MMS, magnetospheric multiscale.
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The out‐of‐plane current JM bifurcated within the IDR (Figure 3f). This feature is quite common in current
sheets in space plasmas. For instance, it has been observed in the magnetotail associated with or without
reconnection signatures (Asano et al., 2003; Nakamura et al., 2006; Runov et al., 2003). The peak JM was
coincident with the reversal of JL and in the inner side of the two separatrices. The width of JM was about
90 km ~ 5.3 de, thus they were electron‐scale current layers.

The normal electric field ENwas positive below the neutral sheet andmostly negative above the neutral sheet
(Figure 3h). This is consistent with previous observations showing the convergent electric field around the
IDR (Borg et al., 2005; Eastwood, Phan, et al., 2010). The peak magnitude of EN was about 20 mV/m.
Figure 4 presents the measured electric field E, the ion convective electric field −Vi × B, and the electron
convective electric field −Ve × B. It clearly shows that |E| was much larger than |−Vi × B| for almost the
entire interval, that is, the ion frozen‐in condition was violated. The normal electric field EN was mainly
balanced by −Ve × B, that is, EN was mainly the Hall electric field J × B/nee = Vi × B − Ve × B ~ −Ve × B
given that quasi‐neutrality (ni ≈ ne) was satisfied. From the perspective of the ion momentum equation,
the Hall electric field was mainly balanced by ion pressure gradient term (Dai et al., 2015, 2017; Zhang et
al., 2017). Note that there was a positive EN peak adjacent to the negative EN above the neutral sheet. This
additional positive EN will be discussed in the next section. The structured electromagnetic perturbations,
that is, the bipolar BM variation and EN variation between the two orange shadows in Figure 3, were also sug-
gested as the manifestation of kinetic Alfven waves (Dai et al., 2017). Here, EN ~ 30 mV/m and BM ~3.5 nT,
thus the ratio EN/BM is around 860 km/s, which is close to the Alfven speed. This supports the kinetic Alfven
wave explanation of the Hall fields.

The ion velocity distributions during this crossing are displayed in Figure 5. Figures 5a and 5c present the
distributions around the two separatrices, while Figure 5b shows the distribution in the neutral sheet. The
three corresponding times are indicated by the blue bars in Figure 3. Figure 5b shows the counter‐streaming
ions (marked by the two circles in the VM‐VN plane) along the normal of the neutral sheet in the central cur-
rent sheet. The peak velocities were around 500 km/s. These were meandering ions bounced back and forth
across the neutral sheet (Wygant et al., 2005). The distribution slightly shifts toward the +L direction because
of the accelerated outflow along +L. There is a population in +M around ~1,000 km/s ~ 5 keV (marked by
the circle in the VL‐VM plane). These ions were probably accelerated by the reconnection electric field in the
IDR. This speed is substantially larger than the bulk speed of the ions. The ion velocity distributions in VM‐

VN plane (perpendicular to the magnetic field) around the two separatrices exhibit nongyrotropy, which is
more evident in Figure 5c that the phase space densities on the upper right and lower left quadrants are lar-
ger than that in the two other quadrants. The nongyrotropic ion distributions were likely the consequence of
the mixture of incoming ions and already accelerated ions (Dai et al., 2015). We can safely conclude that
MMS crossed an IDR of this X line based on the evidence of Hall electromagnetic fields, Hall current, and
the demagnetized ions. Figure 6b illustrates the MMS trajectory and the geometry of the IDR, including
the Hall electromagnetic fields and Hall current.

Based on the well‐structured Hall magnetic fields and simple geometry analysis, we estimated the reconnec-
tion rate and the distance of the crossing point to the X line in the L direction. The cone angle was estimated
by θ = tan−1|BN/BL| ≈ 15°, where BN and BL are the averaged values at the two separatrices. This estimation
is reliable in a laminar reconnection where separatrix can be clearly identified and BN and BL are relatively
stable. By using the formula in Liu et al. (2017) and the cone angle, we found the dimensionless reconnection
rate was about 0.19, which corresponds to an inflow speed of 200 km/s and 3 mV/m EM over the mesoscale
region just outside the diffusion region. However, the flow speed |VN| was less than 200 km/s (Figure 3d),
and the electric field EM was less than 3 mV/m in the inflow region. This discrepancy may be due to that
the reconnection electric field does not simply map from the microscale to the mesoscale as the model
assumes. As the data indicates, this is likely an oversimplification in Liu et al. (2017).

We noticed that the separation between the southern separatrix (the peak speed of the inflow electrons) and
BL = 0 is dt1 = 4 s, and the separation is about dt2 = 3 s for the northern separatrix (See Figure 3e). The dif-
ference was probably due to the oblique crossing of this IDR by MMS, which resulted in the different vertical
distances between the neutral sheet and the two separatrices (see Figure 6b). The distance between the X line

and the crosspoint of the MMS trajectory and the neutral sheet is given by dt2δ1þdt1δ2
dt1þdt2ð Þtanθ ~ 1,200 km ~ 1.6 di,
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Figure 4. (a) Three components of the magnetic field; panels (b), (d), and (f) show the three components of the electric field, respectively. The black traces denote
the measured electric field E, while the red traces denote −Vi × B. Panels (c), (e), and (g) display the three components of electric field in the electron frame
E + Ve × B (blue) and the errors of the measured electric fields (purple), respectively. Panel (i) shows the energy conversion rate J·E, and panel (j) shows the energy
dissipation rate J·E′. The red traces in panels (h) and (i) denote the contribution from the perpendicular electric field, while the blue traces denote the
contribution from the parallel electric field. Panel (j) presents JLEL′ (blue), JMEM′ (green), and JNEN′ (red). The periodic peaks of the error bars in panel (c) are
related to the shadowing of the SDP probes by the ADP boom. Here, SDP is the spin‐plane double probe instrument, and ADP is the axial double probe instrument.
There are four SDP probes, so there are four shadows per spin: 20 s/4 = 5 s. When one of the probes is in shadows, there will be a spike in the electric field.
The electric double probe instrument team has a model for this spike and has removed most of it from the data. But there is always something left and therefore
using a higher error value at this time.
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where vN ~90 km/s and δ1 = vNdt1(δ2 = vNdt2) is the vertical distance between the southern (northern)
separatrix and the neutral sheet. This method is similar to that used in Phan et al. (2007) to infer how far
the electron jet was from the X line. Furthermore, the motion speed of the X line in the L direction is

estimated as vN dt1−dt2ð Þ
tanθ dt1þdt2ð Þ ~ 48 km/s. Although the X line moved tailward on average from 09:36 to 09:50

UT, it occasionally moved earthward during this interval as demonstrated here. The lower limit height of
this IDR equals the vertical distance between the two separatrices at the crosspoint of MMS trajectory and
the southern separatrix, that is, 2δ1 ≈ 1 di.

4. Novel Properties of the IDR

Figures 4h and 4i show that the energy conversion J·E and dissipation J·E′within the IDRwere mainly at the
peak of the current JM instead of at the current sheet center where BL = 0. Here, E′ is the electric field in the
electron rest frame, that is, E′=E+Ve × B. The difference between E and−Ve × B is larger than the errorbar
of the electric field in the regions with significant J·E′, as is shown in Figures 4c, 4e, and 4g. The peak value of
J·E′ was about 0.4 nW/m3, which is comparable to those observed in the EDR in the magnetotail (Torbert et
al., 2018; Zhou et al., 2019). A Super‐Alfvenic electron jet with VeL ~ 2,000 km/s ~ 2 VA,in was observed at
BL = 0; however, this electron jet did not correspond to significant energy dissipation because the electrons
were mostly frozen‐in to the magnetic fields. This contrasts with the energy dissipation in the IDR reported
by Zhou et al. (2016). They found the most intense energy dissipation at the center of the IDR.

Figure 5. Ion velocity distributions at (a) 09:43:20.234 UT, (b) 09:43:24.734 UT, and (c) 09:43:27.434 UT. The distributions
have been averaged in a 0.9‐s window with the central time indicated in the title. For each panel, from the left to the right
are the distributions in VL‐VM, VL‐VN, and VM‐VN plane, respectively.
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The nonzero J·E′ means the existence of nonideal electric field around the separatrices, which has been
reported in particle simulation (Zhou et al., 2012). Comparing Figures 4h and 4i, we find that J·E and J·E′
were nearly the same, which implies that most of the magnetic energy went to heat instead of bulk acceler-
ating the plasma. J·E and J·E′were mainly contributed by the perpendicular current and electric field, while
the work done by the parallel electric field was negligible. Figure 4j decomposes J·E′ into JLEL′, JMEM′, and
JNEN′. We see that JMEM′ dominates over the other two components since JM was larger than the current
densities in the other two directions.

One remarkable feature of the energy conversion and dissipation is the asymmetry between the southern and
northern hemisphere. Figure 4i clearly shows that the magnitude of J·E′ is larger in the northern hemisphere
than in the southern hemisphere. The average energy dissipation around the northern separatrix was posi-
tive ~0.035 nW/m3, while it was nearly zero around the southern separatrix.

Another intriguing feature of this IDR is the tripolar Hall EN structure. It has been found in a recent particle‐
in‐cell simulation with guide field (Fu et al., 2018) but has not been reported experimentally. The polarity
change of this tripolar EN is consistent with the results in Fu et al. (2018), which demonstrates that the bipo-
lar EN appears in the larger BM side. However, one major discrepancy is that the positive EN adjacent to the
negative EN is mainly due to the ion convective electric field in Fu et al. (2018), whereas the positive EN

observed here was much larger than −Vi × B. This positive EN was also larger than −Ve × B, thus requiring
the divergence of electron pressure tensor or the electron inertial to balance it. The duration of this positive
EN was about 0.3 s, hence its spatial scale was about 27 km ~ 2 de.

Figure 7 compares J·E′ and EN observed by the four spacecraft. Obvious asymmetry in J·E′ and the electric
field EN with respect to the neutral sheet was observed by all the four spacecraft. In particular, J·E′ around
the southern separatrix was even negative as observed by MMS2. The four spacecraft were separated by

Figure 6. (a) Schematics of the X line and (b) the ion diffusion region (IDR) detected by magnetospheric multiscale
(MMS). MMS was initially in the central plasma sheet tailward side of the X line. Then it moved southward and
encountered the southern portion of a tailward‐moving flux rope or bulge. MMS then moved to the earthward side of this
X line and crossed the IDR from the southern to the northern hemisphere. It finally moved southward and crossed the
neutral sheet again in the earthward exhaust.
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about one electron inertial length from each other, thus implies the electron‐scale variations of J·E′ around
the separatrix region. EN observed by the other three spacecraft are similar to that observed by MMS3, except
the positive EN at the northern separatrix observed by MMS2 was relatively smaller. This is consistent with
our interpretation that the positive EN near the northern separatrix was associated with electron‐
scale physics.

Figure 8 presents the electron temperature and pitch angle distributions around the neutral sheet. Electrons
were isotropic further away from the neutral sheet. Significant temperature anisotropy with T|| > T⊥
appeared once |BL| was less than 12 nT. The parallel temperature anisotropy resulted from the bidirectional
electrons in the energy range of 250–700 eV and 800–4,000 eV, which are displayed in Figures 8c and 8d,
respectively. The parallel temperature enhanced suddenly around the separatrices and led to a maximum
anisotropy T||/T⊥ ≈ 3 at the southern separatrix and T||/T⊥ ≈ 2 at the northern separatrix. The temperature
and electron pitch angle distributions were isotropic in the center of the IDR where |BL| < 5 nT. The thick-
ness of the isotropic region was about 270 km ~ 16 de. The average temperature was higher in the isotropic
region than in the anisotropic region. We notice that the electron temperature was also asymmetric with
respect to the neutral sheet, that is, the temperature on the northern hemisphere was slightly higher than
that on the southern hemisphere.

Figure 7. The magnetic field BL (a), the energy dissipation rate J·E′ (b–e), and the electric field EN (f–i) measured by the
four spacecraft.
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Similar temperature anisotropy and bidirectional electron velocity distributions have been found in the
inflow region of the diffusion region (Chen et al., 2009; Huang et al., 2018; Zhou et al., 2019). It is suggested
that acceleration by parallel electric field causes the temperature anisotropy in the inflow region (Egedal et
al., 2010). Figure 8e shows the electron adiabatic parameter κ for three different energies: 0.2, 1, and 5 keV,
respectively. Here, κ is defined as the square root of the ratio between the local magnetic field curvature
radius and the electron Larmor radius (Büchner & Zelenyi, 1989). The asymptotic κ values were above 20.
They dropped significantly as they approach the neutral sheet. The sudden decrease of κ was nearly coinci-
dent with the disappearance of the temperature anisotropy. The minimum value of κ for electrons of 5 keV
was less than 1 and was less than 3 for the 0.2‐keV electrons. This means that electrons were mostly nona-
diabatic and suffered pitch angle mixing/scattering. Therefore, the disappearance of anisotropy within the

Figure 8. Electron temperature and pitch angle distributions (PADs) around the neutral sheet. (a) The magnetic field BL;
(b) electron parallel (blue), perpendicular (red), and average temperature (black); (c) electron PAD in the energy range
of 250–700 eV and (d) 800–4,000 eV; and (e) electron adiabatic parameter κ for three different energies: 0.2 keV (blue),
1 keV (red), and 5 keV (green). The two orange dashed lines mark the locations of |BL| = 12 nT, while the two black dashed
lines mark the boundaries of the isotropic electrons. Panel (f) schematizes the shape of the electron isotropic region.
The two dashed lines in panel (f) denote the magnetospheric multiscale (MMS) trajectory across the diffusion region in the
Aug10 event and this event, respectively.
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IDR was probably caused by the pitch angle mixing/scattering due to the highly curved magnetic field lines,
which has been demonstrated to cause the isotropic and gyrotropic electron distributions in the EDR
(Lavraud et al., 2016; Zhou et al., 2019).

5. Discussion and Summary

One possible reason accounting for these asymmetries is that they were the consequence of the oblique trajec-
tory of MMS across the IDR, which is discussed in section 3. Knowing the motion speed of the X‐line in L, we
evaluated the horizontal distance between the two crosspoints of the MMS trajectory and the separatrices,
which was about 0.4 di. If the observed asymmetries were due to the different location in L, it indicates that
the IDR is not uniform on the sub‐ion scale. On the other hand, it is suggested that X‐line is the
antinode/maximum of EN from superposition of two antipropagating kinetic Alfven wave mode (Dai, 2009).
Hence, MMS is expected to observe larger EN closer to the X‐line, which is consistent with our observations.

An alternative explanation is that they were caused by the guide field. It has been shown that guide field
breaks the symmetry of Hall magnetic and electric field (Eastwood, Shay, et al., 2010; Zhou, Deng, et al.,
2014; Zhou et al., 2018) because the imposed guide field BM induces a Lorentz force JL × BM that deflects
the Hall current in the reconnecting plane. Fu et al. (2018) reported the tripolar EN across the neutral sheet
in guide field reconnection by particle simulation. However, the origin of the positive EN on the northern
hemisphere is inconsistent with our observation (see the discussion in section 4). We should note that the
guide field was quite small (~0.1 B0) in this IDR. A simulation with guide field of 10% of the asymptotic
magnetic field in Fu et al. (2018) does not display the tripolar structure of EN. In addition, they did not show
the J·E′ and electron temperature in their simulations. Whether the observed asymmetries were due to the
guide field or the oblique trajectory can be further investigated by kinetic simulations. We will address this
issue in our future study.

MMS observed an EDR in the magnetotail on 10 August 2017 (Zhou et al., 2019). This EDR was embedded
within a much larger IDR. A similar profile of electron temperature was observed in this event (we call it
Aug10 event hereafter), that is, a temperature isotropic region was sandwiched by two regions with
T|| > T⊥. It seems that this type of electron temperature profile is common in symmetric reconnection.
Although the mechanism responsible for the isotropic distribution seems the same, the thicknesses of the
electron isotropic region are quite different between the two cases. The thickness of the isotropic layer was
0.375 di ~ 16 de, which was much larger than the isotropic layer ~2 de on the Aug10 event. The isotropic
region coincided well with the EDR in the Aug10 event, while the isotropic region observed in this event
was inside the IDR but much broader than the EDR. The crossing of the neutral sheet occurred inside the
EDR on the Aug10 event, probably a few de from the X line, while the crossing of the neutral sheet occurred
at around 1.6 di from the X line in this event. Therefore, the thickness of the isotropic region increases as the
horizontal distance with respect to the X line increases. We surmise that the boundary between the isotropic
and anisotropic electrons has a shape similar to the separatrix with a large opening angle, as illustrated in
Figure 8f.

In summary, MMS encountered a well‐structured IDR in symmetric reconnection in the magnetotail. The
reconnecting X line contained a small guide field of about 1.5 nT, nearly 10% of the asymptotic magnetic
field. The main results are summarized as follows:

i The out‐of‐plane current JM bifurcated in the IDR. It peaked at the boundary between the inflow and out-
flow electrons along the separatrix. The thicknesses of the peak JM were a few de. Magnetic energy con-
version and dissipation predominantly occurred at the peak of the out‐of‐plane current instead of at the
neutral sheet center where BL = 0.

ii Both the energy dissipation and normal electric field EN exhibited evident asymmetry with respect to the
neutral sheet. The energy dissipation was larger around the northern separatrix than around the south-
ern separatrix. The electric field EN showed a tripolar variation across the neutral sheet, that is, a unipolar
EN around the southern separatrix and a bipolar EN around the northern separatrix. The positive EN on
the northern separatrix was an electron‐scale structure and was caused by electron physics.

iii Electrons were anisotropic away from the neutral sheet and became isotropic within the neutral sheet.
The isotropization of the electrons was likely caused by the pitch angle scattering in highly curved field
lines at the center of the diffusion region. This isotropic region was substantially thicker than the
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isotropic region in Aug10 event, during whichMMS crossed the diffusion regionmuch close to the X line.
This implies that the thickness of the electron isotropic region strongly depends on the horizontal dis-
tance to the X line.

Our results reveal the sub‐ion‐scale structure and electron physics of the IDR in symmetric reconnection and
will advance our understanding on the role of the IDR in reconnection.
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