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Abstract
The Magnetospheric Multiscale spacecraft encountered an electron diffusion region (EDR) in a symmetric
reconnection in the Earth’s magnetotail. The EDR contained a guide ﬁeld of about 2 nT, which was 13% of the
magnetic ﬁeld in the inﬂow region, and its thickness was about 2 local electron inertial lengths. Intense energy
dissipation, a super-Alfvénic electron jet, electron nongyrotropy, and crescent-shaped electron velocity
distributions were observed in association with this EDR. These features are similar to those of the EDRs in
asymmetric reconnection at the dayside magnetopause. Electrons gained about 50% of their energy from the
immediate upstream to the EDR. Crescent electron distributions were seen at the boundary of the EDR, while
highly curved magnetic ﬁeld lines inside the EDR may have gyrotropized the electrons. The EDR was
characterized by a parallel current that was carried by antiparallel drifting electrons that were probably accelerated
by a parallel electric ﬁeld along the guide ﬁeld. These results reveal the essential electron physics of the EDR and
provide a signiﬁcant example of an EDR in symmetric reconnection with a weak guide ﬁeld.
Key words: magnetic reconnection – Sun: heliosphere
of reconnection. However, the properties of the EDR were
largely unknown because of the scarcity of in situ observations
before the launch of Magnetospheric Multiscale. Dozens of
EDRs have been identiﬁed in association with asymmetric
reconnection at the dayside magnetopause by MMS data (e.g.,
Burch et al. 2016; Khotyaintsev et al. 2016; Lavraud et al.
2016; Webster et al. 2018). These EDRs were associated
with the ion bulk ﬂow reversal, energy dissipation in the
electron frame J·(E+ Ve × B)>0 (J · (E+ Ve × B) was
occasionally negative in the EDR as reported in Genestreti
et al. 2017 and Wang et al. 2017) and crescent-shaped electron
velocity distribution, a novel feature uncovered by the
unprecedented high-resolution particle data (e.g., Burch et al.
2016). These crescent distributions result from the electron
meandering motion around the electron-scale magnetic ﬁeld
reversal layer (Hesse et al. 2014; Shay et al. 2016; Lapenta
et al. 2017). The nongyrotropic electron velocity distributions
within/near the EDR can excite electromagnetic whistler
waves and electrostatic upper hybrid waves (Cao et al. 2017;
Graham et al. 2017; Burch et al. 2018). As the guide ﬁeld
increases, the crescent becomes less visible and the energy
dissipation is mainly contributed by the parallel electric ﬁeld,
i.e., J E (Eriksson et al. 2016; Genestreti et al. 2017; Zhou
et al. 2017b). These observations of the EDR were associated
with asymmetric reconnection. There are still several important
questions to be answered about the EDR. For instance, the
dissipation mechanism within the EDR is unknown. We have

1. Introduction
Magnetic reconnection is a universal energy release process in
space, astrophysical, and laboratory plasmas. It has long been
believed that it is the source of important space weather
phenomena, such as coronal mass ejections (Chen & Shibata
2010) and magnetospheric substorms (Russell & McPherron
1973). The collisionless Hall-reconnection model points out that
the diffusion region consists of an ion-scale ion diffusion region
(IDR) and an embedded electron-scale electron diffusion region
(EDR) due to the different masses of ions and electrons (Birn et al.
2001). In this model, ions decouple from magnetic ﬁelds and
electrons in the IDR, within which the Hall effect is suggested to
be responsible for facilitating fast reconnection. The IDR has been
intensively investigated in the past decades by satellite missions
that are capable of resolving ion-scale structures, such as Geotail
and Cluster. Its identiﬁcation was mostly based on the signatures
of Hall magnetic and electric ﬁelds (e.g., Deng & Matsumoto
2001; Øieroset et al. 2001; Runov et al. 2003; Vaivads et al. 2004;
Borg et al. 2005; Eastwood et al. 2010; Zhou et al. 2017a).
The EDR is the critical region where electrons decouple
from magnetic ﬁelds and magnetic ﬁeld lines ﬁnally break. The
physics within the EDR may control the onset and termination
Original content from this work may be used under the terms
of the Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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only begun to explore the EDR in symmetric reconnection,
which is common in the Earth’s magnetotail. Torbert et al.
(2018) studied an EDR in a tail reconnection event with
negligible guide ﬁeld. They evaluated the reconnection rate as
0.1–0.2 by estimating the aspect ratio of the EDR. In addition,
they found multiple crescents in the electron velocity
distributions associated with the EDR.
In this paper, we report MMS observations of an EDR in
magnetotail reconnection in the presence of a weak guide ﬁeld.
The following instruments on board MMS have been used in
this study: the Fluxgate Magnetometer provides magnetic ﬁeld
observations (Russell et al. 2016); the Electric ﬁeld Double
Probe provides three component electric ﬁeld observations
(Ergun et al. 2016; Lindqvist et al. 2016; Torbert et al. 2016b);
the Fast Plasma Instrument provides 3D particle velocity
distributions and the corresponding integrated plasma moments
(Pollock et al. 2016); and the Fly’s Eye Energetic Particle
Spectrometer provides all-sky snapshots of electron ﬂuxes from
30 to 600 keV (Blake et al. 2016).

3. Observations of the EDR
Here we focus on the interval near 12:18:32 UT where Bx
changed from negative to positive and the ﬂow reversed from
tailward to earthward. Figure 2 shows the four spacecraft
observations for 25 s about that time. We are particularly
interested in the time from 12:18:29 to 12:18:37 UT. The
relative location of the four MMS spacecraft is displayed in
Figure 2(g). The average separation of the MMS tetrahedron
was about 20 km. We transformed the vectors into a local
boundary normal coordinate system (LMN), which was
obtained by minimum variance analysis on the magnetic
ﬁelds between 12:18:29.8 and 12:18:36.8 UT (Sonnerup &
Scheible 1998). Here L=[0.985, −0.141, 0.097] points to the
reconnecting magnetic ﬁeld roughly in the XGSM direction,
N=[−0.080, 0.122, 0.989] is the normal of the neutral sheet,
and M=[0.152, 0.982, −0.109] completes a right-handed
orthogonal coordinate system, i.e., M=N×L positive
toward dusk. The LMN coordinate system is close to the
GSM coordinate system.
The ion ﬂow ViL reversal was nearly coincident with the
magnetic ﬁeld BL reversal at 12:18:32.7 UT, when MMS
observed a weak ion outﬂow ∼50 km s−1. We used multispacecraft timing analysis on the Bx proﬁle (Russell et al. 1983)
and found that the neutral sheet moved in the normal direction
with a speed of ∼35 km s−1. The normal direction is consistent
with the N derived from MVA mentioned above (the two
vectors are separated by 12°). This consistency further
demonstrates the reliability of the LMN coordinate system
used in this study. Since the ion ﬂow changed from tailward to
earthward, the X-line moved tailward across the tetrahedron.
We cannot estimate the retreating speed of the X-line based on
the proﬁle of BN or ViL due to the ambiguous sequence of the
MMS observations. Because the ion outﬂow speed was rather
small, it is difﬁcult to determine on which side of the X-line
MMS was according to the ion outﬂow direction. However,
MMS detected a large tailward electron ﬂow (VeL < 0)
associated with the neutral sheet crossing. Thus, we infer that
the spacecraft was on the tailward side of the X-line.
The following evidence strongly indicates that MMS encountered an EDR in the neutral sheet. Figure 3 presents MMS2
observations of the EDR. An intense electron jet with a peak
speed exceeding 9000 km s−1 was observed around BL=0. The
electron bulk speed was about one order of magnitude larger than
the corresponding ion ﬂow speed. Hence the intense current
shown in Figure 3(d) was carried by electrons. Electron jets in
both the L and M directions are super-Alfvénic, i.e., VeM∼
13 VA,in and VeL∼3 VA,in. The electron Mach number was
Me=Ve/VTe⊥≈0.65, where VTe⊥ is the electron perpendicular
thermal speed. Figure 3(h) shows that J· E′ (here E′ = E+
Ve × B is the electric ﬁeld in the electron frame) has a positive
peak (about 0.8 nW m−3) during the neutral sheet crossing,
implying the dissipation of magnetic energy to heat the plasma
(Zenitani et al. 2011). This quantity also indicates the nonideal
energy conversion rate.
We calculated the Q0.5 by using the full electron pressure
tensor to quantify the electron nongyrotropy (Swisdak 2016).
The background value of Q0.5 was around 0.03 (Figure 3(i)).
We see a few enhancements of electron nongyrotropy near the
ﬂow and BL reversals. The peak value of Q0.5 was nearly 0.12.
Figure 3(j) displays the electron velocity distributions in the
plane perpendicular to the magnetic ﬁeld. A clear crescentshaped distribution can be seen in the half plane of V⊥1>0.

2. Event Overview
MMS observed this magnetotail reconnection event at [−15.2,
4.6, 3.0] RE in geocentric solar magnetospheric (GSM)
coordinates on 2017 August 10. Figure 1 presents an overview
of this reconnection event observed by MMS2. MMS2 observed
ion ﬂow Vix reversal from tailward (∼−400 km s−1) to earthward
(∼ 300 km s−1) between 12:15 and 12:22 UT. This ﬂow reversal
was coincident with the change of magnetic ﬁeld Bz from negative
to positive, which indicates the crossing of an X-line. This ﬂow
reversal was followed by another ﬂow reversal from weak
tailward ﬂow (∼−100 km s−1) starting at 12:22 UT to strong
earthward ﬂow (∼900 km s−1) starting at 12:24 UT. The latter
ﬂow reversal was also coincident with a sign change in the
magnetic ﬁeld Bz from negative to positive. This sequence
indicates that either MMS crossed two tailward retreating X-lines
or an oscillating X-line passed the MMS tetrahedron back and
forth in the magnetotail. Ion ﬂow Viy was positive (pointing
duskward) during the entire interval except between 12:25 and
12:27 UT when it was negative (pointing dawnward).
MMS crossed the neutral sheet multiple times during the
ﬂow bursts. The neutral sheet crossings were manifested as
multiple Bx reversals between −20 nT and +20 nT. MMS
was in the plasma sheet during the ﬂow bursts because the
ion plasma β was larger than 1 during the entire interval
(Figure 1(e)) and MMS continuously detected plasma sheet like
populations, as shown in Figures 1(f) and (g). The tailward
ﬂow began at ∼12:15 UT and the earthward ﬂow ended at
∼12:32 UT. Plasma β>100 during this interval indicates that
the spacecraft was inside the plasma sheet. Thus, we estimate
that the reconnection persisted for about 17 minutes.
While the spacecraft was in the inﬂow region
(∼12:21:20–12:21:40 UT) where MMS observed relatively
quiet plasma ﬂow Vix and large B, the magnetic ﬁeld was
Bin∼15 nT, the number density was Nin∼0.2 cm−3 and the
corresponding Alfvén speed was VA,in∼740 km s−1. This
reconnection event contained a guide ﬁeld of about Bg∼2 nT
∼0.13 Bin. The guide ﬁeld was inferred from the shear angle
of the magnetic ﬁelds in the upper inﬂow region at around
12:21:30 UT, and the lower inﬂow region at around
12:24:00 UT.
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Figure 1. MMS2 fast survey observations during 12:10–12:35 UT. From the top to the bottom: (a) three components of the magnetic ﬁeld, (b) total magnetic ﬁeld,
(c) ion bulk velocity components, (d) ion number density, (e) ion plasma β, (f) ion and (g) electron omni-directional differential energy ﬂux. Vectors are presented in
the GSM coordinates.

This is similar to the velocity distributions characterizing the
EDR in asymmetric reconnection (e.g., Burch et al. 2016).
Large temperature anisotropy with TeP>Te⊥ was observed
slightly below and above the neutral sheet (Figure 3(e)). The
anisotropy was larger below the neutral sheet than above the
neutral sheet. Parallel elongated electron velocity distributions
have been found upstream of the reconnection EDR (Chen
et al. 2008) and an electron-scale current sheet without bursty
reconnection (Wang et al. 2018). Electron trapping by parallel
electric ﬁelds is a possible mechanism for the observed
anisotropy (Egedal et al. 2010). This anisotropic distribution
is used to characterize and identify the region upstream of
EDR. Therefore, we conclude that MMS encountered an EDR

in this reconnection event. In between the regions with
temperature anisotropy, there was a layer where anisotropy
disappeared. This layer is the EDR. Its thickness was about
20 km ∼2 de in the N direction (here de ∼ 10 km is the local
electron inertial length) by multiplying the normal speed of the
neutral sheet by the duration of the observations.
The other three MMS spacecraft, which were about 2 de
away from MMS2, observed similar features in the EDR.
Figure 4 shows the MMS3 observations from 12:18:24 to
12:18:42 UT. MMS3 was about 16 km tailward of MMS2, and
was very close to MMS2 in both the M and N directions.
MMS3 observed an electron jet with a speed of ∼8000 km s−1
in the − M direction and ∼3000 km s−1 in the − L direction.
3
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Figure 2. Four MMS observations around the EDR. Panels of the left column are (from the top to the bottom) (a) BL, (b) BM, (c) BN, (d) ViL, (e) VeL, and (f) VeM. Panel
(g) displays the four spacecraft formation in the L–M, L–N, and M–N planes, respectively. Panel (h) is a schematic view of MMS trajectory (the oblique red arrow)
across the EDR that was reproduced by a 2D PIC simulation. Color coding denotes the energy dissipation rate J·E′ while the superposed black curves are magnetic
ﬁeld lines.

The electron jet contributed to an intense current around the
neutral sheet. It also corresponded to large energy dissipation
J· E′ with a peak value of about 0.8 nW m−3. Crescentshaped velocity distributions and electron nongyrotropy were
also seen near BL=0.
The EDR was embedded within an ion-scale current sheet as
the current JM was enhanced from about 12:18:30 UT to
12:18:38 UT. The thickness of the JM enhancement was
estimated as 280 km∼0.55 di by multiplying the neutral sheet
normal speed by the duration of the JM enhancement. The Hall
electric ﬁeld EN, pointing toward the central current sheet is
clearly seen in Figure 3(g). This normal electric ﬁeld EN was
larger than the electric ﬁelds in the other two directions. The
thickness of the Hall electric ﬁeld is the same as that of the ionscale current sheet because the Hall EN was primarily balanced
by −JMBL. The trajectory of MMS across this EDR is depicted
in Figure 2(h), which displays a 2D reconnection geometry
produced by a 2D particle-in-cell (PIC) simulation (see the
Appendix for details of the simulation). If the spacecraft passed
through the EDR along the trajectory in Figure 2(h), the Hall
magnetic ﬁeld will not change sign as is observed. The
magnetic ﬁeld was dominated by the M component within the
EDR, where BM was 2 nT while BL and BN were nearly zero.
The strength of the magnetic ﬁeld within the EDR is consistent
with the guide ﬁeld strength inferred from the shear angle of the
magnetic ﬁelds in the inﬂow regions.
Figure 5(b) illustrates that the current was primarily in the
parallel direction in the EDR, while the perpendicular current
J⊥ was reduced in the EDR and exhibited a bifurcated structure
around the EDR. JP was carried by 180° electrons, as can be
seen in the imbalanced ﬂuxes of the 0° and 180° electrons in
Figure 5(c). It is also shown in Figure 5(h) that the velocity
distribution was shifted in the antiparallel direction, which
resembles the parallel crescent distribution seen in dayside
magnetopause reconnection (Burch et al. 2016). The sudden

disappearance of parallel drifting electrons within the EDR
implies that the magnetic topology of the EDR was drastically
different than that of the inﬂow region.
4. Discussion and Conclusion
One interesting feature is that the most evident nongyrotropy
and crescent distributions were observed outside or at the
boundary of the EDR. The crescent was less visible
(Figure 5(h)) and the degree of electron nongyrotropy was
smaller inside the EDR than at the boundary of the EDR. We
calculated the adiabatic parameter κ, which is deﬁned as
k = Rc re , where Rc is the magnetic ﬁeld curvature radius
and ρe is the electron Larmor radius (Büchner and Zelenyi
1989). Rc was evaluated by the multispacecraft geometry
analysis (Shen et al. 2003). Figure 5(d) demonstrates that κ
values for 90° electrons with three different energies (0.2, 1,
and 5 keV) were smaller than 3 within the EDR, indicating that
these electrons were nonadiabatic or unmagnetized. The
disappearance of electron temperature anisotropy and nongyrotropy in the EDR is probably caused by electron scattering in
a small κ regime. A similar effect was found in the EDR in
asymmetric reconnection (Lavraud et al. 2016). They found
that electrons were scattered in phase space and tended to be
isotropic near the X-line. The obscure crescent distribution
inside the EDR is consistent with the reduced J⊥ in the EDR
because the diamagnetic current was mainly carried by the
electrons that formed the crescent in the perpendicular velocity
distributions (Lapenta et al. 2017; Rager et al. 2018).
Figures 5(e)–(g) compare the measured electric ﬁeld E, the
ion convective electric ﬁeld -Vi × B and the electron
convective electric ﬁeld -Ve × B. E and -Vi × B are always
different in the illustrated time interval with the magnitude of
-Vi × B is always smaller than that of E. On the other hand,
the L and M component of E and -Ve × B agree with each
4
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Figure 3. MMS2 (left column) observations of the EDR. Panels from top to bottom: (a) total (black) and three components of magnetic ﬁeld; (b) ion bulk velocity;
(c) electron bulk velocity; (d) electric current density; (e) electron temperature with TeP (blue), Te⊥ (red), and the average temperature Tave (black); (f) omni-directional
differential particle ﬂuxes of energetic electrons; (g) electric ﬁelds, (h) J· E′, (i) sqrt(Q), and (j) electron velocity distributions in the perpendicular direction (the
V⊥1 − V⊥2 plane) where V⊥1 is deﬁned as (b × v)× band V⊥2 is b× v (b and v are unit vectors of the magnetic ﬁeld and the electron bulk velocity, respectively).
The two vertical dashed lines in the left and right columns mark the EDR. Vectors are presented in the LMN coordinate system.
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Figure 4. MMS3 observations of the EDR. The format is the same as that of Figure 3.
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Figure 5. MMS2 observations of the electron dynamics and electric ﬁelds around the EDR. (a) Magnetic ﬁelds; (b) parallel current JP and perpendicular current ∣J^∣ ;
(c) electron pitch angle distributions between 0.5 and 5 keV; (d) κ values for 90° electrons with three different energies 0.2, 1, and 5 keV; (e) electric ﬁeld EL; (f) EM
and (g) EN. Black traces in panels (e) to (g) denote the measured electric ﬁeld, while blue traces in these panels denote -Vi × B and red traces denote -Ve × B,
which has been smoothed by a running average in a 150 ms window to remove high frequency ﬂuctuations. The two vertical dashed lines mark the EDR. Vectors are
displayed in the LMN coordinate system. Panel (h) shows the electron velocity distributions VP–V⊥1, VP–V⊥2, and V⊥1–V⊥2 at 12:18:32.968 UT.

7

The Astrophysical Journal, 870:34 (9pp), 2019 January 1

Zhou et al.

other most of the time, except near the EDR, while there was a
systematic discrepancy between EN and (-Ve × B)N in the
inﬂow regions of the EDR. |EN| was smaller than |(-Ve × B)N|
because the electric ﬁeld due to the electron pressure gradient
along the N direction was opposite to the Hall electric ﬁeld,
which is approximately equal to (-Ve × B)N. The positive
electric ﬁeld EM in the EDR led to a parallel electric ﬁeld since
the dominant magnetic ﬁeld component is BM. This parallel
electric ﬁeld can accelerate electrons to form an intense parallel
current like that within the EDR.
The electric ﬁeld measured within the EDR can be used to
estimate the instantaneous reconnection rate. The peak
reconnection electric ﬁeld EM∼(E+ Ve × B)M was about
3 mV m−1, which corresponds to a dimensionless reconnection
rate of 0.27±0.18 after normalizing it by the inﬂow magnetic
ﬁeld and Alfvén speed, and considering the error bars on the
measured electric ﬁeld in the M direction, which was about
2 mV m−1 at the time interval of interest. This reconnection
rate is roughly consistent with theoretical predictions and
previous evaluations of reconnection rate in the magnetotail
(Birn et al. 2001; Xiao et al. 2007). However, it is much smaller
than that associated with the asymmetric reconnection at the
magnetopause, where the EDR was accompanied by strong
electric ﬁeld ﬂuctuations with amplitudes at least one order of
magnitude larger than the reconnection electric ﬁeld predicted
in theory (Burch et al. 2016; Torbert et al. 2016a). One possible
reason for the distinct electric ﬁelds is that the reconnection in
Burch et al. (2016) involves strong turbulence, which caused
large electric ﬁeld ﬂuctuations associated with the EDR while
this event was mostly a laminar reconnection in which wave
activity is weak.
It has been shown that electrons gain signiﬁcant energy as
they cross the EDR from upstream to downstream (Oka et al.
2016). We consider the interval of 12:18:24–12:18:28 UT to be
immediately upstream of the diffusion region. When MMS
crossed into the EDR, the electron temperature increased from
1.1 to 1.3 keV while the electron bulk velocity increased from
1500 to 10,000 km s−1. This corresponds to an energy change
from 6 to 280 eV. Thus, the total energy change is from 1.1 to
1.6 keV, and represents a nearly 50% electron energy gain from
the region immediately upstream to the EDR. This energy gain
is less signiﬁcant than that reported in Oka et al. (2016). In
addition, there was no obvious variation of the energetic
electron ﬂux around the EDR (see Figure 3(f)). Lu et al. (2013)
found that a signiﬁcant fraction of magnetic energy release in
EDR is changed to outﬂowing electron enthalpy ﬂux which
energizes electrons in the outﬂow region rather than in the
EDR. This is consistent with our observation showing the
absence of signiﬁcant electron energy gain within the EDR.
In this paper, we have presented a detailed analysis of an
EDR occurring in a symmetric reconnection with a guide ﬁeld
of about 13% of the inﬂow magnetic ﬁeld in the Earth’s
magnetotail. We used criteria for identifying the EDR similar to
those used on the dayside for asymmetric reconnection. As the
spacecraft moved from upstream to the EDR, electron
temperature anisotropy changed from TP>T⊥ to being
isotropic. The width of the EDR along the neutral sheet normal
was about 2 de. Highly curved ﬁeld lines in the EDR may lead
to nearly gyrotropic distributions, whereas clear crescentshaped velocity distributions were found outside or at the
boundary of the EDR. Parallel current dominated over the

perpendicular current within the EDR and hence primarily
contributed to the energy dissipation. A weak guide ﬁeld can
serve as a duct for electrons and likely substantially modify the
electron dynamics in the EDR. Although electron energy
changed by 50% from the immediately upstream to the EDR,
no energetic electrons were observed.
This study is an important supplement to Torbert et al.
(2018), who studied an event with negligible guide ﬁeld in
the magnetotail (Bg < 0.04 B0, where B0 is the asymptotic
magnetic ﬁeld). Results presented in this paper are important
for understanding the role of reconnection in the dynamical
magnetotail, such as triggering the substorm onset and
providing the seed particles for the inner magnetosphere, and
are of great help for illuminating the properties of EDR in
symmetric reconnection with a weak guide ﬁeld.
We appreciate the MMS teams for the high-quality data and
successful operation. This work is supported by the National
Natural Science Foundation of China (NSFC) under grants
41522405, 41774154, and 41331070. The data used in this
study was obtained from the MMS Science Data Center
(https://lasp.colorado.edu/mms/sdc/public/).
Appendix
We performed a 2D fully electromagnetic relativistic PIC
simulation to provide the context for this reconnection event.
The initial condition is a double Harris current sheet (e.g., Shay
et al. 2007). We used a reduced mass ratio (mi/me) of 100 to
save the computation resource. The guide ﬁeld is set as 0.13 B0,
where B0 is the asymptotic magnetic ﬁeld. Background plasma
density is set as nb/n0=0.1, where n0 is the number density in
the central plasma sheet of the Harris equilibrium. The system
size is 120 di×60 di, where di=40 Δ is the ion inertial
length in the central current sheet, and Δ is the grid size. Initial
number of particles per cell is 120. The length is normalized by
di, velocity is normalized by VA, where VA=B0/sqrt(μ0min0).
Current density is normalized by en0VA and electric ﬁeld is
normalized by B0VA. A small ﬂux perturbation is added
initially to boost the evolution of the reconnection.
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