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Abstract By comparing an electron‐only reconnection event with a traditional reconnection event
observed in the magnetotail, we illustrate the differences between and similarities of the two events. The
electron behaviors are very similar in both events, but intensities of the electron flows and temperature in
the traditional reconnection are much stronger than those in the electron‐only reconnection. The Hall
electric field in the traditional reconnection occurs on the ion‐scale and is deflected from the normal
direction by the significant magnetic field reconnected, while this field varies on the electron‐scale and
points to themiddle plane in the electron‐only reconnection. The comparison indicates that the electrons are
undergoing the same process in both events, and the electron‐only reconnection was prior to the
traditional reconnection. The Hall electric field could control the form of reconnection: producing either
electron‐only reconnection or traditional reconnection.

1. Introduction

Magnetic reconnection is an important mechanism for converting magnetic energy into plasma energy. It
generally occurs within a narrow boundary layer but affects large volumes from the terrestrial magneto-
sphere to the solar heliosphere (Yamada et al., 2010). The coupling between the reconnection and the large
volumes inwhich it occurs has been extensively studied. In the vicinity of the reconnection site, ions and elec-
trons become decoupled from the magnetic field in regions termed the ion and electron diffusion region
(EDR), respectively, due to the Hall effect in the collisionless environment. The size of ion diffusion region
(IDR) is much larger than EDR (Birn & Hesse, 2001; Ma & Bhattacharjee, 1998; Sonnerup, 1979). Thus, it
is widely accepted that both the ions and electrons are involved simultaneously in the reconnection process.
Recently, a new form of reconnection (Phan et al., 2018; Stawarz et al., 2019), where only the electrons parti-
cipate in the process and the ions do not respond to it, was observed in the turbulent magnetosheath plasma.
The relation between the electron‐only reconnection and the traditional reconnection has been elusive.

The absence of ion response in the electron‐only reconnection was attributed to the small scale of the current
sheets in the magnetosheath, and thereby, there was not sufficient space and time for the ions to couple with
the process (Phan et al., 2018). The transition from traditional reconnection to the electron‐only reconnec-
tion was realized in the particle‐in‐cell simulations (Pyakurel et al., 2019). It is found that the ions did not
respond to the reconnection dynamics when the reconnecting regions with scales was comparable to the
ion inertial length. It seems that the transition was controlled only by the simulation domain size, namely,
the scale of current sheet where the reconnection occurred. However, electron‐only reconnection is observed
as well in the near‐Earth magnetotail (Wang et al., 2018), where the electron‐scale current layer was
embedded in a much broader ion‐scale current sheet (Artemyev et al., 2013; Nakamura et al., 2006, 2008;
Sergeev et al., 1993). This challenges the conclusion that the size of the current sheet determines whether
the reconnection is either electron‐only reconnection or traditional reconnection.
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In this letter, by examining one reconnection event without ion‐coupling (Wang et al., 2018) and the other
with ion‐coupling (Li et al., 2019; Zhou et al., 2019) in the magnetotail, we determine the differences
between and similarities of the two events. Based on the comparison, we propose that the two forms of
reconnection correspond to two different stages of reconnection in the macroscale current sheet of the mag-
netotail and examine the potential factors controlling the transition between the two stages.

2. Instrumentation

The Magnetospheric Multiscale mission (MMS) (Burch et al., 2016) consists of the four satellites equipped
with the identical instruments, including the magnetometer (Russell et al., 2016), the fast plasma instru-
ments (FPI) (Pollock et al., 2016), and electric field instruments (Ergun et al., 2016; Lindqvist et al., 2016).
The magnetic field is sampled at 128/s (Russell et al., 2016), and the electric field is sampled at 8,192/s
(Ergun et al., 2016; Lindqvist et al., 2016) in burst mode. The time resolutions for electrons and ions taken
from the FPI in burst mode are 30 and 150 ms, respectively. In this letter, we utilized the higher time resolu-
tion plasma data (7.5 ms for electrons and 37.5 ms for ions), obtained by reducing the azimuthal sampling
resolution and the details can be found in Rager et al. (2018).

3. Observation and Analysis

Figure 1 shows the two reconnection events observed during 20:24:03–20:24:11 UT on 17 Jun 2017 (dubbed
Event I, left column), when the spacecraft was located at [−19.4, −10.4, 5.5] Re in the Geocentric Solar
Ecliptic (GSE) coordinate system with a separation of ~30 km, and during 12:18:00–12:19:00 UT on 10
August 2017 (Event II, right column), at [−15.3, 2.7, 4.8] Re with a separation of ~20 km. Since the spacecraft
separation was small, we used the data fromMMS2, except for the velocity at the barycenter of the four satel-
lites in Figure 4 where the data at all four satellites have to be used. In both events, the spacecraft crossed the
magnetotail plasma sheet from the south hemisphere to the north hemisphere and detected an extremely
strong current enhancement, up to 200 nA/m2, at its center (Figures 1e and 1m). These strong currents were
verified to be carried by the electrons (Li et al., 2019; Huang et al., 2018; Wang et al., 2018; Zhou et al., 2019)
and will be analyzed later in their individual local current coordinates.

The local current system in Event I was derived from minimum variance analysis (Paschmann &
Schwartz, 2000), with L = [0.9477, 0.3023, −0.1029], M = [−0.0855, −0.0703, −0.9939], and N = [−0.3076,
0.9506, −0.0408] relative to the GSE. In Event II, a hybrid method of minimum variance analysis and max-
imum direction derivative (MDD) (Shi et al., 2005) was used to obtain the local current system,
L= [0.9617, −0.1762, −0.2099],M= [0.2522, 0.8686, 0.4266], andN= [0.1071, −0.4632, 0.8798]. The details
on the choice of the local current system can be found in Li et al. (2019). Because the four MMS satellites
passed through the electron current layers one after another, the Timing method (Schwartz, 1998) was used
to estimate the current layer velocity and the thickness. In Event I, the speed was ~67.0 km/s, the duration
was ~2.0 s, (20:24:06.3–20:24:08.3 UT, Figures 1b and 1e), and its half‐width was ~67 km ~9.0 de, where
the electron inertial length de = 7.5 km based on Ne = 0.5 cm−3. In Event II, the speed was ~38.4 km/s, the
duration in the south part of the current layer was ~3.0 s (12:18:30–12:18:33 UT, Figures 1j and 1m), and
the half‐width was ~9.7 de, where de = 11.9 km based on Ne = 0.2 cm−3.

In Event I, the electron‐scale current layer was observed without any bursty reconnection signature, i.e.,
without the expected ion bursty bulk flows (Wang et al., 2018). In order to confirm whether the absence of
the ion flows was due to the insufficient time resolution of the data, the higher time resolution plasma
data (7.5 ms for electrons and 37.5 ms for ions) was used, four times faster than the data in burst
mode (Pollock et al., 2016). Based on these new data, we confirmed that the electron‐scale current layer
was actually an EDR. During the layer crossing in Event I (Figure 1b), the super‐Alfvénic electron jet (veL
> 1,000 km/s ~ 2.0 vA, veM> 2,300 km/s ~ 5.0 vA ~ 0.12 veA, where vA≈ 460 km/s and veA≈ 2.0 × 104 km/s
are Alfvénic and electron Alfvénic speeds based onNe= 0.5 cm−3 and B= 15 nT, Figure 1d), the intense cur-
rent density (Figure 1e), the Hall electric field (red trace in Figure 1f), and Hall magnetic field (blue trace in
Figure 1b) were observed. These 7.5ms cadence data show that ∣ve⊥∣was strong in the layer (up to 2,000 km/s,
Figure 2a) and displayed a double‐peaked structure with a dip at the layer center (20:24:07 UT). ve// was weak

and had a minor peak (~1,000 km/s) at the center. Ve⊥ shows a clear deviation from
E × B
B2 (Figures 2b–2d),
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especially in the M direction. This means that the electrons were decoupled from magnetic field therein. In
Event I, both Te// and Te⊥ were enhanced (Figure 2e), and the energy dissipation J � (E+Ve × B)
(Figure 2f) was significant: positive (~0.2 nW/m2) around the layer center and negative out of the center, con-
sistent with the simulation results where positive J � (E+Ve × B) was surrounded by negative values around
the X‐line (Zenitani et al., 2011) as well as the low‐shear EDR (Genestreti et al., 2017), and the crescent dis-

tribution in the ve⊥ 1− ve⊥ 2 plane (Figure 4a) (whereVe⊥1 ¼ B × Veð Þ × B
B2 andVe⊥2 ¼ B × Ve

B
), as an indi-

cation of in the EDR proximity (Burch et al., 2016; Egedal et al., 2016; Hesse et al., 2014; Li et al., 2019; Torbert
et al., 2018), was observed. Thus, we conclude that the current layer in Event I was an EDR. The super‐
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(e)
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Figure 1. (a–h) From top to bottom, electron density, three components and intensity of magnetic field, ion bulk flow vector, electron bulk flow, electron current
density, three components of electric field in the frame of the current sheet, electron, and ion energy spectrum in Event I. (i–p) The data in Event II, in the
same format as (a)–(h).
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Alfvénic electron jet and the negative‐then‐positive variation of BM suggest that MMS traversed the EDR
earthward of the X‐line (Wang et al., 2018), as illustrated in Figure 3a. However, the expected earthward
ion outflows were not observed, even at the 37.5‐ms cadence. On the contrary, a weak tailward ion flow,
viL ~ −100 km/s, was detected (Figure 1c). It appears that this EDR was not coupled with the ions,
analogous to the electron‐only reconnection in the magnetosheath (Phan et al., 2018; Stawarz et al., 2019)
and in the associated boundary (Norgren et al., 2018).

In order to reveal the differences and similarities between EDRs with and without ion‐coupling in the mag-
netotail, a traditional reconnection event (Event II) is presented (Figures 1i–1p). The super‐Alfvénic electron
jets are detected at the center (Figure 1l, veL changed sign from negative to positive, ∣veL∣ up to 2,000 km/s,
~2.4 vA; veM was directed in the −M direction, ~−10,000 km/s ~−12.1vA, ~−0.28 veA, where vA= 829 and
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Figure 2. The left and right columns correspond to Events I and II, respectively. (a) ve==; ∣ve⊥∣ ¼ ∣
B × ve × Bð Þ

B2 ∣, (b–d) three components of
B × ve × Bð Þ

B2 and
Ε × B
B2 .

(e) Te// and Te⊥, (f) J � (E+Ve × B), (g) electron pitch angle distribution at energies 2–30 keV. (h–i) Magnetic field and electric field power spectral densities
according to the wavelet technique. ( j–r) The data in the same format.
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veA= 3.6 × 104 km/s based on Ne = 0.2 cm−3 and B= 17 nT), as the spacecraft traverses the layer (Figure 1j).
The perpendicular current density ∣j⊥∣ displays a bifurcated structure (more evident in Figure 2j) and j//
peaked at the layer center (Figure 1m), which is similar to Event I. The evident signatures of Hall electric

(Figure 1n) and magnetic field (Figure 1j), the significant deviation between ve⊥ and
E × B
B2

(Figures 2k–2m), the rapid growth of the electron temperature Te⊥ and Te// (Figure 2n), the intense
energy dissipation (>0.7 nW/m2, Figure 2o), and the clear electron crescent distribution (Figure 4e)
indicate an encounter of the EDR. These observational features are exactly analogous to those in Event I,
except for their intensities. This indicates that the electron dynamics in both events were subjected to the
same physical process.

One striking distinction between the two events is the ion behavior. In Event II, as the spacecraft passed
through the EDR, the ion flow viL reversed from negative to positive, and viM was continuously positive
(Figure 1k), opposite to veM. This means that MMS crossed the EDR from tailward to earthward. The weak
viL (∣viL∣ < 300 km/s ~ 0.4 vA) indicates that the spacecraft was very close to the X‐line and the ions had not
been effectively accelerated. viN was basically positive in the south and became negative in the north
(Figure 1k), suggesting that the ions were moving towards the middle plane on both sides of the EDR. In
other words, the ion inflows were observed. The spacecraft trajectory in Event II was present in Figure 3b.
In contrast, viN≈ 0, viM≈ 0 (Figure 1c), and viLwere weakly tailward in Event I. Namely, inflowing ions were
not observed (viN ~ 0), even though the spacecraft crossed the EDR.

There were other differences between the two events as well. The density in Event I (~0.5 cm−3) was denser
than that in Event II (~0.2 cm−3). A density peak (~0.8 cm−3) was obvious in the layer center of Event I
(Figure 1a) while a density minimum (~0.14 cm−3) was observed at the center of Event II (Figure 1i). The

(a)

(b)

Figure 3. (a and b) Schematic illustrations for Events I and II, respectively. The red lines show the MMS trajectories. The
Hall electric field is denoted by the wide gray arrows.
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magnetic field magnitude in the plasma sheet boundary was more or less the same in both events. The
asymptotic value was ~15 nT in Event I and ~17 nT in Event II (not shown). The profiles of the electron
velocity (Figures 1d and 1l and 2a and 2j) and current density (Figures 1e and 1m) across the EDR were
extremely similar in both events. However, the peak value of veM (~5.0 vA) in Event I was much weaker
than that (~12.1 vA) in Event II. The current density did not exhibit the dramatic difference as the density
and velocity between the two events. The maximum value of ∣ j⊥∣ in Event I (~250 nA/m2) was stronger
than that (~150 nA/m2) in Event II. On the contrary, the peak value of ∣j//∣ (~150 nA/m2) in Event I was
weaker than that (~220 nA/m2) in Event II.

The electron pitch angle distribution also displayed a slight difference in the two events. The electron differ-
ential fluxes were depleted at just ~90°, out of the EDR (before 20:24:06.4 and after 20:24:08 UT) in Event I
(Figure 2g), leading to a bidirectional field‐aligned distribution, but the flux enhancements were observed in
a wide range (~0°–60° and ~120°–180°) rather than just along the magnetic field (~0° and 180°). Inside the
EDR of Event I, the fluxes at the angles less than 90° were slightly higher than those in other directions
(>90°) inside the EDR, resulting in the ve// peak at the layer center (Figure 2a). During Event II, the flux
depletion was detected in a much wider range, from 30° to 150° (12:18:28.0–12:18:32.5 UT), and flux
enhancement was observed mainly along the magnetic field (0°–30° and 150°–180°), i.e., the bidirectional
field‐aligned distribution, in the tailward part (Figure 2p), while the distribution was replaced by the
enhancement antiparallel to the magnetic field in the north part (12:18:33.5–12:18:38.0 UT) due to the
appearance of the large‐amplitude fluctuations of the electric field (Li et al., 2019). At the EDR center of

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 4. Panels (a)–(d) show the data in Event I. (a) Electron distribution in the perpendicular plane (Ve⊥1 ¼ B × Veð Þ × B
B2 , Ve⊥2 ¼ B × Ve

B
). (b–d) Electron

perpendicular velocity and
∇ � P × B
enB2 þ Ε × B

B2 at the barycenter of the four satellites. Panels (e)–(h) show the data in Event II.
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Event II (~12:18:34 UT), the beam‐like electron distribution was observed mainly antiparallel to the mag-
netic field and produced a strong electron flow ve// (Figure 2j). It is clear that the electrons were pulled more
towards the magnetic field line direction in the traditional reconnection than in the electron‐only reconnec-
tion. Te// and Te⊥ in both events (Figures 2e and 2n) displayed a very similar profile across the EDR, i.e., Te⊥
peaked at the EDR center while Te// had a dip there, in good agreement with the simulation results (Shay
et al., 2014).

The Hall electric field E
0
N in the frame of the EDR was less than 20 mV/m and confined to the electron cur-

rent layer in Event I (Figure 1f), and thus, the width of the Hall electric field was ~9 de. In Event II, the Hall
field became stronger (up to 25 mV/m) and was constantly observed during the whole crossing (Figure 1n),

other than just inside the electron current layer. E
0
N retained ~−4 mV/m when MMS was located in the

boundary of the current layer (BL≈ 17 nT). Assuming pressure balance across the plasma sheet, we can
roughly estimate its thickness by the Ampère's law. The half‐width of the plasma sheet maintained above
1,000 km before 12:18:25 and after 12:18:40 UT, when the Hall electric field was still evident. Thus, the width
of the Hall electric field was at least 500 km ~ 1.0 di, significantly wider than that in Event I. Although the
width of the Hall electric field was different in both events, the thicknesses of the electron current layers

were nearly equal to ~9 de, consistent with the laboratorial results (Ji et al., 2008). More importantly, E
0
L ,

as one component of the Hall electric field due to the significant value of BN (Figure 1j), was negative in
the tailward of the X‐line and became positive earthward of the X‐line in the Event II (Figure 1n). In con-

trast, E
0
L was negligible in Event I.

Based on the generalized Ohm's law (Vasyliunas, 1975), the perpendicular electron velocity components can
be from the convection term, the electron pressure tensor term, and the electron inertial term since the clas-

sical resistivity termwas generally negligible. The difference between ve⊥ and
E × B
B2 was large in both events,

and it was more significant in Event II (Figures 2k–2m) than that in Event I (Figures 2b–2d). Given the dia-

magnetic drift (
∇ � P→ð Þ × B

neB2 ), ve⊥ and
∇ � P→ð Þ × B

neB2 þ E × B
B2 matched well in Event II (Figures 4f–4h), and

also in Event I, even in the 7.5 ms cadence (Figures 4b–4d) except for at the very center of EDR (~300 ms,
from 20:24:07.3 to 20:24:07.6 UT). The disagreement during this ~300 ms of interval was much larger than

the deviation between ve⊥ and
E × B
B2 (Figures 2b–2e) and could be artificial due to the narrow spatial scale

(~20 km) being less than the spacecraft separation (~30 km) (Wang et al., 2018). As a result, the perpendicu-
lar electron flows in both EDRs were primarily generated by the combination of electric field drift and dia-
magnetic drift.

4. Discussion and Conclusion

The electron‐only reconnection was first observed in the magnetosheath turbulent plasma where the
electron‐scale reconnecting current sheet was not embedded inside a much larger ion‐scale current layer
(Phan et al., 2018). Due to the absence of a wider ion‐scale current layer, it is reasonable that no ions
responded to the electron‐scale reconnecting current layer. However, the electron‐scale current layer in
the magnetotail must be embedded inside a much broader ion‐scale current sheet. The gradual increase of
magnetic field intensity as MMS left the centers indicates that there was a broad ion current sheet in both
events (Wang et al., 2018). Thus, there is no reason that the ions detached themselves from the reconnection
process. By comparing the two EDR events with and without ion‐coupling, we find that the profiles of the
electron flows (ve//, ∣ ve⊥∣), the current density ( j//, ∣ j⊥∣), and electron temperature (Te//,Te⊥) across the
EDR were very similar, except for their intensities. ve⊥, ve// and j// were much stronger in the traditional
reconnection than those in the electron‐only reconnection.

In both EDR events, the perpendicular electron flows were caused by the electric field drift and the diamag-
netic drift. The contribution from the diamagnetic drift became more and more important in the traditional
reconnection than in the electron‐only reconnection. The parallel electron flows were observed in both EDR
events and reached maximum value at the center of the EDR. The parallel electron speed in the traditional
reconnection (~12.1 vA) was much stronger than that (~2.0 vA) in the electron‐only reconnection. It is
believed that the electrons are effectively accelerated by the parallel potential during reconnection (Egedal
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et al., 2009, 2012) and thereby the electron parallel speed gradually increases as the reconnection proceeds.
Therefore, it seems that the electrons in the traditional reconnection event and electron‐only reconnection
event were subjected to the same process, i.e., reconnection, but in distinct stages, and the electron‐only
reconnection was in the early stages of reconnection. If so, the electron temperature would be higher in
the traditional reconnection than in the electron‐only reconnection, consistent with the fact. In addition,
the energy dissipation was more efficient in the traditional reconnection as well. However, the plasma para-
meters, e.g., the density and temperature, varied largely at different times in themagnetotail, which can cause
the differences between the two events analyzed as well. At present, we cannot exclude such possibility.

One may be concerned that the observed differences between two events could be caused by the different
trajectories relative to the X‐line. Specially, one would not expect to see the strong outflows and the signifi-
cant reconnected magnetic field if the spacecraft crossed the EDR center along the normal direction as the
case in Event I. In other words, MMS directly crossed the EDR very close to its center and thus was not able
to detect the strong outflows and reconnected field even if they had been created downstream of the EDR in
Event I. Given Event II of the classic reconnection where MMS crossed the EDR from lower‐right quadrant
to the upper‐left quadrant and detected the inflowing and outflowing ions simultaneously, MMS in Event I
should have detected the inflowing ions while it crossed the EDR center along the normal. The fact is that
the expected ion inflowing were not observed in Event I. Therefore, we excluded this possibility.

Since the ions and electrons were decoupled from the magnetic field in the EDR, the ions could respond to
the reconnection process only via electrostatic interaction. In electron‐only reconnection, the Hall electric
field was restricted within the electron‐scale layer and primarily pointed to the normal direction due to
the negligible magnetic field in this direction, and therefore, it could not create ion bulk flows in the normal
direction, namely, the ion inflows and also in the outflow direction, i.e., the ion outflows, since the ion gyro
radius was larger than the width of the Hall electric field. In contrast, the Hall electric field has broadened to
be ion‐scale in the traditional reconnection, even though the electron current layer retained an electron‐
scale. Hence, the ions can be accelerated to form the inflow (Wygant et al., 2005; Yoo et al., 2014). In addi-
tion, the reconnected magnetic field along the normal direction was significant in the traditional reconnec-
tion, and thereby, a component of the Hall electric field was created in the outflow directions (blue trace in
Figure 1n), generating the ion outflows. It appears that the width of the Hall electric field was themain factor
controlling the transition from electron‐only reconnection to the traditional reconnection if the transition
could really happen. Then, the transition should be gradual as the Hall electric field region broadens.
Most recently, the transition from the electron‐only reconnection to the traditional reconnection was succes-
sively simulated in particle‐in‐cell simulations with a simulation domain much larger than the ion inertial
length, supporting our speculation (Lu et al., 2020). In the simulation, the electron‐only reconnection can

persist for ~10 Ω−1
i , where Ωi = e ∣ B ∣ /mi is ion cyclotron frequency, sufficiently long to be detected by

MMS with a highly sampled rate.

In Event I, the M component was primarily along the Z direction of the GSE coordinates. Namely, the cur-
rent layer was vertical to the equatorial plane (x− y plane in GSE) (Wang et al., 2018), i.e., the so‐called tilted
current sheet (Baumjohann et al., 2007; Petrukovich et al., 2008; Vasko et al., 2014). In Event II, the current
layer was mainly horizontal in the equatorial plane. Theoretically, it was realized very early that the electron
tearing instability is stable in the magnetotail due to the weak normal magnetic field Bz (Lembege &
Pellat, 1982; Pritchett & Lu, 2018; Sitnov & Schindler, 2010). Even so, the spontaneous tearing instability
has been used to explain the reconnection onset in the magnetotail. The tilted current sheet can account
for the discrepancy, since the normal magnetic field Bz changed to be the component in the plane of the tiled
current layer, allowing the instability to occur spontaneously. This speculation is consistent with our obser-
vation of the electron‐only reconnection, but more evidence is needed.

In both EDR, the electromagnetic radiation from flh to 0.1fce (Figures 2h–2i and 2q–2r) was observed, where
flh is the lower hybrid frequency and fce is electron cyclotron frequency, and there were no higher frequency
waves observed. In the electron‐only reconnection, the strongest waves were primarily observed in the
strong gradient of magnetic field or the sharp edges of the electron current layer (~20:24:06.7 and
~20:24:07.8 UT) and were weak in the current layer center (~20:24:07.0 UT, Figures 2h–2i). In the classical
reconnection, the waves were detected in the whole current layer, including the layer center (Figures 2q–2r).
The roles of these waves on the reconnection evolution are unclear.

10.1029/2020GL088761Geophysical Research Letters

WANG ET AL. 8 of 10



Our results also raise other questions, e.g., how long would the electron‐only reconnection continue and
must the transition happen in the magnetotail? The different environments in the magnetotail and the
magnetosheath may influence the transition. It could be that a complex turbulent environment will pre-
vent the reconnection from proceeding to a classical reconnection with ion‐coupling, while in a more
laminar large‐scale current sheet which may be the common situation in the magnetotail, the transition
will occur.

Data Availability Statement

The data used in this work are available online (https://lasp.colorado.edu/mms/sdc/public/about/browse‐
wrapper/).
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