
1. Introduction
Magnetic reconnection is a fundamental process that changes magnetic field topologies, and converts magnetic 
energy into plasma energy. Though the consequences of reconnection can be large scale, electron-scale physics 
play an important role in the reconnection X-line region, where electrons are decoupled from the magnetic field 
lines, and the divergence of the electron off-diagonal pressure tensor is suggested to balance the reconnection 
electric field in the absence of turbulence (i.e., Cai & Lee, 1997; Egedal et al., 2019; Kuznetsova et al., 2001). The 
region where the electron frozen-in condition is violated is named as the electron diffusion region (EDR). Intense 
currents primarily carried by electrons are often found in the EDR (Burch et al., 2016; Khotyaintsev et al., 2016; 
Li et al., 2020; Torbert et al., 2018; Wang, Wang, et al., 2021; Zhou et al., 2019, and reference therein), and 
such thin electron current sheet has also been taken as a typical feature of EDRs (Fuselier et al., 2017; Webster 
et al., 2018).

The configuration of the electron current sheet is associated with electron dynamics. It can extend tens of ion 
inertial lengths downstream from the X-line with the electron jet (Phan et al., 2007). This elongation is affected 
by the reconnection guide field Bg and the electron β (ratio of the electron thermal pressure to the magnetic 
pressure) as shown by kinetic simulations (Le et al., 2013). Meanwhile, due to the electron meandering/bouncing 
motion around the BL reversal, the electron out-of-plane velocity presents a double-peak structure, leading into 
the electron current sheet bifurcation (Chen et al., 2011; Huang et al., 2020; Swisdak et al., 2005). When a finite 
guide field is present, the electron current sheet is deflected by the JL × Bg force, and the deflection can be evident 
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even if Bg is weak (Goldman et al., 2011; Zhou et al., 2014). These results show the complexity of the electron 
current sheet structure, which varies significantly under different reconnection parameters. This can be explained 
by that the electron dynamics such as magnetization/demagnetization are sensitive to these parameters (e.g., 
Chen et al., 2019; Le et al., 2013; Swisdak et al., 2005), and the related electron motion forms different current 
sheets. Recently, with high resolution measurements from Magnetospheric Multiscale (MMS) mission (Burch 
et al., 2016), inhomogeneous structures of an EDR has been presented (Cozzani et al., 2019), but what the fine 
structures of an electron current sheet could be remains an open question.

In this study, we present fine structures of an electron current sheet in magnetotail reconnection with a guide field 
of ∼0.1 by using MMS data. We show how the beam and meandering electrons form complicated sublayers even 
inside an electron-scale current sheet. Finally, the fluctuation of this current sheet is also revealed, contributing 
∼3% of the reconnection electric field by the anomalous effect.

2. Observation
We present MMS observations at Earth's magnetotail on 27 August 2018, and we use magnetic field data from 
the fluxgate magnetometer (Russell et al., 2016), electric field data from the electric field double probes (Ergun 
et al., 2016; Lindqvist et al., 2016), and particle data from the fast plasma investigation (Pollock et al., 2016). 
Due to the flight anomaly of electron spectrometer at MMS 4, electron data of MMS 4 are not shown here. On 27 
August 2018, MMS spacecraft stay near the magnetotail current sheet for a long time. An X-line encounter with 
large amplitude upper hybrid waves is recorded around 11:41:26 UT (Li et al., 2021), and about 35 min later, 
MMS cross the magnetotail current sheet again, which is the focus of this study.

2.1. Overview

Figure 1 provides an overview of the magnetotail current sheet crossing between 12:14:50 UT and 12:16:30 UT. 
At this time, the four MMS spacecraft is located at [−21.07, 10.82, 9.07] Earth radii (RE) in geocentric solar 
ecliptic (GSE) coordinates, and the spacecraft are in a tetrahedron formation with ∼34 km separation. The nega-
tive-positive change of Bx at 15:15:43 UT indicates MMS move from the southern side of the magnetotail current 
sheet to the northern side, and MMS return to the southern side around 15:16:09 UT (Figure 1a). Around the first 
Bx reversal, MMS also observe the ion flow reversal of Vx (Figure 1c), suggesting ongoing magnetic reconnec-
tion. The negative-positive change of Vx indicates the tailward retreating of the reconnection X-line.

A zoom-in of the magnetotail current sheet crossing is presented in boundary-normal (LMN) coordinates, which 
is determined by a hybrid variance analysis method. The normal direction (N’) is along the minimum variance 
direction of the current density (12:15:38 UT to 12:15:46 UT), and the M direction is from N’ × L, where L is 
the direction of maximum variance of the magnetic field (12:15:15 UT to 12:15:50 UT). Finally, N = L × M. In 
GSE, it gives L = [0.99, −0.12, −0.11], and M = [0.15, 0.96, 0.25] and N = [0.08, −0.26, 0.96], respectively. 
The magnetic BM component changes from positive to negative (Figure 1e), consistent with the Hall pattern of 
reconnection, and MMS cross the reconnection region from its tailside. The magnitude of BM at the BL reversal 
is about −1.5 nT, indicating a guide field ∼0.1 times of the asymptotic reconnecting field (∼15 nT, Figure 1a). 
Meanwhile, MMS observe strong bipolar Hall electric fields (Figure 1f), and fast electron bulk flows in both −L 
and +M directions, reaching 10,000 km s −1 (Figure 1h). The electron bulk flow outruns the E × B convection 
speed (not shown), suggesting demagnetization of electrons. In fact, an EDR is identified here, and an elec-
tron-scale flux rope embedded in this EDR is found at 12:15:44.75 UT (Z. Chen et al., 2021).

2.2. Fine Structure of the Electron Current Sheet

More details of this EDR crossing are provided by joint observations of four MMS spacecraft, in which MMS 
4 is the leading one as shown by BL (Figure 2b). In the shaded magenta region, the magnetic BN component is 
enhanced, and the largest BN is recorded by MMS 4, reaching to ∼−1.7 nT (Figure 2d). Noticing that the positive 
EN at MMS is much weaker than that observed by the rest MMS spacecraft (Figure 2f), resulting in a smaller 
E × B speed, we therefore infer the fast electron jet slows down at MMS 4, despite lacking of direct electron 
measurement. Combining with the pileup of the magnetic BN, MMS cross the outer part of the EDR (Figure 2a).
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Intense currents, calculated from the plasma moments, are found in both the outflow direction (JL) and the out-of-
plane direction (JM, Figures 2g and 2h). Clear bifurcation of JM is presented in Figure 2l. The peak of JL is not 
located at the BL reversal, but shifts into the negative BL region (Figure 2m), consisting with the current sheet 
deflection due to the finite guide-field (Goldman et al., 2011). We divide this current sheet into four sublayers 
from the magnitude. At the two sides of this current sheet (green and brown), JM is the major component. At the 
JM dip (magenta), the current along the L direction is relatively strong, while in the shaded cyan region, both JM 
and JL are large. It is noting that in the central current sheet, electrons are primarily flowing in the field-aligned 
direction (Figures 2i–2k), indicating that the guide field plays a vital role in regulating the electron motion.

The thickness of this current sheet is about 70 km or four electron inertial length (de, 1 de ∼ 18 km) based on the 
spatio-temporal difference method (Shi et al., 2019), which indicates the current sheet moves southward with a 
varying speed from several to 40 km s −1 (not shown here). Considering the change of BL is about 9 nT cross-
ing this current sheet, it gives 𝐴𝐴

𝜕𝜕B𝐿𝐿

𝜕𝜕N
 ∼ 0.13 nT km −1. This value reasonably agrees with that from the Ampere's 

Law 𝐴𝐴

(

𝜇𝜇0JM = (∇ × 𝐁𝐁)M =
𝜕𝜕B𝐿𝐿

𝜕𝜕N
−

𝜕𝜕B𝑁𝑁

𝜕𝜕L

)

 if assuming the 𝐴𝐴
𝜕𝜕B𝐿𝐿

𝜕𝜕N
 term dominates at sublayers of large JM (Torbert 

et al., 2018). Meanwhile, 𝐴𝐴
𝜕𝜕B𝑁𝑁

𝜕𝜕L
 becomes significant at the magnetic flux pileup region (shaded magenta region), 

responsible for the reduction of JM. Based on this point, the current bifurcation would be more evident in the outer 
EDR, and 𝐴𝐴

𝜕𝜕B𝑁𝑁

𝜕𝜕L
 is ∼50%–70% of 𝐴𝐴

𝜕𝜕B𝐿𝐿

𝜕𝜕N
 . This leads into a width of the magnetic pileup region along the L direction is 

about 26–35 km (∼1.5–2 de), consistent with the result from particle simulations (Zenitani et al., 2011).

Figure 1. Overview of magnetotail current sheet crossing of Magnetospheric Multiscale (MMS) 1. Panels show (a) magnetic field (geocentric solar ecliptic (GSE)), (b) 
ion number density, (c) ion bulk velocity (GSE) and (d) ion omnidirectional differential energy flux. Zoom-in of (e) magnetic field (LMN), (f) electric field (LMN), (g) 
electron number density, (h) electron bulk velocity (LMN) and (i) electron omnidirectional differential energy flux.
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Figure 2. Fine structures of the electron current sheet observed by Magnetospheric Multiscale (MMS). Panels show (a) MMS relative trajectory, (b) BL, (c) BM, (d) BN, 
(e) Ne, (f) EN, (g) JL, (h) JM, (i–k) electron pitch angle spectrum from MMS 1, 2 and 3, (l–m) JM and JL as a function of BL.
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Four selected electron distributions observed by MMS in different sublayers are presented in Figure 3, in which 
the top two rows show the reduced electron distributions in field-aligned coordinates, and the bottom two are in 
fixed LMN coordinates, so that we can infer sources of different current sublayers. Figure 3a shows agyrotropic 
crescent electron distributions perpendicular to the local magnetic field in the shaded green region, and bi-di-
rectional electrons flow along the magnetic field lines (Figure 3e). The crescent electron distributions suggest 
the electron meandering motion supplies the strong electron current along the M direction (Figure 3i), and the 
current density in the L direction is weak (Figure 3m). In the shaded magenta region, the crescent electrons have a 
smaller speed than that in other regions (Figure 3b), while clear parallel electron beams are observed (Figure 3f). 

Figure 3. Selected electron distributions observed by Magnetospheric Multiscale 1 at the time marked by the vertical black lines in Figure 2. The top two rows are 
displayed in local field-aligned coordinates, and the bottom two are in fixed LMN coordinates.
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In this region, the magnetic field is primarily along the L direction, corresponding to a strong JL current, and the 
JM magnitude decreases. In the shaded cyan region, both clear electron crescents and parallel beams are observed 
(Figures 3c and 3g). Noting the multiple electron crescent also appears in the vL-vN plane, indicating the mean-
dering electrons are responsible for the strong JL, while the beam electrons along the negative M direction are 
the main carriers of the intense JM. This can be explained by the dominance of the finite BM at this BL reversal 
region: electrons accelerated by the reconnection electric field along the M direction form electron beams, and the 
meandering electrons are distorted into the vL-vN plane. Finally, the electron motion in the shaded brown region 
is similar to that in the green region, and also a strong JM related to the electron meandering motion is recorded 
(Figure 3d).

We have presented typical electron distributions in different sublayers, providing clues of electron orbits across the 
current sheet, which are different from that with zero guide-field reconnection. For reconnection with zero guide 
field, the electron meandering/bouncing motion at the field reversals of the current sheet dominates (i.e., Spei-
ser, 1965), and the multiple bouncing of the accelerated electrons can form multiple electron crescents (Bessho 
et al., 2018; Torbert et al., 2018). In this event, similar electron meandering motion are found at the two sides of 
the current sheet (green and brown in Figure 3), where magnetic BL is the major component. However, parallel 
electron beams appear in the central current sheet, rotating quickly from the -M direction (cyan in Figure 3k) to 
the -L direction (magenta in Figure 3n) with the magnetic field. This results suggest electron dynamics are effec-
tively affected even by the relatively weak guide field (∼0.1), and agree well with previous studies (i.e., Zhou 
et al., 2019), which show the guide field of ∼0.1 is no longer negligible in reconnection (Swisdak et al., 2005). 
Meanwhile, agyrotropic electron crescents that are distorted into the vL-vN plane, are found at the BL reversal 
region. The formation of the electron crescents, which is attributed to the finite BM component, also indicates the 
asymmetric electron meandering/bouncing motion from side to side due to the overlapping of the guide field and 
Hall field. Examples of the distorted electron meandering orbits are provided by the test particle method, as seen 
in the supporting material. Finally, the electron crossing orbit in this current sheet can be even more complex with 
the absence of high-speed (>20,000 km s −1) crescent electrons in the JM dip region (Figure 3b), and this can be 
related to the energy gain/loss from the Hall electric field.

An X-line encounter of the reconnection EDR with a similar guide-field magnitude has been reported (Li 
et al., 2021). The reported electron current sheet can be well fitted as a Harris-type current, and the electron cres-
cent distributions are unstable to drive large amplitude upper hybrid waves at the two sides of the current sheet. 
These features are different from the outer EDR crossing event here. As a comparison, complicated current struc-
tures are revealed in this event, but MMS do not observe clear activities of upper hybrid waves. This indicates 
that difference of electrons dynamics from the X-line region to the outer EDR, and thus a survey of the electron 
dynamics in reconnection EDR (zero/nonzero guide field and inner/outer part) should be performed.

2.3. Fluctuation of the Electron Current Sheet

Fluctuations of this current sheet, peaking at f ∼ 5.8 Hz, are observed by MMS. A highpass filter for frequencies 
larger than 3 Hz is applied to show the perturbed magnetic/electric field and the current density (Figure 4). The 
magnitude of ΔBL reaches to 1 nT or larger, corresponding to a spatial pertubation scale of 8 km (∼0.44 de). Such 
current fluctuations can produce anomalous effect to balance the reconnection electric field. Figure 4k shows the 
anomalous viscosity term (〈ΔJ × ΔB〉/〈nee〉) reaches to 0.05–0.1 mV m −1, contributing ∼3% of the reconnection 
electric field (ER ∼ 0.1VA,inBL,∞ ∼ 2.5 mV m −1), while the effect of the anomalous resistivity term (〈ΔneΔE〉/〈ne〉) 
is negligible as the electron density variation is not clear.

Combining fluctuations of current and magnetic field data, we can estimate the wave vector (k) as a function 
of frequency (Bellan, 2016). In order to maximize spectral resolution, we use the four-spacecraft average of ΔB 
and the average ΔJ determined from magnetic field data using the four-spacecraft curlometer method, which 
leads into a phase speed (vph) ∼ 2070*[−0.45, −0.81, −0.37] km s −1 in LMN (Figure 4o). This result indicates 
that these perturbations primarily propagate along the -M direction, or toward the tail center considering MMS 
locations. It is different with the flapping motion of magnetotail current sheets, which is predominantly from the 
center to the flanks (i.e., Erkaev et al., 2007; Sergeev et al., 2006), suggesting the source of the electron current 
sheet fluctuations is local.
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Figure 4. Magnetospheric Multiscale (MMS) observations of the current sheet fluctuations. (a) Magnetic BL. Perturbations of (b–d) magnetic field, (e–g) current density, 
and (h–j) electric field filtered by a frequency larger than 3 Hz. (k) Anomalous electric field. (l–m) Power spectral density of the magnetic and electric field. The red and 
black lines indicate the electron cyclotron frequency and the lower hybrid frequency. (n) The power spectral density of the magnetic field obtained from the shaded green 
region, and the dotted line shows the local peak at 5.8 Hz. (o) The frequency-wave number power spectrum. The black line shows the linear fitting of the dispersion relation.
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Several mechanisms for the fluctuations of electron current sheets are proposed, such as the lower hybrid drift 
instability (Cozzani et al., 2021; Ng et al., 2020; Wang, Chen, et al., 2021), the electron Kelvin-Helmholtz insta-
bility (Zhong et al., 2018) and the current sheet shear instability (Fujimoto & Sydora, 2017). In this outer EDR 
event, noticing the magnetic gradients are large in both L and N direction, we can apply the magnetic double-gra-
dient instability, which is previously described by the single ion fluid, and has been used to explain the flapping 
motion of the magnetotail current sheet (Erkaev et al., 2007, 2009). Here, we apply this instability from the ion 
fluid to the electron fluid, as electron dynamics dominate in this thin current sheet. Though the predicted typical 

frequency (𝐴𝐴 𝐴𝐴 =
1

2𝜋𝜋

√

1

𝜇𝜇0𝜌𝜌

𝜕𝜕B𝐿𝐿

𝜕𝜕N

𝜕𝜕B𝑁𝑁

𝜕𝜕L
∼ 1–1.5 Hz) from the magnetic double-gradient instability is smaller than obser-

vations, the fact that the largest perturbations are around the magnetic BN pileup region, and these fluctuations 
primarily propagate along the out-of-plane (−M) direction qualitatively agree with the observations. Therefore, 
the magnetic double-gradient instability is a possible candidate for the low-frequency current sheet fluctuations, 
and such fluctuations could be characteristic in the outer EDR, where the 𝐴𝐴

𝜕𝜕B𝑁𝑁

𝜕𝜕L
 is not negligible due to magnetic 

flux piling-up.

3. Summary
In this study, we have investigated an electron current sheet in the outer EDR of magnetotail guide-field recon-
nection. This current sheet, with a thickness of ∼4 de and a maximum current intensity larger than 100 nA m −1, 
presents some interesting features listed as follows:

1.  The out-of-plane current shows clear bifurcation structures, and the entire current sheet is deflected southward 
due to the guide field

2.  Four sublayers are found in this current sheet based on variations of the JM and JL. Meandering electrons and 
streaming electrons, which are the primary carriers of the currents, behave differently in different sublayers. 
Meandering electrons supply the out-of-plane current at the two sides of the current as expected, but at the BL 
reversal region, the electron meandering motion are distorted into the vL-vN plane due to the finite BM compo-
nent, indicating the guide-field (∼0.1) plays an important role in modifying the electron motion

3.  Low frequency fluctuations of this current sheet, propagating primarily along the out-of-plane direction with a 
speed of ∼2000 km s −1, is revealed. These perturbations contribute only 3% of the reconnection electric field 
by the anomalous effect, suggesting the turbulence effect is weak in this event. The magnetic double-gradient 
instability is a candidate mechanism to drive these fluctuations, and thus such current sheet fluctuations are 
characteristic in the outer EDR

Data Availability Statement
The MMS data used in this work are available at the MMS Science Data Center (https://lasp.colorado.edu/mms/
sdc/public/about/browse-wrapper/).
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