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Abstract Turbulent energy dissipation and the resulting plasma heating are thought to be important in
various space and astrophysical systems. In this study, we present in situ evidence of electron acceleration by a
localized parallel electric field in the turbulent magnetosheath, the region downstream of the Earth's bow shock.
The observed profile of the parallel electric field presents a near unipolar spike, with numbers of irregular
bipolar signals superimposed. This structured parallel electric field is generated in an ion‐scale reconnecting
current sheet, concurrent with observations of field‐aligned bidirectional electron beams, large energy
dissipation, and significant electron parallel heating, indicating a link between them. The electrons are
demonstrated to be trapped in this current sheet and accelerated directly by a parallel electric field. Our results
reveal that flat‐top electron distributions, which are commonly observed in the magnetosheath, do not have to
originate from the shock acceleration but can also be generated by a localized acceleration potential. Such an
acceleration potential is common in reconnecting current sheets, and its contribution to electron heating can be
significant in a turbulent system populated by numerous current sheets.

1. Introduction
Magnetic reconnection is a fundamental plasma process that rapidly converts magnetic energy into plasma kinetic
energy and heating (Yamada et al., 2010). Thin current sheets are essential for initiating magnetic reconnection
(Birn &Hesse, 2014; Liu et al., 2020; S. Lu et al., 2020). In turbulent plasma environments, thin current sheets can
spontaneously form due to the non‐linear energy cascade from large to small scales (Bruno & Carbone, 2013), and
are considered regions where energy dissipation and plasma heating occur (Chasapis et al., 2015; Dmitruk
et al., 2004; Wan et al., 2012). However, the detailed mechanisms of dissipation and heating at kinetic scales
within these current sheets remain unclear.

The Earth's magnetosheath is a typical turbulent environment in near‐Earth space, particularly downstream of the
quasi‐parallel shock, where numerous thin current sheets can be observed (Karimabadi et al., 2014; Q. M. Lu,
Wang, et al., 2020; Vörös et al., 2016). Recent studies have shown that current sheets downstream of the quasi‐
parallel shock originate from upstream waves (Q. M. Lu et al., 2024; S. M. Wang, Lu, et al., 2024). These up-
stream waves are convected toward the shock by the solar wind, become compressed when transmitted through
the shock, and are finally transformed into current sheets in the magnetosheath. Some simulations and obser-
vations have indicated that these current sheets are associated with magnetosheath transient structures, such as
high‐speed jets (E. Eriksson et al., 2016; Guo et al., 2023; Plaschke et al., 2017; S. M. Wang, Wang, et al., 2024).
Magnetic reconnection signatures have been observed in these downstream magnetosheath current sheets (Chen
et al., 2018; Phan et al., 2018; Retinò et al., 2007; Vörös et al., 2017; Yordanova et al., 2016), and reconnection
dominates small‐scale energy dissipation therein (H. S. Fu et al., 2017; Stawarz et al., 2022; Sundkvist
et al., 2007; S. M. Wang, Wang, Lu, Burch, & Wang, 2021).

Recent high‐resolution and three‐dimensional measurements of electric and magnetic fields from the Magne-
tospheric Multiscale (MMS) mission (Burch, Moore, et al., 2016) have revealed new characteristics of magnetic
reconnection in the magnetosheath. One striking finding is the presence of large‐amplitude and spiky parallel
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electric field structures that significantly influence electron dynamics (Phan et al., 2018; S. M. Wang, Wang, Lu,
Russell, et al., 2021; Wetherton et al., 2022; Wilder et al., 2017). These reconnection events are typically
associated with large guide fields, and analyses of multiple events in the magnetosheath show that the magnitude
of the parallel electric field spikes is positively correlated with the strength of the guide fields (Wilder
et al., 2018). Some of these parallel electric field spikes are not linked to the reconnection X line or separatrix
region (S. Eriksson et al., 2016; S. Y. Huang et al., 2021; Mozer & Pritchett, 2010; H. W. Wang et al., 2023; R. S.
Wang et al., 2014), but instead coincide with an extended electron jet (Wilder et al., 2017). The presence of such
strong parallel electric field spikes can directly accelerate electrons passing through them, generating high‐energy
electron beams and exciting instabilities to form electron holes (S. M. Wang, Wang, Lu, Russell, et al., 2021).
Nevertheless, the spatial distribution of these parallel electric field structures and their role in electron dynamics
during magnetic reconnection in the magnetosheath are still not fully understood due to the limited reconnection
events observed in this turbulent region.

In this study, we present in situ MMS observations of a parallel electric field event within a reconnecting current
sheet in the magnetosheath. This parallel electric field generates a parallel acceleration potential of 30 V, which
accelerates and traps electrons in the reconnection region. We investigate the effect of such a localized accel-
eration potential on energy dissipation and electron energization. The analysis uses magnetic field data from the
Fluxgate Magnetometer (Russell et al., 2016), electric field data from the Electric Double Probes (Ergun, Tucker,
et al., 2016; Lindqvist et al., 2016), and electron and ion data from the Fast Plasma Investigation (Pollock
et al., 2016).

2. Event Overview
Figure 1 provides an overview of the crossing of the MMS1 spacecraft from the solar wind to the quasi‐
perpendicular magnetosheath, and finally to the quasi‐parallel magnetosheath, between 10:00 and 13:00 UT
on 16 February 2022. The position ofMMS1 in the Geocentric Solar Ecliptic (GSE) coordinate system is shown at
the bottom of Figure 1, indicating that MMS1 was slowly moving toward the Earth (∼2 km/s) along the X di-
rection. The blue and orange vertical dashed lines in Figure 1 represent the encounters with the bow shock and the
boundary between the quasi‐perpendicular and quasi‐parallel magnetosheath, respectively. Initially, MMS1 was
in the solar wind, characterized by a narrow ion spectrogram (Figure 1a), low magnetic field strength (Figure 1c),
low density (Figure 1d), and a large anti‐sunward ion flow (Figure 1e). After about 10:39 UT (marked by the blue
vertical dashed line), MMS1 crossed the bow shock and entered the magnetosheath, which was populated by the
shocked solar wind. After the shock, the plasma flow deviated from the pristine − XGSE direction to (− X, +Y,
− Z)GSE direction, consistent with the expected behavior of magnetosheath plasma flowing around the Earth's
magnetosphere.

The magnetosheath interval in Figure 1 is divided into two subregions: the quasi‐perpendicular magnetosheath
and the quasi‐parallel magnetosheath, each with distinct properties. The quasi‐perpendicular magnetosheath
(before the orange vertical dashed line) has broader ion and electron spectrograms, higher density, and larger
thermal pressure (Figure 1f). In contrast, the quasi‐parallel magnetosheath (after the orange vertical dashed line)
exhibits stronger fluctuations in the magnetic field, density, and ion flow, indicating a more turbulent state. High‐
energy ions with energies larger than 10 keV are detected in the quasi‐parallel magnetosheath, suggesting sig-
nificant ion heating and acceleration. The total pressure (the sum of magnetic pressure and plasma thermal
pressure) in the quasi‐parallel magnetosheath interval is generally lower than that in the quasi‐perpendicular
magnetosheath. These differences in properties between the two subintervals are caused by the change in the
direction of the upstream solar wind magnetic field, which is also reflected in the overall profile of the observed
magnetosheath magnetic field.

Figure 1g shows the current density calculated using the curlometer method (Dunlop et al., 2002). The current
density in the quasi‐parallel magnetosheath increases substantially, exhibiting some localized spikes. The
amplitude of these current density spikes can reach 1.2 μA/m2, comparable to typical current density values
observed in magnetopause reconnection events (Burch, Torbert, et al., 2016; R. S. Wang et al., 2017). These large
current spikes correspond to thin current sheets where magnetic reconnection could potentially occur. In contrast,
the current density in the quasi‐perpendicular magnetosheath is much smaller, typically less than 0.3 μA/m2, and
there are no reconnection events found. Next, we mainly focus on the thin current sheet denoted by the blue arrow
in Figure 1g.
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3. Reconnection Signatures in the Current Sheet
Figure 2 shows the MMS1 observations surrounding the current sheet from 12:45:20 to 12:45:35 UT. To identify
the reconnection signatures in this current sheet, the spacecraft data are transformed into a current sheet boundary
normal (LMN) coordinate system, where L is along the reconnecting magnetic field direction, N is along the
current sheet normal, andM = N × L is the direction out of the reconnection plane. The LMN coordinate system
is obtained by minimum variance analysis (Sonnerup & Cahill, 1967) applied to the magnetic field data over the
interval from 12:45:27.5 to 12:45:28.0 UT. Relative to the GSE coordinate system, L = (−0.40, 0.62, 0.67),
M = (−0.09, −0.76, 0.64), and N = (0.91, 0.20, 0.36). The four‐spacecraft timing method indicates that the
current sheet moved with a speed of 138 km/s along the − N direction. The background plasma velocity along the
− N direction is approximately 150 km/s, with the velocity at the trailing edge of the current sheet being larger
than at the leading edge. Therefore, the current sheet was being compressed by the background bulk flow when
the spacecraft crossed it.

Figure 1. Overview of the MMS1 observations in the magnetosheath. (a) Ion differential energy flux. (b) Electron differential
energy flux. (c) Magnetic field. (d) Electron density. (e) Ion bulk velocity. (f) Total, magnetic, electron, and ion pressures.
(g) Total current density. The data are displayed in Geocentric Solar Ecliptic (GSE) coordinate system.

Journal of Geophysical Research: Space Physics 10.1029/2025JA033817

WANG ET AL. 3 of 17



The crossing of the current sheet is clearly identified by a reversal of the reconnecting magnetic field component
BL (Figure 2a), from ∼25 nT to ∼− 12 nT, between the two gray vertical dashed lines, which corresponds to a
negative current JM spike up to − 1.1 μA/m2 (Figure 2e). Here, the current density is calculated using the plasma
moments data. The out‐of‐plane magnetic field component BM right outside the current sheet, which is usually
referred to as the guide field Bg, is approximately 6 nT. After subtracting the guide field, BM exhibits a bipolar
variation from positive to negative, consistent with the Hall magnetic field signal on one side of the X‐line. After
the second gray vertical dashed line, MMS1 observed another negative BM variation that persists for 0.8 s,
together with a nearly constant negative BL value (− 12 nT), indicating that the spacecraft remained within the
current sheet. A possible spacecraft trajectory passing through the current sheet is shown by the black dashed
arrow in Figure 3. The magnetic field strength increases at both edges of the current sheet, implying magnetic
field pileup (Øieroset et al., 2019). In contrast, the magnetic field strength has a dip at the reversal point of BL. The
electron density (Figure 2b) exhibits an anti‐correlated variation with magnetic field strength throughout the

Figure 2. Enlarged view of the current sheet observed by MMS1. (a) Magnetic field. (b) Electron density. (c) Ion bulk
velocity. (d) Electron bulk velocity. (e) Current density. (f) Electric field. (g) Total, magnetic, electron, and ion pressures.
(h) Electron parallel and perpendicular temperatures. (i) Ion differential energy flux. (j) Electron differential energy flux. The
data are displayed in a current sheet boundary normal (LMN) coordinate system. Relative to the GSE coordinate system,
L = (−0.40, 0.62, 0.67), M = (−0.09, −0.76, 0.64), and N = (0.91, 0.20, 0.36).
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interval and has a peak of 40 cm− 3 at the center of the current sheet. Note that the electron density shows a local
dip at the site where MMS1 entered or exited the current sheet.

From the ion bulk velocity shown in Figure 2c, the ion velocity ViL outside the current sheet varies from − 50 km/s
to 0 km/s at two sides, suggesting that the current sheet is embedded in a background shear flow. Additionally, ViL
shows a local dip down to − 70 km/s near the leading edge of the current sheet (the first vertical dashed line),
which probably corresponds to negative reconnection outflow. The deviation of the maximum outflow velocity
from the center of the current sheet could be attributed to asymmetric magnetic field and plasma conditions (Shay
et al., 2016). The out‐of‐plane ion flow ViM in the current sheet shows an increase followed by a decrease after
subtracting the background flow (− 100 km/s). The ViM increase is closely associated with the negative recon-
nection outflow that is located at the edge of the current sheet, while the ViM decrease is observed inside the
current sheet (between the two gray vertical dashed lines). Beyond the same variation to the ion flow at the leading
edge of the current sheet, including a dip in VeL and an increase in VeM, the electron flow shows more structured
narrow bursts compared to the ion flow (Figure 2d). Between the two gray vertical dashed lines, VeL exhibits two
peaks with a dip between them, leading to a corresponding JL variation from negative to positive to negative
(Figure 2e). This kind of JL variation is in good agreement with the Hall electron current system on the negative
outflow side (as illustrated in Figure 3) in collisionless magnetic reconnection and generates the observed Hall
magnetic field. Additionally, VeM and JM each present two isolated peaks, suggesting that the current sheet has a
bifurcated structure. The negative ViM enhancement, along with the positive VeM enhancement inside the current
sheet, suggests that they are accelerated by the negative EM up to − 5 mV/m (Figure 2f). Simultaneously, MMS1
observed +N and − N directional electron inflows after subtracting the convection velocity of the current sheet.
The electron inflow velocity is about 70 km/s. A striking feature is that all three components of electron velocity
and the corresponding current density exhibit localized bursts at the orange vertical dashed line. This narrow
current layer has a positive JM value, opposite to that in the main current sheet, implying that this variation is not
due to the spacecraft returning to the current sheet. We note that this narrow current structure is associated with
the variation of magnetic field component BM and a dip of magnetic field strength. We speculate that this narrow
current structure may be related to the three‐dimensional reconnection separatrix region (Bai et al., 2019, 2025;
Daughton et al., 2011; X. S. Fu et al., 2024).

Figure 2g shows different plasma pressures. The total pressure (sum of magnetic and thermal pressure) outside the
current sheet is nearly constant (∼0.75 nPa) and smaller than that within the current sheet (∼0.95 nPa), indicating
that the current sheet is not in pressure balance and has a tendency to expand. The pressure imbalance is primarily
due to changes in plasma thermal pressure associated with variations in number density and temperature. For
electrons, both the parallel and perpendicular temperatures increase significantly compared to the background
magnetosheath, indicating substantial electron heating. This is also evident in the omnidirectional electron energy
spectrogram (Figure 2j), which shows a broadening of the distribution within the current sheet. In contrast, the ion
energy spectrogram (Figure 2i) shows a local narrowing but with enhancements in fluxes around 400 eV.We note
that the electron temperature anisotropy begins to arise from the first gray vertical dashed line, where a density dip
is observed, which is consistent with MMS1 crossing the reconnection separatrix. It is also clear that MMS1

Figure 3. A sketch of the reconnecting current sheet in the L‐N plane. The trajectory of the MMS spacecraft through the
current sheet is denoted by the black dashed arrow. The blue and orange shaded regions represent two quadrants of the Hall
magnetic field region, with corresponding Hall electron current system shown by magenta curves. The green arrows indicate
the parallel electric field pointing outward from the X line.
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exited the exhaust region at the orange vertical dashed line, where narrow bursts of electron flows and electric
fields vanish. Therefore, the width of the exhaust region is 165.6 km, ∼3.4 ion inertial lengths.

Based on the observations in Figure 2 including weak reconnection outflow, simultaneous electron flows in the
±L and ±N directions, Hall magnetic field, and electron heating, we conclude that reconnection was occurring in
this magnetosheath current sheet, and MMS1 crossed the ion diffusion region and was in close proximity to the
electron diffusion region.

4. Structured Parallel Electric Field in the Diffusion Region
In Figure 4, we examine the current and electric field within the current sheet, which are essential for energy
conversion and electron acceleration. The Hall magnetic field BM and corresponding Hall current system JL are
clearly seen in Figures 4a and 4c between the first and third vertical dashed lines. The horizontal purple dashed
line in Figure 4a represents the background guide field (∼6 nT). The negative VeL jet together with +N to − N
variation in VeN around the second vertical dashed line suggests that the spacecraft was near or crossing the
electron diffusion region during this short interval (from 12:45:27.8 to 12:45:28.05 UT). The electron inflow
velocity calculated from bipolar VeN variation (Pritchard et al., 2019) is 75 km/s, about 0.03 VAeL, implying a
reconnection rate of 0.03 (Burch et al., 2020). At the same time, JM reaches its maximum value (− 1.0 μA/m2) and
is primarily antiparallel to the magnetic field (Figure 4d). JM shows another peak at the leading edge of the current
sheet (∼12:45:27.6 UT), where the current is nearly perpendicular to the magnetic field. This current peak,
located near the edge of the current sheet, is likely caused by local magnetic field pileup.

Figures 4e–4g present the three components of − (Ve × B), − (Vi × B), and the measured perpendicular electric
field with its error, respectively. In the possible electron diffusion region from 12:45:27.8 to 12:45:28.05 UT,
there is a significant deviation between − (Ve × B) and E⊥, especially in the L and M direction, indicating that
electrons are demagnetized therein. Here, we use the maximum EM as the reconnection electric field. After
subtracting high‐frequency electric field fluctuations, the reconnection electric field is about 4.6 mV/m, consistent
with the typical value in magnetosheath reconnection (Phan et al., 2018). The normalized reconnection rate is
calculated by EM

VAeLBL
(Burch et al., 2020), where VAeL is the electron Alfvén speed, and BL is the L component of the

magnetic field in asymmetric reconnection. The use of VAeL here is appropriate by the fact that near the electron
diffusion region the magnetic field is advected by the electrons (Burch et al., 2020). Using this method, the
reconnection rate is determined as ∼0.09, slightly larger than that derived from electron inflow speeds. A
reconnection rate near 0.1 is common in observations and simulations (Burch et al., 2020; Liu et al., 2017; Q. Lu
et al., 2025; Pritchard et al., 2023), indicating efficient energy conversion. Figure 4h shows the parallel electric
field E‖. A predominantly negative E‖ with strong fluctuations is observed just inside the positive Hall magnetic
field region (between the first and second vertical dashed lines), coincident with increased plasma density
(Figure 4b). The E‖ exhibits two peaks with amplitude exceeding 10 mV/m and is primarily from the electric field
component EL (Figure 4i) that points away from the X line as indicated by the green arrows in Figure 3. This
structured E‖ causes significant energy dissipation J ·Eʹ , with a maximum value of up to 4 nW/m3. In contrast,
the value of E‖ in the negative Hall magnetic field region is overall positive (∼1 mV/m) but is smaller than the
uncertainty of measurement. Thus, it is unclear whether this small E‖ is real.

On the other hand, strong waves are observed in two E‖ peaks (Figures 4i, 4j, 4l, and 4m) with amplitudes
comparable to the negative parallel electric field peaks. These waves are primarily parallel to the magnetic field
(Figures 4i and 4j). In the first peak, the waves are in the L direction, whereas in the second peak, they exhibit L
and M directional components. The Hall electric field EN is dominated by a DC component.

Figures 4l and 4m show the electric and magnetic field power spectral densities, respectively. Significant electric
field power enhancements occur from∼300 Hz to ∼2 kHz in the first E‖ peak and from∼100 Hz to ∼1 kHz in the
second peak. The wave frequency exceeds the electron cyclotron frequency fce (white line) and extends up to the
ion plasma frequency fpi (magenta line). Crucially, no corresponding enhancements appear in the magnetic field
power, indicating that these waves are electrostatic. Such parallel, electrostatic, ion plasma frequency waves have
been documented in the diffusion region of magnetopause reconnection (Ergun, Holmes, et al., 2016; Steinvall
et al., 2021; Wilder et al., 2016; Zhong et al., 2021), although the amplitude in our event is smaller. Close ex-
amination of parallel electric field waveforms reveals these electrostatic waves superimposed on a negative DC
parallel electric field, exhibiting nonlinear evolution at different times. After subtracting the DC component, these
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waves display bipolar or continuous steepening waveforms, similar to those reported in the magnetotail diffusion
region by Yu et al. (2021). Notably, the positive wave electric fields exceed the negative amplitudes, which
suggests that the net potential associated with these waves impedes electron inflow toward the reconnection
region. Additionally, electromagnetic waves with enhanced power near 0.3 fce (gray line) appear in the two E‖
peaks. Wave polarization analysis indicates right‐hand circular polarization and oblique propagation, consistent
with whistler wave characteristics.

Figure 4. Current and electric field within the current sheet. (a) Magnetic field. (b) Electron density. (c) Current density.
(d) Total current density and its parallel and perpendicular components. (e–g) L, M, and N components of − (Ve × B),
− (Vi × B) and perpendicular electric field, respectively. (h) Parallel electric field. (i) Parallel components of the electric field
EL, EM, and EN. (j) Perpendicular electric field. (k) Energy dissipation J ·Eʹ = J · (E + Ve × B) and its contribution from
parallel and perpendicular current and electric field. (l) Electric field power spectral density. (m) Magnetic field power spectral
density.
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Simultaneous observations of electrostatic and whistler waves are not rare in magnetic reconnection (Wilder
et al., 2019). These waves can affect the reconnection process, such as electron heating, anomalous resistivity, and
pitch‐angle scattering (Graham et al., 2025). In our event, the net potential associated with the electrostatic waves
seems to prevent electrons from flowing into the reconnection region. However, as demonstrated below, electron
dynamics in our event are dominated by the negative E‖ peaks, rather than these wave activities.

The large‐amplitude, outward‐pointing E‖ is detected by all four MMS satellites. Figure 5a plots the magnetic
field component BL for the four satellites. The current sheet, with BL varying from positive to negative, was
sequentially crossed by MMS2/3/1/4, in an order consistent with their locations in the N direction (Figures 5i and
5j). Note that when MMS4 entered into the current sheet, MMS2 left the current sheet. This suggests that four
MMS satellites cannot be inside the current sheet simultaneously. Therefore, the linear approximation was not
satisfied in our event, and multi‐spacecraft analysis, such as the minimum directional derivative (MDD) method
(Shi et al., 2005) and spatial‐temporal difference (STD) method (Shi et al., 2006), was not applicable in our event.
The negative‐to‐positive Hall magnetic field signatures, superposed on the guide field observed by all four
satellites, are shown in Figure 5b. The vertical dashed lines denote the boundary separating the positive and
negative Hall magnetic field regions. After MMS2/3/4 observations are time shifted to be aligned with the MMS1
observation of BL = 0 (Figures 5c and 5d), we note that the four satellites entered the current sheet at different
times (MMS1/4/3/2) but exited almost simultaneously. This suggests different current sheet widths and/or
compression at the four satellites. The compression occurs at the leading edge (earthward side) of the current sheet
and is the strongest at MMS2.

Figures 5e–5h show the parallel electric fields for the four satellites, respectively. Negative and fluctuating E‖
signals are clearly found at all four satellites and are located in the positive Hall magnetic field region (before the
corresponding vertical dashed lines). We note that the amplitude of E‖ is not correlated with the distance to the X
line (the locations of four satellites in the L direction). This implies the characteristic scale of this E‖ structure
should be larger than the separation of satellites along the L direction (∼30 km, 0.6 ion inertial lengths). Given the
width of the positive Hall magnetic field region along the N direction, this E‖ structure covers a volume of at least
0.6di × 1.0di (L × N) in the reconnection plane. Such an outward‐pointing and unipolar E‖ structure is rarely
reported in previous observations of reconnecting current sheets.

5. The Effect of Parallel Electric Field on Electron Dynamics
It is natural to expect that this widely distributed and orientated E‖ can accelerate electrons to stream toward the
reconnection site and cause trapping of electrons. From Figure 6c, we see an evident increase in electron pressure
in the L and N directions, concurrent with the presence of E‖ structure in Figure 6b. Figures 6d–6f show the
electron pitch angle distributions (PADs) in the energy ranges 6–100 eV, 100–400 eV, and 400–2000 eV,
respectively. The electron fluxes around 0° and 180° pitch angles begin to increase substantially (Figures 6d and
6e) after ∼12:45:27.6 UT (the first vertical dashed line), and this enhancement persists in the positive Hall
magnetic field region, coincident with the E‖ structure (Figure 6b). Therefore, the edge of the positive Hall
magnetic field (the first vertical dashed line) corresponds to the location of the separatrix, where inflowing
electrons are streaming along 0° pitch angle toward the X line. This kind of bidirectional distribution fades in the
negative Hall magnetic field region, where more electrons concentrate at 180° pitch angle, corresponding to
inflowing electrons along the upper separatrix region in Figure 3. The correlation between the bidirectional
electron PADs and the outward‐pointing E‖ indicates that E‖ can trap electrons in the ion diffusion region. We
note that the electrons from 400 to 2000 eV are more isotropic, although their fluxes are also higher than the
background (Figure 6f). This implies that some processes lead to the isotropy of these higher‐energy electrons.

To investigate the acceleration effect of E‖ on electrons, we plot the electron phase space density (PSD) versus
energy E, observed outside (12:45:20.0 UT and 12:45:35.0 UT) and inside (12:45:27.8 UT) the current sheet, in
Figure 7. The electron anisotropy within the current sheet is clearly seen in Figure 7a, where the PSD in the
parallel and antiparallel directions is almost the same and substantially larger than that in the perpendicular di-
rection, which corresponds to the acceleration of electrons parallel to the magnetic field in the diffusion region.
Furthermore, the accelerated electrons exhibit a flat‐top distribution from 30 eV up to 70 eV, typical for electron
distributions in reconnection (Asano et al., 2008).
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To test whether the acceleration by ϕ‖ is consistent with the measured electron distributions, we consider the
results in Figures 7b and 7c, where the blue and red dot lines show the background electron distributions from two
sides of the current sheet, and the green dot line is the accelerated electron distribution within the diffusion region.

Figure 5. Observations of the current sheet from the four MMS spacecraft. (a) Magnetic field component BL. (b) Magnetic
field component BM. (c and d) Magnetic field components BL and BM, with MMS2/3/4 observations time shifted to be aligned
with the MMS1 observation of BL = 0. (e)–(h) Parallel electric fields from the four MMS spacecraft, respectively. (i and j)
Relative positions of the four MMS spacecraft in the L‐N and M‐N planes.
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The flat‐top distribution is also observed for the background electrons, which has been found to be common for
magnetosheath electrons (Feldman et al., 1983; Graham et al., 2021) and is attributed to acceleration by a cross‐
shock potential (Feldman et al., 1983; Scudder, 1995). The increase of the maximum flat‐top electron energy from
40 eV for the background electrons to 70 eV for the energized electrons in the reconnection region is clearly
visible. Using Liouville's theorem by assuming df/dt = 0 along the electron trajectory, we map the accelerated
electrons with a potential ϕ‖ of 30 V (black dots in Figure 7b), which agrees well with the observed distribution in
the reconnection region (green dot line in Figure 7b). The distribution f|| at 12:45:20.0 UT is used as the back-
ground. The electron acceleration by ϕ‖ is evidenced by large PSD values with energy larger than 40 eV. The
energy gain of the electrons (<300 eV) based on the Liouville mapping is nearly independent of energy, which is a
typical signature of energization by an acceleration potential (Egedal et al., 2010). The PSD of electrons >300 eV
is significantly larger than that of the mapped electrons, which implies that these higher‐energy electrons are
likely further accelerated by other mechanisms. Some processes should be involved to scatter these higher‐energy
electrons to isotropic distributions, as seen in Figure 6f. The acceleration potential obtained from the parallel and

Figure 6. Electron data observed by MMS1 within the current sheet. (a) Magnetic field. (b) Parallel electric field.
(c) Diagonal terms of the electron pressure tensor. (d–f) Pitch angle distributions of electrons in the energy range of 6–
100 eV, 100–400 eV, and 400–2000 eV, respectively.
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antiparallel directional PSD is almost identical to Figures 7b and 7c. This also demonstrates that these accelerated
electrons are trapped in the reconnection region and generate the bidirectional electron beams seen in Figures 6d
and 6e. The flat‐top distribution in the perpendicular direction is less prominent, but the increase in PSD indicated
by the green dot lines between 50 and 300 eV is also significant (Figure 7d).

Flat‐top electron distributions are also observed in turbulent reconnection regions in Earth's magnetotail (Ergun
et al., 2020a, 2020b; Li et al., 2022). In these observations, a flat‐top distribution appears in the parallel direction,
while a nonthermal tail distribution is significant in the perpendicular direction. Ergun et al. (2020a) proposed that
a flat‐top distribution forms when electrons encounter a series of random parallel electric field structures in a
turbulent region and then gain energy from accelerating potentials and lose energy in decelerating potentials.
Since low‐energy electrons are reflected by a decelerating potential without losing energy, they experience only
an acceleration process before their energy reaches a critical value. In such a turbulent environment, electrons
gain energy and naturally form a flat‐top distribution. However, since electrons with high parallel velocity easily
pass through the turbulent acceleration region, the parallel energization is limited. From this perspective, the
current sheet in our event can also be regarded as an accelerator that accelerates electrons into it via a positive
potential, although its scale is much smaller than that described in Ergun et al. (2020a). However, there are several
key differences.

First, the magnetotail current sheet in Ergun et al. (2020a) evolved into a turbulent state and covered a large‐scale
region (∼16 RE), far exceeding the scale in our event. Its complex electric field distribution and numerous random

Figure 7. Electron distribution function observed by MMS1. (a) Electron distributions in parallel, antiparallel, and
perpendicular directions at 12:45:27.8 UT. (b) Electron distributions in parallel direction at 12:45:20.0, 12:45:27.8, and
12:45:35.0 UT. (c) Electron distributions in antiparallel direction at 12:45:20.0, 12:45:27.8, and 12:45:35.0 UT. (d) Electron
distributions in perpendicular direction at 12:45:20.0, 12:45:27.8, and 12:45:35.0 UT.
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potential structures trap electrons and cause large parallel thermal heating. In such a turbulent reconnecting
current sheet, a net parallel potential at its boundary that accelerates electrons into it is not necessary to produce
flat‐top electron distributions. On the other hand, Ergun et al. (2020a) found that electrons with high parallel
speeds become non‐adiabatic and are significantly energized by large‐amplitude turbulent electric fields in the
perpendicular direction. Furthermore, turbulence in the magnetotail generates magnetic depletions that can trap
electrons, increasing their dwell time in regions of strong electric fields. This substantially enhances perpen-
dicular energization and produces nonthermal tail distributions. Such a perpendicular energization process and
nonthermal tail distribution are not observed in our event. The primary reason is likely that magnetic trapping via
the mirror force was small in our event due to the strong guide field. Additionally, the small scale of the current
sheet and high plasma density in the magnetosheath limit the energy gained per particle (Qi et al., 2024).

6. Discussion and Conclusions
Parallel electric fields have been extensively studied in the diffusion region of magnetic reconnection and are
crucial for energy conversion and electron acceleration during the reconnection process (Dahlin et al., 2016;
Drake et al., 2005; Egedal et al., 2015; Fox et al., 2018; C. Huang et al., 2010; S. Wang et al., 2018). The dis-
tribution of these fields in reconnection is primarily controlled by the guide field and the asymmetry of the current
sheet and is influenced by various instabilities (Drake et al., 2003; Lapenta et al., 2010; Pritchett, 2001; Pritchett &
Coroniti, 2004). In general, the parallel electric field is directed away from the X line, accelerating inflowing
electrons along the magnetic field lines. However, direct spacecraft observations of such fields remain rare. Using
data from the Polar spacecraft at the magnetopause, Mozer and Pritchett (2010) reported unipolar parallel electric
fields on the magnetosphere side, with directions consistent with simulations. The magnitudes of these fields were
significantly larger than those predicted by the simulations. In the magnetotail, similar parallel electric field
structures are observed in the separatrix, where they accelerate inflowing electrons to energies of up to 100 keV
(R. S. Wang et al., 2013, 2014).

In our event, however, the parallel electric field exhibits several different features from previous studies. First, the
parallel electric field pointing outward from the X line is observed in conjunction with the lower quadrant of the
Hall magnetic field (Figure 3). This parallel electric field is closely associated with an electron density increase,
rather than a density cavity, suggesting that it is not the same as the double layer electric fields observed in the
separatrix (Mozer & Pritchett, 2010; R. S. Wang et al., 2013). In the upper quadrant of the Hall magnetic field
region, the magnitude of the parallel electric field is relatively small (around 1 mV/m), falling within the un-
certainty of the electric field measurements. However, its direction points toward the X line, consistent with
relevant simulations (S. Lu et al., 2021). Second, the parallel electric field in our event covers a region of at least
0.6di × 1.0di (L × N) in the reconnection plane. Given that the parallel electric fields are observed by all four
MMS spacecraft and their magnitudes are nearly identical, the spatial extent of the parallel electric field in the L
direction must be greater than 0.6 di. Third, the observed parallel electric field is primarily from the electric field
component EL, rather than the out‐of‐plane component EM, which is typically responsible for large‐amplitude
parallel electric fields in previous magnetosheath reconnection events (Phan et al., 2018; S. M. Wang, Wang,
Lu, Russell, et al., 2021; Wilder et al., 2017). This suggests that the parallel electric field in our event is possibly
predominantly electrostatic, which is caused by charge separation (S. Lu et al., 2021). Finally, the parallel electric
field appears to be structured, presenting an overall unipolar profile with many irregular bipolar parallel electric
fields superimposed, which may correspond to the early stage of electron hole formation (Yu et al., 2021). This
indicates that the electron beams generated by this parallel electric field structure could drive two‐stream or beam
instabilities that excite electron holes (Chang et al., 2022; Newman et al., 2001). However, a typical electron hole
signature is not observed in this reconnection event, possibly due to the spacecraft trajectory or the different
evolution stage of the instability.

Although direct observations of parallel electric fields are rare, likely due to their small magnitudes, they can
generate a considerable parallel potential that represents the integrated parallel electric field along a magnetic
field line. The acceleration and trapping of electrons by such a parallel potential lead to the typical flat‐top
electron distribution observed in reconnection (Egedal et al., 2015). In our event, the parallel electric field
points outward from the X line, yielding a positive parallel potential. The parallel potential is estimated to be 30 V,
based on Liouville mapping of electron distributions from the background electrons to the energized electrons in
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the reconnection region. The value of the estimated parallel potential is comparable to that in another magne-
tosheath reconnection event (E. Eriksson et al., 2018). This potential causes substantial electron acceleration and
trapping, associated with field‐aligned bidirectional beams, increased electron pressure, and temperature
anisotropy Te‖ >Te⊥ observed in the reconnection region. Note that the maximum energy for the field‐aligned
bidirectional distribution is approximately 400 eV, larger than the estimated parallel potential. Therefore,
magnetic trapping due to the mirror force (Q. M. Lu et al., 2010; R. S. Wang et al., 2010) also works therein. The
increased electron density suggests that parallel electric field trapping in our event plays a dominant role than the
magnetic well (Egedal et al., 2008; Nan et al., 2022).

Both electrons outside and inside the reconnection region exhibit typical flat‐top distributions, with maximum
flat‐top energy of 40 and 70 eV, respectively. It is evident that the parallel potential in the localized reconnection
region accelerates the inflowing electrons, leading to an increase in the maximum energy of the flat‐top electrons.
This acceleration by the parallel potential dominates the increase in the electron PSD for energies below 300 eV,
which is approximately 10 times the background electron temperature. As a result, the electron temperature rises
from 30 to 50 eV. For electrons with energies greater than 300 eV, the PSD exceeds that predicted by parallel
potential acceleration alone, suggesting that these electrons are further accelerated by other mechanisms. This
mechanism appears to be more effective for high‐energy electron acceleration. Additionally, some processes
should be involved within the current sheet to scatter the electrons to cause an increase in the electron perpen-
dicular PSD. One possibility is that electrons become stochastic near the X line, where their Larmor radius is
comparable to the curvature radius of the magnetic field (X. R. Fu et al., 2006; R. S. Wang et al., 2010). This
potential pitch‐angle scattering process causes a slight increase in the electron perpendicular temperature from 30
to 35 eV, and results in an isotropic distribution for electrons with energies greater than 300 eV.

Strong electric fields are frequently observed in magnetic reconnection events, such as those in Earth's magne-
totail (Ergun et al., 2022; Genestreti et al., 2018; Qi et al., 2024). Magnetotail reconnection typically causes large‐
scale magnetic field reconfiguration and generates strong turbulence, which drives small‐scale reconnection
(Ergun et al., 2022; Qi et al., 2024; Zhou et al., 2021). Ergun et al. (2018) reported observations of extraordinarily
large‐amplitude parallel electric fields (>100 mV/m) and associated energy dissipation in a turbulent magnetotail
reconnection region. These parallel electric field events cause large potentials (>1 kV) along the magnetic field
and accelerate electrons, which is similar to the acceleration process observed in our event. Large‐amplitude
electric field structures in turbulence driven by magnetotail reconnection cause significant energy conversion
from the magnetic field to the particles. This conversion can energize ions and electrons trapped in turbulence‐
generated structures to hundreds of keV (Ergun et al., 2020a, 2020b; Li et al., 2022). Despite differences in the
energy sources driving turbulence between the magnetotail reconnection region and the magnetosheath, the
strong electric fields and associated energy conversion processes in turbulence‐driven reconnection appear
remarkably similar. This similarity implies that such processes may also operate in other astrophysical envi-
ronments, such as supernova shells, and could potentially explain cosmic‐ray acceleration resulting from tur-
bulent magnetic reconnection (Ergun et al., 2020a).

The electron energization by a localized acceleration potential in the turbulent magnetosheath is informative.
Previous studies have shown that some resonant mechanisms, such as Landau or cyclotron resonant damping (He
et al., 2015; Howes et al., 2011; Leamon et al., 1998), non‐resonant mechanisms like stochastic heating (Chandran
et al., 2013; Voitenko & Goossens, 2004), and magnetic reconnection (Loureiro & Boldyrev, 2017; Retinò
et al., 2007) can cause significant dissipation and heating in the turbulence. In the magnetosheath downstream of
the quasi‐parallel shock, turbulence is strong, and numerous small‐scale current sheets are formed (Retinò
et al., 2007; Schwartz et al., 2021; S. M. Wang, Lu, et al., 2024; Xu et al., 2023). Our study demonstrates that the
parallel electric field and the resulting acceleration potential within such a localized reconnecting current sheet
can directly accelerate electrons, generating field‐aligned bidirectional beams and flat‐top electron distributions,
accompanied by significant parallel electron heating. The cumulative effect of this mechanism in a turbulent
environment which is filled with many current sheets can be substantial.

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