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Key Points:
●  We report a sub-ion-scale electron current layer embedded at the edge of the plasma sheet in the Earth’s magnetotail.
●  The E × B drift of electrons gives rise to this current layer.
●  The current layer has no magnetic reconnection signatures, and magnetic reconnection could be suppressed inside this layer.
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Abstract:  The formation of an embedded electron current sheet within the magnetotail plasma sheet has been poorly understood. In
this article, we present an electron current layer detected at the edge of the magnetotail plasma sheet. The ions were demagnetized
inside the electron current layer, but the electrons were still frozen in with the magnetic field line. Thus, this decoupling of ions and
electrons gave rise to a strong Hall electric field, which could be the reason for the formation of the embedded thin current layer. The
magnetized electrons, the absence of the nongyrotropic electron distribution, and negligible energy dissipation in the layer indicate that
magnetic reconnection had not been triggered within the embedded thin current layer. The highly asymmetric plasma on the two sides
of the current layer and low magnetic shear across it could suppress magnetic reconnection. The observations indicate that the
embedded electric current layer, probably generated by the Hall electric field, even down to electron scale, is not a sufficient condition
for magnetic reconnection.
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1.  Introduction
The  current  sheet  in  the  Earth’s  magnetotail  plays  a  vital  role  in

the storage of  energy and mass from the solar  wind to the near-

Earth space (Ness, 1965; Russell and McPherron, 1973; Baker et al.,

1996; Baumjohann, 2002).  The stored magnetic energy will  even-

tually  be  released  at  the  time  when  certain  kinds  of  instabilities

(e.g.,  magnetic  reconnection  or  current  disruption)  occur  within

the current sheet. As a result, a substorm will be triggered, resulting

in a strong global magnetic field disturbance and particle injection

into the magnetosphere and ionosphere. Substantial efforts have

been devoted to investigating the magnetotail current sheet and

its  role  in  the  process  of  generating  magnetospheric  substorms

(Asano  et  al.,  2003, 2004; Nakamura  et  al.,  2006; Shen  C  et  al.,

2008a; Wang  RS  et  al.,  2018, 2020; Sitnov  et  al.,  2019; Lu  S  et  al.,

2020; Genestreti et al.,  2023). To simplify, the Harris current sheet

model  (Harris,  1962)  was  previously  widely  used  to  denote  the

magnetotail current sheet. However, the observed current profile

across  the  magnetotail  by in  situ measurement  usually  deviated

from the Harris model.

Multipoint  simultaneous  observations  have  indicated  that  the

configuration  and  structure  of  the  magnetotail  current  sheet  is

complicated and dynamic, with flapping, tilting, bifurcation, twist-

ing,  embedding,  and  so  on  (Zhang  TL  et  al.,  2002; Runov  et  al.,

2003, 2005, 2006; Sergeev  et  al.,  2003, 2004; Asano  et  al.,  2005;

Baumjohann  et  al.,  2007; Shen  C  et  al.,  2008b).  The  magnetotail

current sheet generally displays a multilayer structure, in which a

thin  electron  current  sheet  is  embedded  inside  a  much  broader

plasma sheet (e.g., Petrukovich et al., 2011). This thin current sheet

is  ion scale or  sub-ion scale,  and the current within it  is  primarily

carried by electrons. Previous studies have revealed some possible

mechanisms  for  current  sheet  formation,  such  as  the  tearing

mode instability, the Kelvin–Helmholtz instability, or the evolution

of turbulence (Zhong ZH et al.,  2018; Zhou M et al.,  2019a, 2021).

Although  the  configuration  and  formation  of  the  current  sheet

have  been  studied  extensively,  it  is  still  unclear  how  this  thin

current sheet is generated.

In  this  article,  we  report  a  sub-ion-scale  electron  current  layer  at
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the  edge  of  the  plasma  sheet  in  the  Earth’s  magnetotail.  This
current  layer  was  formed  by  the  Hall  electric  field  drift  of  elec-
trons. The magnetized electrons, the absence of the nongyrotropic
electron distribution,  and negligible  energy dissipation indicated
no magnetic reconnection signatures within the current layer. The
reason for no magnetic reconnection in the electron current layer
is addressed. 

2.  Observations

vvve

The Magnetospheric Multiscale (MMS) mission (Burch et al., 2016)
consists  of  four  satellites  equipped  with  identical  instruments,
including  a  magnetometer  (Russell  et  al.,  2016),  electric  field
instruments  (Ergun  et  al.,  2016; Lindqvist  et  al.,  2016),  and  Fast
Plasma  Investigation  (FPI)  instruments  (Pollock  et  al.,  2016).  The
magnetic field is sampled at 128 samples/s, and the electric field is
sampled  at  8192  samples/s  in  burst  mode.  The  time  resolutions
for electrons and ions taken from the FPI in burst mode are 30 and
150  ms,  respectively,  and  their  energy  range  is  ~10  eV–30  keV.
High-energy ion flux (~60–560 keV)  is  measured by the Flyʼs  Eye
Energetic Particle Spectrometer (FEEPS; Blake et al.,  2016). Proton
data from the Hot Plasma Composition Analyzer (HPCA; Young et
al., 2016), with an energy range of ∼10 eV–40 keV and a 10 s reso-
lution, and from the Energetic Ion Spectrometer (EIS; Mauk et al.,
2016), which has an energy range of 45–500 keV and a 20 s resolu-
tion,  are  also  shown  for  comparison  with  ion  data  from  the  FPI.
The  separation  of  the  four  satellites  was  less  than  20  km  in  the
event  studied  here,  and  the  observations  at  the  four  satellites
displayed  no  obvious  distinction.  To  remove  the  high-frequency
noise,  the  data  in  the  barycenter  was  used  in  this  work  unless
otherwise  stated.  The  electron  bulk  flow  velocity  in  the
barycenter was averaged again, with a sliding window of 0.06 s in
particular, to further reduce noise. 

2.1  An Asymmetric Current Layer Embedded at the Edge

of the Plasma Sheet

β

From 12:04:55 to 12:06:20 universal  time (UT)  on August 4,  2017,
the MMS was located at [−20.7, 5.5, 5.8] RE in the Geocentric Solar
Ecliptic (GSE) coordinate system and passed through the magne-
totail  plasma  sheet. Figure  1 shows  an  overview  of  this  crossing
event. During the interval, BX varied from ~22.8 nT at 12:05:07 UT
to ~−10 nT at 12:06:10 UT, which indicates that the MMS spacecraft
crossed  the  plasma  sheet  from  the  northern  hemisphere  to  the
southern hemisphere (Figure 1b). Magnetic field BX was equal to 0
at  12:05:43.51  UT  (the  vertical  dashed  line),  meaning  the  MMS
reached  the  neutral  sheet  at  that  time.  The  ion  (Figure  1g)  and
electron  (Figure  1h)  temperatures  peaked  locally  around  the
neutral  sheet.  The plasma  (Figure 1a)  was larger  than 3  during
the entire crossing, which indicates that the spacecraft was inside
the plasma sheet of the magnetotail. According to previous obser-
vations (e.g., Wang RS et al.,  2018, 2020),  the plasma density and
temperature peaked at  the neutral  sheet,  and the magnetic  field
magnitude had the minimum value. However, the density (Figure
1a)  and  magnetic  field  strength  (black  trace  in Figure  1b)  were
nearly  constant  around  the  neutral  sheet  in  this  event.  Further-
more,  around the  neutral  sheet,  the  ion (Figure  1d)  and electron
(Figure  1e)  bulk  flows  were  nearly  constant  and  mainly  directed
duskward,  and  the  current  density  (Figure  1f)  was  more  or  less

equal  to  the  background  value  without  the  expected  peak.  All
these  features  suggest  that  the  plasma  sheet  severely  deviated
from the normal observations of the magnetotail plasma sheet.

J∥

J⊥

In  the  crossing  of  the  plasma  sheet,  the  ion  bulk  flow  was
enhanced  mainly  in  the  northern  hemisphere  from  12:05:00  to
12:05:40  UT.  Ion  velocities viY and viZ were  positive  and  peaked
(>100 km/s)  at  ~12:05:23 UT,  whereas viX was negative and weak
(<100  km/s).  The  electron  bulk  flow  showed  a  similar  evolution
but  increased  significantly  from  12:05:24  to  12:05:29.4  UT  (up  to
700  km/s; Figure  1e),  as  marked  by  the  vertical  dotted  lines  in
Figure 1. This short enhancement of the electron bulk flow corre-
sponded to the rise of the current density (i.e., the encounter of an
embedded  current  layer; Figure  1f),  which  is  labeled  by  the  two
vertical  dotted lines (at  12:05:25.0 and 12:05:29.4 UT)  in Figure 1.
Within the current layer,  was negative up to −70 nA/m2, which
came  basically  from  positive veX (i.e.,  the  earthward  transport  of
electrons; Figure 1e).  In addition to the field-aligned component,
the  positive veY and veZ resulted  in  the  formation  of  the  intense
perpendicular  current  component ,  and  its  magnitude  was  up
to 60 nA/m2, comparable to that of the field-aligned component.

β

β

β

β

Before the encounter of the current layer, the plasma density and
 were relatively low and the magnetic  field strength was nearly

constant  (~23  nT).  Within  the  current  layer,  the  magnetic  field
evolved  rapidly.  The BX and  |B|  gradually  declined,  the BZ and BY

began  to  rise,  and  the  plasma  number  density  (black  curve  in
Figure  1a)  and  the  plasma  (red  curve  in Figure  1a)  began  to
grow  quickly.  Thus,  the  gradients  of  the  plasma  density  and  the
magnetic field strength were strong across the current layer. After
the current layer, the plasma density and plasma  remained at a
high  level,  and  the  magnetic  field  magnitude  became  constant
again (~13 nT). The average number density was ~0.6 cm−3 above
the  layer  and  became  ~0.7  cm−3 below  the  layer,  whereas  the
plasma  was ~4 above the layer and was ~25 below the layer. In
other words, the plasma parameters on both sides above (prior to
12:05:25 UT) and below (after 12:05:30 UT) the current layer were
clearly  asymmetric  and  a  strong  gradient  of  the  magnetic  field
existed in the current layer. The plasma asymmetry could also be
found  in  the  ion  and  electron  temperatures  (Figures  1g and 1h)
across the current layer. Furthermore, a strong electric field could
be observed throughout the entire interval when the MMS was in
the  northern  hemisphere  (Figure  1c).  The EY and EZ gradually
increased  as  the  MMS  approached  the  thin  current  layer  (|B|
decreased slowly; Figure 1b) and sharply enhanced to more than
15 mV/m in the current layer (Figure 1c).

Figure 2 shows the ion data from multiple instruments with differ-
ent energy ranges. The total pressure after the current layer cross-
ing was higher than that before the crossing (i.e., the pressure was
unbalanced  across  the  current  layer; Figure  2d).  The  unbalanced
pressure was mainly contributed by sharp variation in the plasma
pressure, which was basically attributed to the ion thermal pressure
measured  from  the  FPI.  The  ion  energy  spectrogram  (Figure  2c)
showed that intense ion fluxes reached the upper limit of the FPI
instrument.  Thus,  the  incomplete  measurement  of  ions  would
affect  the  calculation  of  the  ion  temperature  and  pressure  and
finally leave a great uncertainty to confirm whether the total pres-
sure  across  the  current  layer  is  or  is  not  balanced.  However,  the
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FEEPS  and  EIS  showed  that  the  flux  of  high-energy  ions  after

12:05:29.4 UT was more intense than before 12:05:25 UT (Figures

2b and 2e). Thus, they both demonstrated ion pressure enhance-

ments from before to after the current layer crossing, which indi-

cated that the pressure imbalance was likely more than that calcu-

lated from the FPI measurements. This result further supports the
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Figure 1.   An overview of the asymmetric current layer crossing in the GSE coordinate system at the barycenter of four MMS satellites. (a)

Electron number density Ne (black) and plasma  (red); (b) three components and magnitude of the magnetic field B; (c) three components of the

electric field E; (d, e) three components and magnitude of the ion and electron bulk flow velocity vi, ve; (f) parallel and perpendicular components

of current density J = qN(vi−ve); (g, h) ion and electron temperatures Ti, Te parallel and perpendicular to the local magnetic field; (i, j) ion and

electron differential energy flux Ei, Ee from the MMS1. The two vertical dotted lines (black) represent the time interval when the MMS observed

the strong current layer, and the vertical dashed line (gray) represents the center of the plasma sheet.
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pressure  imbalance  across  the  current  layer.  The  HPCA  showed

that the ion flux and thermal pressure decreased after the current

sheet crossing (Figures 2f and 2g),  which likely occurred because

energized ions lay in higher energies (in the FEEPS and EIS range)

so  that  the  pressure  calculated  from  the  HPCA  energy  range

became  low.  Therefore,  ion  measurements  from  multiple  instru-

ments  with  different  energy  ranges  suggested  that  the  pressure

was unbalanced across the current layer.

When the minimum directional derivative (MDD) method (Shi QQ

et  al.,  2005)  was  applied,  the  average  normal  direction  of  the

current  layer  from  12:05:25  to  12:05:29.4  UT  was  [0.033,  0.910,

−0.413] in GSE coordinates, lying in the Y–Z plane, and the average

normal velocity was 68.2 km/s from the spatiotemporal difference

(STD)  method  (Shi  QQ  et  al.,  2006).  Thus,  its  half-thickness  along

the normal direction was ~0.6 di, where di = 262.9 km was the ion

inertial  length  based  on N =  0.75  cm−3.  The  result  of  the  timing

method  (Schwartz,  1998)  was  consistent  with  those  of  the  MDD

and STD methods. In brief, the MMS observed an asymmetric sub-

ion-scale current layer embedded at the edge of the magnetotail

plasma  sheet.  The  current  layer  was  highly  tilted  and  almost

perpendicular  to  the  equatorial  plane,  consistent  with  previous

observations  of  the  electron-scale  current  sheet  (Wang  RS  et  al.,

2018).

Figure  3 shows  the  plasma  parameter  distribution  across  the
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Figure 2.   (a) Magnetic field B; (b) high-energy ion flux measured by the FEEPS; (c) ion flux measured by the FPI; (d) magnetic pressure Pm =
B2/2µ0, ion pressure Pth, i-fpi = NeTi with Ti from the FPI, electron pressure Pth, e = NeTe, and total pressure Ptot = Pm + Pth ,i-fpi + Pth, e; (e) high-energy

proton flux measured by the EIS; (f) proton flux measured by the HPCA; (g) magnetic pressure, proton pressure (with Ti from the HPCA), electron

pressure, and total pressure.
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Te⊥

Te∥

plasma  sheet.  Obviously,  the  plasma  density  peaked  at  around

BX = 10 nT instead of BX = 0 nT (Figure 3a). The background plasma

temperature, however, still maximized at around BX = 0 nT (Figure

3b).  The  current  density  distribution  clearly  revealed  that  the

embedded  current  layer  existed  only  on  the  north  edge  of  the

plasma sheet (between BX =  9 nT and BX =  19 nT in Figure 3c).  A

strong gradient of plasma density existed across the current layer

(between BX = 9 nT and BX = 19 nT in Figure 3a) and the ion and

electron temperatures showed a local  peak at  around BX = 19 nT

(Figure  3b).  As  shown  in Figure  1,  the  ion  temperature  began  to

be  enhanced  at  ~12:05:20  UT,  and  the  enhancement  ended

temporally  at  ~12:05:26  UT  (Figure  1g),  inconsistent  with  the

duration  of  the  current  layer  (12:05:25–12:05:29.4  UT).  Thus,  the

enhancement of the ion temperature may not be associated with

the  current  layer.  The  electron  perpendicular  temperature 

peaked  twice  in  the  current  layer,  whereas  the  variation  in  the

electron  parallel  temperature  was  more  complicated  (Figure

1h).  What  caused  the  variation  in  ion  and  electron  temperatures

across  the  current  layer  may  still  require  further  investigation.

Figure  3d shows  the  pressure  distribution  across  the  plasma

sheet.  It  is  obvious that the total  pressure was basically balanced

within  the  center  of  the  plasma  sheet  by  the  magnetic  pressure

and  the  plasma  pressure  (between BX = −10  nT  and BX =  10  nT),

but it seemed to decrease gradually from BX ~ 9 nT to BX ~ 19 nT

where the current layer was detected (i.e.,  the total  pressure was

unbalanced inside the current layer).  The normal direction of the

local  plasma sheet  at BX =  0  nT given by the timing method was

[−0.016,  0.995, −0.097]  in  GSE  coordinates,  which  was  mainly

consistent with the normal direction of the current layer. A sketch

map of  the  crossing of  the  current  layer  and the  plasma sheet  is

shown in Figure 4. 

2.2  An Embedded Current Layer Without a Magnetic

Reconnection Signature
To  further  analyze  the  embedded  asymmetric  current  layer,  the

observations  were  transferred  into  the  local  current  coordinate

system  (LMN),  as  shown  in Figure  5.  Here, N was  the  average

normal direction of the current layer from the MDD method, M =
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Figure 3.   (a) Electron number density Ne; (b) ion and electron temperatures Ti, Te; (c) total current density J; and (d) plasma pressure Pp, magnetic

pressure Pm, and total pressure Ptot versus BX during the crossing.
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∣ve⊥∣
vvvEEE×BBB = EEE × BBB/B2

vvvi⊥

vvve⊥

vvvi⊥ vvvEEE×BBB
vvve⊥

vvvEEE×BBB
vi⊥N

vEEE×BBB,N
ve⊥N vEEE×BBB,N

vvve⊥ vvvEEE×BBB

N × LMVA–B where LMVA–B is the maximum direction of the minimum

variance  analysis  (MVA)  of  the  magnetic  field  (Sonnerup  and

Scheible,  1998)  from  12:05:24  to  12:05:30  UT,  and L = M × N
completed  a  right-handed  orthogonal  coordinate  system.  The

resulting  coordinates  were L =  [0.902, −0.206, −0.380], M =

[−0.431, −0.360, −0.828], and N = [0.033, 0.910, −0.413] relative to

the  GSE  coordinates.  The  magnetic  field BL was  positive  and

pointed  earthward  in Figure  5a because  the  current  layer  was

asymmetric  and  located  in  the  northern  hemisphere.  The  guide

field BM was  strong  and  nearly  constant  (~−10  nT)  during  the

crossing of the current layer. The parallel electron velocity  was

basically positive except at ~12:05:26 UT (i.e., the electrons moved

earthward  along  the  magnetic  field).  The  electron  pitch  angle

distribution at the energies from 2 to 30 keV is shown in Figure 5j.

The electron fluxes in the parallel direction (~0°–60°) were basically

higher than those in the antiparallel direction (~120°–180°), which

were slightly lower at  ~12:05:26 UT.  The variation in the electron

pitch  angle  distribution  supported  the  variation  in ,  as  shown

in Figure  5c.  Besides  the  field-aligned  motion,  the  perpendicular

velocity  of  electrons  was up to 700 km/s within the current

layer  (Figure  5c).  The  unipolar  electric  field  was  dominated  by

negative EN (Figure 5d), and because the current layer was on the

northern  edge  of  the  plasma  sheet,  the  unipolar  electric  field EN

was directed toward the center of the plasma sheet. The unipolar

electric  field  peaked  during  the  interval  when  the  perpendicular

velocity  was enhanced. Figures 5e–5g show comparisons of

the three components of the electric drift velocity ,

the  perpendicular  velocity  of  ions ,  and  the  perpendicular

velocity  of  electrons ,  with  the  error  from E, vi,  and ve.  The

perpendicular velocity of ions  clearly deviated from  in the

L and M directions (Figures 5e and 5f),  whereas  was basically

in agreement with  in the L and M directions except for some

local areas. In the normal direction,  was approximately equal

to zero and  showed little variation around zero. The distur-

bance  of  was  obvious  but  mainly  within  the  error  of 

except for some local  regions.  Because the electron bulk velocity

had been manually preprocessed to reduce disturbance, we could

not determine whether the local difference between  and 

was  from  the  measurement  and  processing  of  data  or  not.
Nonetheless,  we  prefer  to  interpret  the  local  difference  as
measurement  error  because  their  values  were  comparable.
Accordingly,  ions  were  demagnetized  while  electrons  were  still
frozen to the magnetic field basically within the current layer. The
separation of electrons and ions gave rise to the Hall electric field
EN relative  to  the  background  value.  On  the  basis  of  the  analysis
above, we concluded that the magnetized electrons experienced
electric  field (E × B)  drift  within the current layer,  resulting in the
formation  of  the  intense  electron  current  in  the  perpendicular
direction,  which  was  similar  to  the  formation  of  an  electron
current in other magnetotail thin current sheets (Lu S et al., 2016,
2019; Wang RS et al., 2018).

vvve⊥

vvvEEE×BBB

The  magnitude  of  the  Hall  electric  field EN was  up  to  ~17  mV/m
within  the  embedded  current  layer,  which  was  significantly
stronger than the typical value in the quiet current sheet (e.g., Lu
S  et  al.,  2019)  but  comparable  to  those  in  the  reconnecting
current  sheets  (e.g., Torbert  et  al.,  2018; Zhou  M  et  al.,  2019b;
Wang  RS  et  al.,  2020).  During  the  interval, JL was  observed  to
reverse  several  times  (Figure  5b),  and BM showed  corresponding
variations  compared  with  the  background  value  (~−9  nT; Figure
5a). Thus, the Hall current and Hall magnetic field were present in
the current layer  as  well.  The presence of  the Hall  electric  field is
normal because of the decoupling of ions and electrons in the sub-
ion-scale  current  layer,  unrelated  to  reconnection.  On  the  other
hand, a complicated Hall current and Hall magnetic field may not
necessarily be associated with the occurrence of magnetic recon-
nection  either.  Therefore,  the  presence  of  the  Hall  electric  field,
Hall  current,  and Hall  magnetic  field  may not  be evidence of  the
occurrence  of  magnetic  reconnection  inside  the  sub-ion-scale
current layer. Figure 5h shows the energy dissipation J ·  (E + ve ×
B),  with its  error  from vi, ve,  and E.  As  analyzed above,  the distur-
bance of electron velocity led to the local difference between 
and ,  which consequently  resulted in  the nonzero calculated
energy  dissipation.  Because  we  interpreted  this  difference  as
measurement error, the suspicious nonzero J · (E + ve × B) may not
be real energy dissipation between the magnetic field and plasmas
but from measurement error as well. Figure 5i shows the pseudo-
agyrotropy of the electron velocity distribution functions from the
MMS2  in  the  plane  perpendicular  to  the  magnetic  field  (see  the
detailed description by Li XM et al., 2019). The pseudo-agyrotropy
values  of  the  high-,  medium-,  and  low-energy  electrons  were  all
equal  to  1  approximately  when  the  satellite  passed  through  the
current layer, indicating that the electrons were gyrotropic in the
perpendicular plane throughout the time interval. The magnetized
electrons,  the absence of the nongyrotropic electron distribution
and  negligible  energy  dissipation  from  error,  indicate  that
magnetic reconnection had not been triggered within the current
layer.

β
θ

Swisdak  et  al.  (2003) proposed  that  the  occurrence  of  magnetic
reconnection depends on both the plasma  on the two sides of
the  current  sheet  and  the  magnetic  shear  angle  across  the
current  sheet.  Additionally, Swisdak  et  al.  (2010) predicted  that
magnetic reconnection is suppressed or enabled when the follow-
ing relation is either satisfied or not satisfied:

Δβ > 2 (L/di) tan(θ/2),
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Figure 4.   A sketch map of the crossing of the asymmetric current

layer in the Y–Z plane in GSE coordinates. The region between the two

solid black lines represents the magnetotail plasma sheet. The blue

dashed line represents the center of the plasma sheet, and the blue

region is the observed strong current layer. The red arrow represents

the trajectory of the MMS.
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where L is  the  current  sheet  thickness  and di is  the  ion  inertial

length.  This  relation  has  been  tested  and  proved  to  be  universal

by observations of the solar wind and magnetopause (Phan et al.,

Δβ

θ

2010, 2013).  The  on the left side of the inequation represents

the  asymmetry  of  the  plasma  across  the  current  sheet,  and  the

magnetic shear angle  on the right side reflects the influence of
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Figure 5.   Observation of the current layer in the local current coordinate system (LMN). (a, b) Three components of the magnetic field B and

current density J; (c) parallel  and perpendicular  electron bulk velocity; (d) three components of the electric field E; (e–g) three components

of , , and , with the error from E, vi, and ve; (h) energy dissipation J · (E + ve × B), with the error from E, vi, and ve; (i) the pseudo-agyrotropy

of different energy segments in the perpendicular plane from the MMS2: high energy (3 × 104 to 4 × 104 km/s), medium energy (2 × 104 to 3 × 104

km/s), and low energy (0.5 × 104 to 2 × 104 km/s); (j) electron pitch angle distribution at the energies from 2 to 30 keV from the MMS2. The two

vertical dotted lines represent the same time interval as in Figure 1.
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Δβ
Δβ

Δβ
Δβ

Δβ

the guide field. In the case of symmetric reconnection,  is close

to zero and the relation is  not  satisfied until  is  small  enough,
that is,  when magnetic reconnection is enabled in the symmetric

current  sheet  in  most  cases  and  would  be  suppressed  when  the
guide  field  is  strong  enough.  With  the  increase  in ,  magnetic

reconnection  would  be  enabled  in  the  case  of  large  (i.e.,  a
small  guide  field).  For  the  asymmetric  electron  current  layer

observed in this event,  was 20.4 ± 11.9 across the current layer,
and  the  magnetic  shear  angle  was  96°  ±  49°.  Thus,  the  relatively

small magnetic shear angle but highly asymmetric plasma on the
two sides of the current layer suppressed asymmetric reconnection

in the current layer, as marked in Figure 6. 

3.  Conclusions and Discussion
In  this  work,  we  observed  an  asymmetric  sub-ion-scale  electron

current  layer  embedded  at  the  edge  of  the  plasma  sheet  in  the
Earth’s  magnetotail,  with  a  half-thickness  of  ~0.6 di.  The  current

layer  was  highly  tilted  in  the Y–Z plane,  and  electrons  were  the
main current carriers inside. The ions were demagnetized, but the

electrons were still frozen to the magnetic field line in the electron
current layer. The decoupling of ions and electrons resulted in the

Hall electric field, and the corresponding electric field drift of elec-
trons  led  to  the  formation  of  the  thin  electron  current  layer.  The

magnetized electrons, the absence of the nongyrotropic electron
distribution and negligible energy dissipation in the layer indicated

that magnetic reconnection had not been triggered within it. The
highly  asymmetric  plasma  on  the  two  sides  of  the  current  layer

and low magnetic shear across it could have suppressed magnetic
reconnection.

The Hall effect plays an important role in the current sheet when
its thickness is comparable with the ion kinetic scale (Ma ZW and

Bhattacharjee,  1998; Deng XH and Matsumoto,  2001; Øieroset  et
al.,  2001).  In  this  event,  ions  were  decoupled  from  the  magnetic

field within the asymmetric current layer while electrons were still
frozen to the magnetic  field line.  Therefore,  the Hall  electric  field

directed  to  the  center  of  the  plasma  sheet  was  produced  in  the
current layer. The magnetized electrons experienced electric field

(E × B)  drift,  resulting  in  the  formation  of  current  density  in  the

perpendicular  direction,  which  is  similar  to  the  mechanism  of

formation of other magnetotail thin current sheets (e.g., Lu S et al.,

2016, 2019; Wang RS et al.,  2018). The observed Hall electric field

usually  has  a  bipolar  structure  across  the  magnetotail  current

sheet directed toward the center of the current sheet,  whereas it

was  unipolar  in  the  asymmetric  current  layer  in  this  event  but

directed  to  the  center  of  the  plasma  sheet  as  well.  Furthermore,

although magnetic reconnection did not occur in this asymmetric

current  layer,  the  Hall  electric  field  (~17  mV/m)  and  current

density (~70 nA/m2) inside were much more intense than those in

the quiet-time magnetotail  thin  current  sheet  studied by Lu S  et

al. (2019), in which the typical magnitude of the Hall electric field

was  several  tenths  of  1  mV/m  and  the  current  density  was

~10 nA/m2.  Furthermore, the guide field was strong (~−10 nT) in

this  asymmetric  current  layer  (Figure  5a),  whereas  the  crossing

events with strong guide fields were excluded in the statistics by

Lu S et al. (2019).

∣J⊥∣
The  Hall  electric  field  has  also  been  detected  in  reconnecting

current sheets (e.g., Torbert et al., 2018; Wang RS et al., 2018; Li XM

et al., 2019; Zhou M et al., 2019b). The magnitude of the Hall electric

field is dominated by J × B. In this event, the perpendicular current

density  was ~50 nA/m2 in the current layer (Figure 1f), and the

magnitude  of  the  magnetic  field  was  10–20  nT  (Figure  1b),  both

comparable  to  those  in  the  reconnecting  current  sheets.  There-

fore, the magnitude of the Hall electric field in the current layer in

this  event  was  comparable  to  those  in  the  reconnecting  current

sheets.  Furthermore,  the  thickness  of  the  Hall  electric  field  was

sub-ion scale in this event because the Hall electric field was asso-

ciated with the perpendicular current component of the sub-ion-

scale current layer. This scenario is slightly different from those in

electron-scale  reconnecting  current  sheets  (e.g., Torbert  et  al.,

2018),  in  which  the  thickness  of  the  Hall  electric  field  is  electron

scale.  On  the  other  hand,  some  reconnecting  current  sheets  can

be  ion  scale  as  well  (e.g., Zhou  M  et  al.,  2019b),  and  the  corre-

sponding thickness of the Hall electric field can be ion scale.

One  distinct  feature  of  the  embedded  current  layer  is  that  an

intense  field-aligned  electron  bulk  flow  was  found  within  it.  This

result  is  not  unusual  because  the  guide  field  was  strong  and

constant  (~−10  nT  in Figure  5a).  Some  researchers  may  consider

that the embedded current layer could be explained as a separatrix

region  away  from  the  X-line  in  asymmetric  magnetic  reconnec-

tion. In the separatrix region, the electrons are usually observed to

flow  in  and  out  along  the  magnetic  field  line  (Nagai  et  al.,  2001;

André et al., 2004; Retinò et al., 2006; Lindstedt et al., 2009; Wang

RS et al., 2013, 2014; Yu XC et al., 2019), so the electron bulk flows

are  commonly  parallel  or  antiparallel  to  the  magnetic  field.  In

addition,  perpendicular  currents  can  exist  on  the  separatrix  (e.g.,

Zhong ZH et al., 2020). In this event, the parallel and perpendicular

components  of  the  electron  current  were  basically  equivalent  in

the current layer, so the current component might not be sufficient

to  confirm  whether  or  not  the  current  layer  was  a  separatrix.  On

the other hand, the ion outflow was shifted toward the side with

the  stronger  magnetic  field  in  asymmetric  reconnection  (e.g.,

Pritchett  and  Mozer,  2009; Zhong  ZH  et  al.,  2022).  Although  the

enhancement  of  the  ion  flow  indeed  appeared  in  the  stronger

 

0.1 1.0 10.0 100.0
0

50

100

150

M
ag

ne
tic

 s
he

ar
 a

ng
le

 (°
)

L =
 0

.5
 d i

L =
 1

 d i
L =

 2
 d i

Δβ
 

Δβ
Figure 6.   The average and full range of the magnetic shear angle

versus  across the electron current layer during the crossing.

Earth and Planetary Physics       doi: 10.26464/epp2025008 155

 

 
Zhan CC and Wang RS et al.: An embedded current layer observed at the edge of plasma sheet

 



magnetic field side (Figure 1d), the continuous and well-structural
D-shaped  ion  velocity  distribution  functions  did  not  appear  to
correspond  to  an  enhancement  of  the  ion  flow,  which  is
commonly associated with ion outflow (e.g., Eriksson et al., 2021).
Thus,  the  enhancement  of  the  ion  flow  in Figure  1d may  not  be
related to the ion outflow. Another typical feature of the separatrix
is the density cavity (e.g. Shay et al., 2001; Mozer et al., 2002; Wang
RS et al., 2012, 2013; Zhong ZH et al., 2020). In this event, although
the  density  showed  a  reduction  temporally  at  ~12:05:26  UT
(Figure  1a),  the  duration  of  the  density  reduction  did  not  match
the duration of the crossing of the current layer. Hence, the varia-
tion in density might not support the view that the current layer is
a separatrix.

It is generally accepted that the magnetic field and the plasma are
usually  identical  in  both  tail  lobes  so  that  symmetric  magnetic
reconnection  will  occur  at  the  center  of  the  magnetotail  current
sheet.  However,  the  embedded  current  layer  was  asymmetric  in
this event. The plasma density (Figure 1a) below the current layer
(after 12:05:29.4 UT, marked by the second dotted line in Figure 1)
was higher than that above the layer (before 12:05:25 UT, marked
by  the  first  dotted  line  in Figure  1).  Furthermore,  the  density
peaked at ~12:05:30 UT, just between the high-density region and
the  low-density  region.  This  variation  in  density  could  indicate
that density compression occurred there. The normal direction of
the local  plasma sheet was mainly along the Y direction,  and the
embedded  current  layer  was  highly  tilted  in  the Y–Z plane.  The
local  deformation  of  the  plasma  sheet  could  be  associated  with
the density compression, and it could have been beneficial for the
formation of such a tilted embedded current layer at the edge of
the plasma sheet.

Two parameters are used in Figure 7 to show the global environ-
ment  of  the  18  h  around  this  event.  The  first  parameter  is  the
north–south  component  of  the  interplanetary  magnetic  field
(IMF). When the IMF changes from northward to southward, it will
begin  to  reconnect  with  the  dayside  northward  geomagnetic
field, which opens the Earth’s magnetosphere and leads to strong
global  convection.  As shown in Figure 7a,  the IMF changed from
northward  to  southward  at  ~06:30  UT  and  remained  southward
until  ~15:30  UT.  The  second  parameter  is  the  auroral  electrojet
(AE)  index,  which  represents  the  intensity  of  activity  in  the
geomagnetic  field. Figure  7b shows  that  the AE index  began  to
increase gradually just when the IMF changed from northward to
southward,  and it  then became enhanced abruptly from ~200 to
~1100 nT at  ~8:00 UT,  which is  a  typical  signature of  the growth
and  expansion  phases  of  a  magnetospheric  substorm.  However,
just before the MMS observed the embedded asymmetric current
layer  without  magnetic  reconnection  signatures,  a  substantial
drop  occurred  in  the  IMF BZ amplitude  and  the AE index
decreased back to ~200 nT, which suggests that the substorm was
interrupted at that time. The embedded asymmetric current layer
might  be  a  particular  state  of  the  magnetotail  current  sheet
during  the  interruption  of  the  ongoing  substorm.  The  change  in
global environment might be conducive to local deformation and
compression  of  the  plasma  sheet,  and  the  suppression  of
magnetic  reconnection  in  the  current  layer  might  contribute  to
the temporal interruption of the ongoing substorm. Nevertheless,

it is difficult to prove causality rigorously between the local obser-
vation  of  the  asymmetric  current  layer  and  the  change  in  the
global  context.  Thus,  the  formation  of  the  embedded  current
layer and the role it plays still require further investigation. 
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