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Spacecraft data reveal a nonuniform ambipolar electric field transverse to the magnetic field in a thin
current sheet in Earth’s magnetotail that leads to intense E × B velocity shear and nongyrotropic particle
distributions. The E ×B drift far exceeds the diamagnetic drift and thus drives observed lower hybrid
waves. The shear-driven waves are localized to the magnetic field reversal region and are therefore ideally
suited for the anomalous dissipation necessary for reconnection. It also reveals substructures embedded in
the current density, indicating a compressed current sheet.
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Current sheets are important to space and laboratory
plasmas [1–6], and particularly to Earth’s magnetotail. A
consequential but overlooked feature of thin current sheets
is a transverse ambipolar electric field which is self-
consistently generated as the magnetotail is compressed
by the solar wind [7]. This interaction of large and small-
scale physics may consist of turbulent processes forming
plasmoids and flux ropes, etc. [8,9] with kinetic-scale
current sheets between them that can reorganize the macro-
scopic magnetic topology through reconnection and affect
the magnetospheric plasma environment, also known as
“space weather.” In situ measurements have shown com-
pression of the magnetotail creates thin current sheets of
widths comparable to the ion gyroradius (ρi), occasionally
with single [10–12] or double peaked [13–17] substructures
embedded in the current density. These thin structured
current sheets cannot be explained by the standard Harris
equilibrium [18], which is commonly used as an ideal
current sheet representation [6]. Intense lower hybrid (LH)
wave activity and subsequent magnetic reconnection with
large scale topological changes is also observed, which
may result in a plasma dipolarization front accelerating
toward Earth, injecting energetic particles into the radiation
belts [19–24], followed by a redistribution of mass,
energy, and momentum throughout the magnetosphere
[6,7,16,25–28] which impacts Earth orbiting satellites. It
is therefore critical to understand the physics of thin
structured current sheets, especially the kinetic structures
within, and the associated dynamics. The formation of the
ambipolar electric field in thin current sheets at the smallest
scale can affect particle orbits and provides a new mecha-
nism to generate intense electrostatic turbulence near the
magnetic field reversal, resulting in anomalous dissipation
processes that can initiate magnetic reconnection.

Theoretical [7,29,30] and laboratory [31–33] studies
have shown that velocity shear can intensify due to the
ambipolar electric field generated by plasma compression,
driving broadband turbulence peaking at the LH frequency.
Shear-driven LH waves dominate over the LH drift (LHD)
instability at the center of the current sheet where the
density is nearly flat [34] and the shear frequency, defined

as the spatial derivative of the E
⇀
× B

⇀
flow, exceeds the

diamagnetic drift frequency [7,35,36]. Identification of
shear-driven LH waves in in situ data is not only evidence
of a thin structured current sheet, but also emphasizes the
importance of the ambipolar electric field [7], the scope of
which has not been explored in previous magnetotail
investigations [37–42]. As the scale size of the current
sheet becomes comparable to ρi, the electric field intensi-
fies making the velocity shear strong, which can explain
many observed features and their causality, such as non-
gyrotropic distributions [7,16,28,43,44], plasma heating
and cooling [7,27,41], vortex structures [7,20,35,45,46],
and the wide bandwidth of spectral signatures [7,32]. The
ability of the ambipolar electric field to break gyrotropy is
an indicator of its major role in reconnection [47–49]. This
Letter presents the first evidence of shear-driven LH waves
resulting from global compression that demonstrates the
significance of transverse ambipolar electric fields in thin
current sheets that can occur prior to reconnection.
The four Magnetospheric Multiscale (MMS) spacecraft

[50] traversed a current sheet (an approximate 1D plasma
structure near a magnetic reversal) in Earth’s magnetotail
on July 3, 2017 and crossed the null point at approximately
5∶27∶07.02 UTC. Rotating the vector data into a frame
normal to the current sheet (LMN coordinates) allows for
the analysis below, which suggests that an ambipolar
electric field forms due to compression of the current
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sheet, with an E
⇀
× B

⇀
shear flow associated with LH

fluctuations. The density gradient is small in this region,
suggesting that the shear flow provides the energy for the
fluctuations.
During this event, the MMS spacecraft are in the night

side of Earth’s plasma sheet on the dusk side of midnight
far from the magnetopause. Using the magnetic field
measurements between 6 and 8 s, minimum variance
analysis (MVA) [51,52] is used to calculate the eigenvector
corresponding to a direction normal (N̂) to the current
sheet. The angular difference between the averaged
eigenvector and the eigenvectors calculated individually
from each spacecraft [cos−1ðn̂avg · n̂iÞ] is small (<4°),
which is a good indicator that the magnetic field gradient
is much stronger in N̂ compared to other directions.
Additionally, a guide for judging the quality of the MVA
is a large ratio of the eigenvalues corresponding to the M̂
and N̂ directions (λM=λN ¼ 12), indicating a well-defined
N̂ direction [51]. The resulting transformation matrix from
GSE coordinates is ½L;M;N� ¼ ½½−0.67;−0.68;−0.30�;
½−0.70; 0.71;−0.04�; ½−0.24;−0.18; 0.95��. The vector
data presented henceforth are rotated into LMN coordinates
using the transformation matrix in order to better infer
measurements with respect to the orientation of the current
sheet such that N̂ is normal to the current sheet, L̂ is in the
direction whose magnetic component reverses sign, and M̂
is the direction of the guide magnetic field.
A summary of the MMS1 data for a 5 s time span during

the current sheet crossing is shown in Fig. 1. Data from
each spacecraft are comparable with similar features, so
only MMS1 data are shown. A boxcar averaging low pass
filter routine is applied to the time series measurements to
improve the signal to noise ratio and smooth the data to
infer quasistatic profiles. The top axis displays time
converted to distance and normalized to a representative
ρi (calculated from the average of the total magnetic field
and ion temperature between 7 and 8 s) to show how
features compare to ion-scale sizes. To convert time to
distance, we use the fact that the current sheet is sweeping
by in N̂ much faster than the spacecraft are moving
(VMMS ¼ 1.47 km=s). The magnetic field data from each
spacecraft are shifted in time to align the BL reversals. With
the timing information and the spacecraft locations relative
to each other, the current sheet velocity can be estimated as
Vcs ¼ 223.1� 57.5 km=s N̂. The time (x axis) is then
multiplied by Vcs to convert to distance, and then norma-
lized to ρi.
The magnetic field LMN components in Fig. 1(a) show

that by rotating the data into a frame normal to the current
sheet, BN is near zero with a BL reversal at 7.02 s (dashed,
vertical line), which indicates the current sheet crossing.
The measured quantities are not symmetric about the BL
reversal. There is a guide field (BM) of approximately 10 nT
at the time of BL reversal. Using the average total magnetic

field between 7 and 8 s (magenta box), ρi ¼ 841 km
and ρe ¼ 6.9 km (electron gyroradius). The ion velocity
[Fig. 1(b)] is significantly smaller than the electron velocity
[Fig. 1(c)], indicating that the ions experience negligible
electric field due to gyro averaging as the electric field scale
size is less than ρi [7]. The total electron flow velocity (VeL)
has a scale size less than ρi. The electric field components
are shown in Fig. 1(d), where EL and EM are both small
compared to EN (ambipolar electric field normal to the
current sheet), which has a scale size less than ρi and peaks
at −45 mV=m. The electron temperatures (Te) and density
(ne) are shown in Figs. 1(e) and 1(f). In the region of peak
EN , ne is nearly constant but exhibits a gradient at
approximately 6.5 and 8.5 s.

FIG. 1. Boxcar averaged MMS1 plasma parameters as a
function of time (bottom axis) and distance normalized to ρi ¼
841 km (top axis). (a) Magnetic field burst data (128 S=s)
measured by the fluxgate magnetometer [54], (b) ion velocity,
(c) electron velocity, and (d) electric field burst data (8192 S=s)
measured by FIELDS [53] rotated into LMN coordinates
(blue ¼ L̂, green ¼ M̂, red ¼ N̂), (e) parallel (teal) and perpendi-
cular (orange) electron temperature, and (f) electron density.
Velocities, densities, and temperatures are obtained from the
fast plasma investigation (FPI) [55] burst measurements
(ions ¼ 6 S=s, electrons ¼ 33 S=s). The unshaded region high-
lights �1 second around the BL reversal (vertical dashed line),
around which the electron diffusion region is typically located.
The magenta box indicates the region during which electrostatic
LH fluctuations are present.
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Electrostatic fluctuation spectra are calculated by
taking a spectrogram [52] of the EN burst measurement
data prior to boxcar averaging. All panels in Fig. 2
show electrostatic fluctuations from 2 to 20 Hz, where
color specifies the power spectral density such that
black indicates instrument noise level and yellow indicates
large amplitude fluctuations. The LH frequency
[fLH ¼ ð1=2πÞ ffiffiffiffiffiffiffiffiffiffiffiffiffi

ωciωce
p

] at the BL reversal is 7 Hz. The
peak fluctuations occur at 7.5 s with a frequency of
approximately 10 Hz, indicating these are LH waves.
The boxcar averaged EN (solid, blue) and ne (dashed,
orange) are overlaid on the fluctuation spectra [Fig. 2(a)]
showing that EN peaks during the largest amplitude
fluctuations. The ne is nearly constant during the time of
fluctuations, and when there is a gradient, no LH fluctua-

tions are observed. There is a large E
⇀
× B

⇀
velocity shear in

L̂ direction [Fig. 2(b), solid blue], where the wave activity
peaks. The total electron flow in L̂, VeL [Fig. 2(b), gray dot-
dashed], is in the same direction as VE×B, indicating that the

electrons are E
⇀
× B

⇀
drifting. Additionally, because VeL and

VE×B are close in magnitude, the diamagnetic drift velocity

[V
⇀

drift ¼ ∇Pe × B
⇀
=ðneB2Þ] in the region of the wave

localization is small compared to the E
⇀
× B

⇀
velocity.

This indicates that the LH waves are driven by the sheared
flow and not a density gradient.
The origin of the observed features can be gleaned from

our kinetic model [7,56], which is extended to include a
guide field. Although the model includes magnetic field
components in the y and z directions, it uses a WKB type
ansatz, incorporating the strongest observed variation in the
x direction, perpendicular to the magnetic field. It con-
structs an exact solution to the Vlasov-Maxwell equations
for species α by generalizing the Harris model to include an
inhomogeneous guiding-center distribution,

f0α ¼
N0α

ðπv2tαÞ3=2
Qαðϒα; ζαÞ

× e−½Eα−Uαpy−Vαpzþð1=2ÞmαU2
αþð1=2ÞmαV2

α�=Tα ; ð1Þ

where Qαðϒα; ζαÞ ¼ GðϒαÞ þHðζαÞ,

GðϒαÞ ¼
1

2

�

Ryα þ Syα þ ðSyα − RyαÞ erf
�

ϒα −ϒ0

Lyα

��

;

HðζαÞ ¼ Rzα þ ðSzα − RzαÞ exp
�

− ðζα − ζ0Þ2
L2
zα

�

;

ϒα ¼ ½AyðxÞ=B0 þ vy=Ωα� and ζα ¼ ½AzðxÞ=B0 − Bvxþ
vz=Ωα� are the canonical momenta, NoαSα and NoαRα

are asymptotic densities on the high or low sides of the
guiding center distributions,G andH, and Bν is the vacuum
component (due to external currents) of the guide field. The
quasineutrality condition gives the electrostatic potential
and Ampere’s law gives the vector potential. This fully
specifies the distribution function and allows inhomo-
geneous structures in the moments (e.g., density, current,
temperature, flows) to self-consistently develop in response
to compression, which is represented by the scale
sizes Lyα and Lzα of G and H, similar to the case with
no guide field described in [7]. The current sheet evolves on
slow fluid timescales under compression, but the instability
(Fig. 4) timescale is much faster. Hence, a stationary
Vlasov solution is a reasonable assumption for under-
standing the wave effects. However, a simulation initialized
by Eq. (1) can provide a more accurate picture of the
dynamics. Using the parameters provided in Supplemental
Material [52], Fig. 3 compares MMS1 data (dashed, blue)
to the model (solid, red) for (a) BL, (b) ViL, (c) VeL, (d) EN ,
and (e) electron current density in L̂. It shows that as a
broad Harris-type current sheet undergoes global compres-
sion, an ambipolar electric field (EN) self-consistently

develops. This produces a sheared E
⇀
× B

⇀
velocity, enabling

shear-driven waves to arise in thin current sheets.
The presence of a guide magnetic field introduces sheared

parallel flows, Vk ¼ ðE⇀ × B
⇀Þ=B2 · b̂L;M, which can also

drive waves [7]. Additionally, the bidirectional ViL flow
profile is found to be a stationary Vlasov solution

FIG. 2. Spectrogram showing power spectral density of electro-
static LH fluctuations as a function of time with (a) EN (solid,
blue) and ne (dashed, orange), (b) total electron (gray, dot-

dashed) and E
⇀
× B

⇀
shear (blue, solid) velocities in L̂, (c) shear

(blue, solid) and diamagnetic drift (dashed, orange) frequencies
overlaid. The top axis shows distance normalized to ρi. The
vertical dotted line indicates the BL reversal time.
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and therefore may not imply occurrence of magnetic
reconnection, as claimed [20]. Given the boundary con-
ditions from the in situ measurements, the equilibrium
model agrees with the general trends of the measurements.
The observed profiles are relaxed because of the instability.
Our model also shows that as current sheets are com-

pressed to scales less than ρi, substructures embedded in
the current density can form, which cannot be explained by
the standard Harris equilibrium. The current density (J) is

calculated from MMS FPI data (J
⇀ ¼ eniV

⇀
i − eneV

⇀
e),

where the electron term dominates (Vi ≪ Ve). Since
BM > BL, the electron current density in L̂, JeL, is
dominant and is comparable to the cross-field Hall current,
J ≈ enðEN × BMÞ. Figure 3(e) shows the JeL data (dashed,
blue) and model (solid, red). The large peak in JeL is
localized to the region of EN and the waves. Both the data
and model suggest the formation of a thin current sheet that
has substructures contained within.
A distinguishing property of our equilibrium model is

the formation of agyrotropy in distribution functions [7],
which has been seen in this event but was thought to be a
wave heating effect [20]. Figure 3(f) shows the electron
distribution function from the model, where the vertical

axis is the electron flow in the direction along EN and the
horizontal axis is the direction of VE×B, both normalized to
the thermal velocity. The agyrotropy arises in the equilib-
rium distribution function due to the ambipolar elec-
tric field.
Velocity shear can drive LH waves even in the presence

of a pressure gradient as long as the shear frequency

(ωs ∼ jV⇀E×Bj=LE) is greater than the diamagnetic drift

frequency (ω� ¼ −k⊥V⇀drift) [7,29,35,36,56]. The shear
scale length (LE) can be estimated by taking the half-width
at half-max of the boxcar averaged EN . The average LE is
estimated to be 89� 23 km such that ρe < LE < ρi.
Following Norgren et al. [46], k⊥ is calculated by first
finding the time shift between EL measured from MMS1
and MMS2 (largest separation in L̂). The wave phase speed
is calculated using the distance in L̂ between MMS1 and
MMS2 and the time shift between the signals. The phase
speed is then used to calculate the fluctuation wavelength,
k⊥ ¼ ð2π=λÞ ¼ 0.027� 0.01 km−1. Figure 2(c) shows that
ωs (blue, solid) is an order of magnitude larger than ω�
(orange, dashed), indicating that the velocity shear is the
dominating energy source for the waves. The electron-ion
hybrid (EIH) instability is driven by the free energy
provided by sheared flows [7,33,36,57] and characterized
by k⊥ρe ≪ 1 and k⊥LE ∼ 1. Observations from this event
give k⊥ρe ¼ 0.18� 0.07 and k⊥LE ¼ 2.4� 1.2 reinforc-
ing that the character of the LH fluctuations are consistent
with EIH instability and not the LHD instability. Vortices,
reported earlier for this event [20], are also a natural
consequence of the velocity shear that drives the EIH
waves [35].
In order to compare this dataset with theory, we

generalized the nonlocal theory of the EIH instability
[58] to include a guide field and magnetic field reversal.
A model equilibrium electric field, consistent with the
observed EN , is used to drive sheared flows in VL and VM.
The parameters [52] used to solve the eigenvalue problem
are consistent with observations. The eigenfunction corre-
sponding to the EIHmodewith the maximum growth rate is
localized around the strong VL flow near the center of the
current sheet [Fig. 4(a)], also consistent with observations.
Solution of the eigenmode condition as a function of kL
normalized by LE provides the growth rate and frequency
[Fig. 4(b)] normalized to ωLH, indicating a large domain of
the shear driven instability ideally located in the center of
the current sheet for anomalous dissipation [35,59,60] to
trigger reconnection.
In summary, in situ measurements show a localized

ambipolar electric field develops in a thin current sheet and

results in a strong sheared E
⇀
× B

⇀
velocity, which drives LH

fluctuations, with a negligible density gradient. The ambi-
polar electric field breaks gyrotropy in the distribution
function and drives waves capable of producing anoma-
lous resistivity that can determine the reconnection rate.

FIG. 3. Kinetic equilibrium model (solid, red) compared to
MMS data (dashed, blue) as a function of distance normalized to
ρi for (a) magnetic field in L̂, (b) ion velocity in L̂, (c) electron
velocity in L̂, (d) ambipolar electric field in N̂, (e) electron current
density in L̂. (f) The modeled nongyrotropic electron distribution
function that arises due to the ambipolar electric field, where the
axes represent the electron flow in the direction of EN (vertical)
and parallel to VE×B (horizontal) normalized to the thermal
velocity. The color bar represents the log of the phase space
density in arbitrary units.
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This implies a seamless connection of the local reconnec-
tion rate with the global compression. With further
research, it will be possible to develop a parametrization
of the anomalous resistivity suitable for fluid models to
trigger reconnection for realistic parameters consistent with
global forcing. Since 3D PIC simulations with large scales
and mass ratios needed to capture the essential physics are
expensive, fluid models with a parametrization of the
kinetic effects is an optimal way to explore the larger-
scale physics with local kinetic feedback.
The frozen-in condition may be broken by anomalous

resistivity. However, the off-diagonal terms in the pressure
tensor can also play a role [42,61,62]. Interestingly, off-
diagonal terms may also be generated by compression, as
was argued for dipolarization fronts [63]. Using our kinetic
equilibrium as the initial condition in PIC simulations could
help reveal the impact of thin structured current sheets and
the associated dynamics on reconnection, and the relative
roles of anomalous resistivity and off-diagonal components
of the pressure tensor. These are interesting topics for
further research.

All MMS data used in this Letter are publically available
and can be found online at the MMS Science Data Center.

This work was supported by the Naval Research
Laboratory Base Program.
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