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Abstract Lower-hybrid-drift waves driving vortical flows have recently been discovered in the electron
current layer during magnetic reconnection in the terrestrial magnetotail. Yet, spacecraft measurements
cannot address how pervasive the waves are. We perform three-dimensional particle-in-cell simulations of
guide field reconnection to demonstrate that electron vortices driven by the lower-hybrid-drift instability
(LHDI) are excited immediately downstream from the electron jet reversal in 3-D channels of enhanced
electron outflow. The resulting fluctuations generate a series of alternating vortices, producing magnetic
field perturbations opposing and enhancing the local guide field and causing kinking of the enhanced
electron outflow and patches of increased current. Our results demonstrate for the first time that LHDI
exists in the electron current layer and enhanced outflow channels, providing a conceptual breakthrough
on the LHDI in reconnection.

Plain Language Summary Lower-hybrid-drift waves have been discovered in the electron-scale
reconnection layer by the Magnetospheric Multiscale (MMS) mission in the Earth's magnetotail. These
waves drive vortical electron flows and modify the magnetic field along the reconnection current. We
perform fully kinetic simulations which demonstrate how these waves can be generated and their effects
on the electron dynamics and magnetic fields in the reconnection region.

1. Introduction

Magnetic reconnection is a process in which the magnetic field lines in a plasma change their topology
by breaking and reconnecting (Dungey, 1953), with the conversion of stored magnetic energy to kinetic
energy of accelerated particles. Reconnection plays an important role in many laboratory and space plasma
processes including sawtooth crashes in tokamaks, solar flares, magnetic substorms in the Earth’s mag-
netosphere, and coronal mass ejections (Bhattacharjee et al., 2001; Phan et al., 2000; Vasyliunas, 1975;
von Goeler et al., 1974; Yamada et al., 2010).

The lower-hybrid-drift instability (LHDI) is an instability excited in inhomogeneous plasmas by the dia-
magnetic current drifting across the magnetic field (Davidson et al., 1977; Hirose & Alexeff, 1972; Huba &
Wu, 1976; Krall & Liewer, 1971). Earlier work on the LHDI has shown that can be important during recon-
nection by causing turbulence and enhancing transport at the separatrix (Le et al., 2017; Price et al., 2016).
Recent observations by the Magnetospheric Multiscale (MMS) mission in the Earth's magnetotail have
shown the presence of electron-gyroradius scale (k| p, ~ 1, where k, is the wavenumber perpendicular to the
magnetic field and p, is the electron gyroradius) lower-hybrid fluctuations propagating in the reconnection
layer during guide field reconnection (Chen et al., 2019). These fluctuations were found to cause electron
vortical flows and nongyrotropic heating (Chen et al., 2020).

The MMS discovery inspires new questions and possibilities about how the LHDI may impact reconnection
physics. First, we distinguish the MMS-discovered LHDI from previous simulation and observational studies
of the LHDI related to reconnection. Typically, the short-wavelength LHDI with k, p, ~ 1 is observed at the
upstream edge of the current sheet (Carter et al., 2001), the downstream jet front where the outflow interacts
with the ambient plasma (Divin et al., 2015; Lapenta et al., 2018; Nakamura et al., 2019) and is stabilized
at the center of the current layer (Carter et al., 2002; Daughton, 2003), while only the longer wavelength
electromagnetic LHDI with km ~ 11is found at the centre of the current sheet. The LHDI has been
shown to cause electromagnetic fluctuations in simulations (Daughton, 2003) and laboratory experiments

NG ET AL.

10of8


http://publications.agu.org/journals/
https://orcid.org/0000-0002-5183-3577
https://orcid.org/0000-0002-4768-189X
https://orcid.org/0000-0002-6783-7759
https://orcid.org/0000-0002-5431-174X
https://doi.org/10.1029/2020GL090726
https://doi.org/10.1029/2020GL090726
https://doi.org/10.1029/2020GL090726
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020GL090726&domain=pdf&date_stamp=2020-11-23

| . ¥Yed N |
ra\* 1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL090726

(Jietal., 2004), which may contribute to anomalous resistivity and viscosity (Le et al., 2017; Price et al., 2016;
Roytershteyn et al., 2012).

In order to understand how the lower-hybrid structures are generated in the electron-scale reconnection
layer and assess how pervasive they are, we perform fully kinetic particle-in-cell simulations of guide field
reconnection. We demonstrate that the three-dimensional structure of the current sheet causes regions of
enhanced outflow velocity and density gradient immediately downstream of the electron jet reversal region
and these regions are unstable to the LHDI. The LHDI is driven by the in-plane outflow currents rather than
the out-of-plane current sheet. The excited lower-hybrid fluctuations modify the electron flow, leading to
perpendicular electron-scale vortices embedded in the outflow, the kinking of the ouflow, small patches of
increased current, and the enhancement and reduction of the guide magnetic field. Our results provide a
mechanism to account for the lower-hybrid fluctuations observed in the electron-scale reconnection region
by MMS (Chen et al., 2020).

2. Simulation Setup

We perform two- and three-dimensional kinetic simulations using the particle-in-cell code VPIC (Bowers,
Albright, Bergen, et al., 2008; Bowers, Albright, Yin, et al., 2008). The initial setup is a force-free current
sheet with uniform density n,. Once reconnection saturates, the features of the current sheet are relatively
insensitive to the initial conditions and depend mainly on the upstream plasma parameters. Although the
current sheet is initially force-free, density gradients develop as the system evolves. The initial magnetic
field components are given by

B,(z) = B tanh (% )
B,x) = —\/B} — B,@)* + B @

B,(2) = 0.

The physical parameters used in this simulation are m;/m, = 300, ®,,/w, = 1, T;/T, = 5, By/B, = 0.3,
and §, = 0.1. Here m;, m,, T;, and T, are the ion and electron masses and temperatures respectively, @,
the electron plasma frequency, o, the electron cyclotron frequency, and g, the ratio of electron pressure to
magnetic pressure. We set the initial width of the current sheet L = d;, where d; is the ion inertial length.
The simulation domain is L, X L, X L, = 20d; X 20d; x 20d; with 1792 cells in each direction and is initial-
ized with 150 particles per species per cell, giving a total of roughly 1.7 x 10'2 particles in the simulation.
The simulation uses open boundary conditions (Daughton et al., 2006) in the x and z directions, and peri-
odic boundary conditions in the y direction. The initial current is carried by the electrons and is given
by Ampére's law. Reconnection is initiated by a small perturbation in the magnetic field which causes an
X-line to develop at the centre of the domain in a manner similar to (Le et al., 2019), which focused on the
study of electron-anisotropy-driven instabilities. We also perform a 2-D simulation in the x-z plane with the
same parameters for comparison. Unless otherwise specified, we use simulation units with d, = 1,c = 1,
and w,, = 1. The mass ratio of 300 provides a sufficient separation of scales to see the LHDI physics
(Daughton, 2003).

3. Results

The data used in this paper are from the time slices tQ; = 23.75 and 24.25, after the onset of reconnection but
before the formation of the anisotropy-supported extended current layer in the exhaust (Le et al., 2013, 2019).
These slices are chosen because the lower-hybrid structures can be seen clearly. The LHDI activity per-
sists at later stages, but there is also growth of electron-scale anisotropy-driven instabilities (discussed in Le
et al., 2019), which makes it more difficult to analyze the LHDI alone. Clear LHDI signatures are visible up
to tQ,; = 36.

The overall structure of the reconnection region is shown in Figure 1la, a volume rendering of the cur-
rent density j, in a subset of the domain. As is typical for a three-dimensional system, regions of strong
density gradient around the current sheet and separatrix are unstable to electrostatic and electromagnetic
lower-hybrid drift instabilities (Lapenta et al., 2003; Le et al., 2017, 2019; Price et al., 2016; Roytershteyn
et al., 2012). There are larger-scale fluctuations of the current sheet and exhaust with kym ~ 0.5, which
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Figure 1. Three-dimensional view of the electron current layer and jet reversal showing the LHDI-unstable region.
(2) Volume rendering of the current density j, at tQ; = 24.25 in the 3-D simulation. An x-z plane is shown for visual
reference. This shows a subset of the entire domain, which is (346d,)3. (b) Volume rendering of u,, showing the
unstable region in the bottom-right quadrant. The black lines approximately parallel to the u,, fluctuations are the
magnetic field lines showing that k-B~o.

is likely to be caused by the electromagnetic LHDI (Le et al., 2017, 2019). In this paper we focus on the local-
ized region immediately downstream of the electron jet reversal which is unstable to the LHDI as shown in
Figure 1b. This shows a volume rendering of the electron velocity u,, in the bottom-right quadrant which
provides the perpendicular current driving the instability. The fluctuations in u,, are signatures of the LHDI,
as we will show later on in the paper. The black lines are magnetic field lines in the unstable region and
show that k - B ~ 0, consistent with the characteristics of the LHDI. The structure of the LHDI can also be
seen in Figure 1a, in which there are fluctuations of j, which appear as patches of increased current.

This is not the only region which is unstable to the LHDI. Figure 2 shows the electron velocity components
u,, and u,, in the x-y plane for the entire y extent of the simulation domain. The slice is approximately 1 d,
below the midplane and reveals multiple regions of enhanced u,, on the right side of the plot. These regions
are unstable to the LHDI, which can be seen in both the u,, fluctuations and the u,, reversals.

Figure 3 shows the structure and time evolution of the electron velocity fields u,, and u,, at the times
tQ, = 23.75 and 24.25 in the region around y = 200,z = 172.2, 180 <x < 200 (y and z are marked by the
dashed lines in Figures 2 and 3). The lower-hybrid fluctuations we study can be found in the region where u,,
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Figure 2. Two-dimensional slices showing the electron velocities (left) u,, and (right) u,, in the x-y plane at z = 172.2
(approximately 1 d, below the midplane as shown by the dashed line in Figure 3). There are multiple channels with
large u,, (dark green) for x > 180. These are unstable to the LHDI as shown by the kinking in u,, and reversals in u,,.
We focus on the region marked by the dashed line, which shows the position of the x-z cuts in other figures.

islargest starting around x = 182 (close to the dotted lines in the u,, plots) and are propagating in the outflow
direction. The fluctuations extend in the y direction, as has been shown earlier in Figure 1b. There are fluc-
tuations in both u,, and u,,, causing the kinking in the structure of u,, and reversals in u,, seen in Figure 3.
These velocity perturbations correspond to E, and E, fluctuations respectively, as shown in Figure 4. There
is also a local density gradient in z, consistent with the physical picture of the LHDI, and the ion x velocity is
approximately 10x smaller in the unstable region. As such, we neglect u;, in subsequent calculations. This
behavior is consistent with the characteristics of the short-wavelength kp, ~ 1 LHDI (Davidson et al., 1977).

Because of the presence of the guide field B, the E, fluctuations of the LHDI cause the electrons to ExB
drift in the z direction, as shown by the u,, reversals. This causes the kinking in the structure of u,, visible in
the x-y and x-z planes of Figure 3. As is expected for the LHDI, for which the growth rate is fastest for waves
perpendicular to the magnetic field, the fluctuating u,, structures are approximately aligned with the field
lines in Figure 1b, indicating perpendicular propagation. It should also be noted that the guide field B, in this
quadrant of the reconnection region is enhanced by the Hall magnetic field, so that k, > k,, for perpendicular
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Figure 3. Slices in x-z and x-y taken from a subset of the 3-D domain around the region where the LHDI is observed from two time slices. The top four panels
show u,, and the bottom four panels show u,,. The horizontal lines in the x-y plane show the position of the x-z slices, while the x-y slices are at z = 172.2. The
LHDI occurs to the right of x ~ 182, y ~ 200, z~ 172.

modes close to the B, reversal. This is also true for fluctuations in the left outflow of the simulation, where
the LHDI is observed in the top-left quadrant where u,, is mostly perpendicular to the magnetic field.

In the slice shown in Figure 3, the LHDI is propagating approximately —14° from the x axis (i.e., in the
positive x, negative y,z directions). The phase speed is v,, = 0.02, less than half of the electron outflow
velocity so that waves are propagating away from the X-line but are slower than the electron outflow. The
wavelength is approximately 3.7d, = 10p, which corresponds to k, p, ~ 0.63. This gives a real frequency of
@ = 0.039w,, = 0.81wy,, Where oy, = w,;/4/1+ w;, /@7, is the lower-hybrid frequency. We perform a linear
analysis of the stability of the exhaust region to the LHDI (Davidson et al., 1977), including finite-beta and
electromagnetic effects which are important in this regime. The parameters are taken from the region of
large u,, around z = 172, 185 <x < 195. We use the following in the dispersion calculation: n = 1.1, B = 0.73,

p,=0.14, f; =1.13,u, =0.048,d(Inn)/dz = 0.18, d(In B)/dz = —0.065, d(In T,)/dz = —0.17.

The dispersion relation reveals that the fastest growing mode has k, p, = 0.6, with frequency @ = 0.92wy, and
growth rate y = 0.24wy,. The magnitude of the fluctuating electric field is also consistent with the energy
density after saturation € ~ nm,V;/ [4(1 + wﬁe / wfe)] , where V; is the relative perpendicular flow between
electrons and ions (Davidson & Gladd, 1975). As mentioned earlier, the LHDI can also be generated at the
separatrices, with comparable growth rates y ~ 0.1-0.3wy, and a slightly longer wavelength of 5.5d, for the
fastest growing modes. There is also a larger k, component as B, increases away from the midplane. Aside

from the local regions with strong u, , , which we discuss, the outflow region is stable to the LHDL
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Figure 4. (top) Streamlines of perpendicular electron velocity in the background flow frame plotted over the y
component of V x i, | at tQ, = 24.25. (middle) One-dimensional cuts along the diagonal dashed line through the
lower-hybrid structures (185 <x/d, < 200). Within this region, the E x B drift tracks the perpendicular electron velocity.
(bottom) Electric and magnetic field fluctuations showing there is a strong electrostatic component E, along the
direction of propagation. Enhancement and reduction of the guide field B,, are consistent with the vortical electron flow.

Modifications to the perpendicular electron flow are further illustrated in the top panel of Figure 4, which
shows the streamlines of the in-plane perpendicular velocity after subtraction of the mean velocity in the
fluctuating region. The combination of the velocity perturbations from the LHDI and the region of enhanced
flow, which creates a region of velocity shear, leads to the formation of alternating clockwise and counter-
clockwise vortices with scales of 1-2 d, in this frame, as seen in the alternating sign of the y component of
V X ﬁe, |, consistent with MMS observations (Chen et al., 2020).

The one-dimensional structure of the velocity and fluctuations at fixed y is shown in the middle panel of
Figure 4. Here the in-plane electron perpendicular velocities along a 1-D cut passing through the vortices
are shown. In the region where the LHDI is observed (185 <x < 200), both the bulk electron flow and the
fluctuations are Ex B driven as shown by the perpendicular velocity tracking the ExB drift. The correspond-
ing electric fields are shown in the bottom panel, together with B, fluctuations. Due to the modifications to
the electron flow, which are perpendicular currents, the guide field is enhanced and reduced in the centre
of the vortices (dashed lines in Figure 4). In the simulation the magnitude of these fluctuations AB/B < 0.05,
which is less than that observed by MMS (Chen et al., 2020), because of the lower saturation amplitude of
the LHDI in the simulation due to the smaller outflow velocity.

The lower-hybrid fluctuations are not observed in the equivalent 2-D simulation we performed. As men-
tioned before, the fastest growing modes are expected to have a small but finite k, based on the magnetic field
in this region. This is not possible in the 2-D simulation with no y extent, and the LHDI becomes stabilized
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away from perpendicular propagation (Gladd, 1976). Additionally, the outflow velocity in the 2-D simula-
tion is smaller. This is likely due to the lack of modulation of the reconnection region as shown in Figures 1
and 3, which leads to regions where the outflow velocity and density gradient are larger in localized regions
of the 3-D simulation. Using the dispersion relation with the parameters from the 2-D simulation, we find
that similar locations in the 2-D simulation are stable to the lower-hybrid instabilities with k, = 0. This may
explain why the LHDI driven in the outflow direction is not seen in existing 2-D simulations though the
propagation is mostly in the x-z plane.

The location and generation of the LHDI discussed here differs from what is expected in eigenmode stud-
ies (Daughton, 1999, 2003) and other simulations (Divin et al., 2015; Lapenta et al., 2018; Le et al., 2017
Nakamura et al., 2019; Price et al., 2016; Roytershteyn et al., 2012). Here the perpendicular current and den-
sity gradient associated with the generation of the LHDI are found in the electron outflow rather than the
edge of the current sheet, the separatrix surface or where the jet interacts with the ambient downstream
plasma, and the electron flow driving the instability is in the outflow direction rather than being part of the
initial equilibrium causing the direction of propagation of the LHDI to be mostly in the x direction.

As mentioned earlier, the presence of the guide field is important for the LHDI discussed in this paper to be
observed. The magnetic field is primarily in the y direction, and the guide field is enhanced by the Hall field
in the quadrants where the LHDI is found. The electron outflow is magnetized and has a large perpendicular
component which follows the local E x B drift, leading to the perpendicular current which is important for
driving the LHDI.

4. Discussion

We now compare the vortices observed by MMS with those in our 3-D PIC simulation. In both cases, the
LHDI occurs immediately downstream of the electron jet reversal and in the electron outflow. They have a
strong electrostatic E, component and have spatial scales comparable to the width of the electron current
layer. What MMS captures is the LHDI within one electron jet channel, and does not allow the assessment
of how pervasive the LHDI is. Even though the LHDI in the PIC simulation is not as intense as that observed
by MMS, the simulation results show that the LHDI is unstable in multiple channels of enhanced electron
outflow which provide a perpendicular current to the guide field, the dominant component of the magnetic
field in the unstable regions.

To conclude, our results demonstrate for the first time the presence and dynamics of the LHDI in the electron
current layer and channels of enhanced outflow, opening up new possibilities in 3-D reconnection research.
In the three-dimensional simulation, we find that the LHDI occurs immediately downstream of the electron
jet reversal in regions of strong electron outflow in the midplane of the reconnection layer, in contrast to
the predictions of current sheet models in which the k, p, ~1 LHDI is only expected to develop at the edge
of the current sheet, and only the longer wavelength variant of the LHDI can develop at the centre of the
current sheet (Daughton, 2003). The LHDI we find propagates perpendicular to the local magnetic field,
mainly in the outflow direction, modifying the out-of-plane current and electron flow patterns, and can be
seen as perpendicular vortices embedded in the outflow. These perpendicular electron flows locally enhance
or reduce the guide field. This mechanism may be responsible for the lower-hybrid fluctuations observed by
MMS in the event discussed in (Chen et al., 2020), which caused vortical flows that modified the guide field.

Data Availability Statement

The data used in the figures are available online at (Ng et al., 2020). Full data are archived at NASA HECC.
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