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A 3D fully kinetic simulation shows that the lower-hybrid drift instability disturbs the front of magnetic
reconnection outflow jets and additionally causes energy dissipation. The result is very consistent with a
disturbance observed at the dipolarization front (DF) in Earth’s magnetotail by the Magnetospheric
Multiscale (MMS) mission. A fully kinetic dispersion relation solver, validated by the MMS observations,
further predicts that the disturbance of the reconnection jet front could occur over different parameter
regimes in space plasmas including Earth’s DF and solar flares.
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Introduction.—Magnetic reconnection is a key process
in collisionless plasmas that converts magnetic energy to
plasma kinetic energies through changes in the magnetic
field topology. The energy conversion in this process is
believed to cause various explosive phenomena in space
such as auroral substorms in Earth’s magnetosphere and
solar flares [1,2]. The topology change during reconnection
occurs in a small-scale region, where plasmas are
decoupled from the magnetic field. This so-called diffusion
region is known to have a multiscale structure based on the
ion and electron scales [3]. Ion and electron outflow jets
are accelerated near the outer and inner diffusion regions,
called the ion and electron diffusion regions, respectively
[4]. Tons are known to be heated widely within the ion
outflow jets [5]. Electrons are also heated near the electron
diffusion region (EDR), where the energy dissipation term
in the electron rest frame J-E'=J-(E+ U, xB) is
positive [6,7]. Here J, U,, E, and B are the current density,
electron bulk velocity, and electric and magnetic fields,
respectively.

Recent 2D and 3D kinetic simulations demonstrated that
additional energy conversions take place even near the
edges of the reconnection layer such as the reconnection
separatrix, where inflow and outflow components are
mixed, and the downstream side of the outflow jet fronts,
where the reconnected field lines are strongly piled-up and
sharp density and pressure gradient layers are formed [8,9].
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Recent 3D kinetic simulations demonstrated that the
current perpendicular to the piled-up field at the strong
density gradient drives the lower-hybrid drift instability
(LHDI) [10-12], while the pressure gradient drives the
ballooning-interchange instability [10,13]. A 3D fully
kinetic simulation with a sufficiently large system size
and high ion-to-electron mass ratio revealed that these
instabilities driven at the jet fronts can actually couple to
each other [10].

From an observational point of view, strong fluctuations
in the electric field component perpendicular to the
magnetic field have indeed been observed in situ by the
Cluster spacecraft at jet fronts in Earth’s magnetotail
[commonly referred to as dipolarization fronts (DFs)],
and they can be interpreted as being driven by LHDI
[14]. In addition, in sifu higher-time-resolution measure-
ments by the Magnetospheric Multiscale (MMS) mission
successfully confirmed the occurrence of the additional
energy dissipation by the perpendicular electric field
fluctuations at DFs [15]. However, the precise condition
of the onset of these turbulent fluctuations at the jet fronts
remains unclear. Therefore, in this paper, we combine
results from a 3D fully kinetic simulation, MMS observa-
tions, and linear analyses in order to quantitatively discuss
the onset condition of the LHDI turbulence.

Simulation settings.—A 3D fully kinetic simulation using
the particle-in-cell code EM3D [16] is performed under nearly
the same settings as the ones in Ref. [10]. The magnetic field
and density profiles are set up as B,(z) = B, tanh(z/Dy)
(Harris sheet) and n(z) = ngsech?(z/Dy) + n,, where Dy is
the half thickness of the initial sheet, and n, and n, are the
Harris and background density components, respectively.
The half thickness Dy, is set to be 0.8d;, where d; is the ion
inertial length based on n,. The density ratio n,/ny = 0.05,
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FIG. 1. (a) A 3D view of magnetic field lines at # = 29! near
the reconnection jet fronts with the 2D contours in the x-z plane at
y = 0 and in the x-y plane at z = 0 of electron density #n,. w,; is
the ion gyro frequency based on B,,. (b) Integrated amplitudes at
each (x, z) grid point of k, modes for E,/(V,4B),) in the range
my = 1-1latr= 29w} V4 is the Alfvén speed based on ng and
B,,. (¢) Time evolutions of integrated amplitudes of k, modes for
E, at x =5.6-17.6 and z = 0.

the ion-to-electron temperature ratio 7;/T, = 2.5, and the
ion-to-electron mass ratio m;/m, = 256 are used. The ratio
between the electron plasma frequency and the gyro fre-
quency is ®,./®., = 1.25. The system size is L, x L, x
L, =512x24x256di® = 2048 x 96 x 1024 cells with
100 particles per cell on average for each species. The system
is periodic along the x and y directions, with conducting
walls along the z direction. To expedite the reconnection
onset, a weak initial magnetic field perturbation is
added according to 6B =z x Vy, where w(x, z) = 0.05
cos(2zx/L,) cos(nz/L,).

Simulation results.—As reconnection develops, more
magnetic field lines are piled up in the x-z plane and
larger density gradients in the x direction are formed at the
fronts of the reconnection outflow jets, as seen in Fig. 1(a).
The perpendicular (E) electric field fluctuations induced
by the LHDI are seen in these density gradient layers as
marked in Fig. 1(b) and previously reported by Nakamura
et al. [10]. These fluctuations include the modes spreading
from the hybrid [~k,(p;p,)"/?] to electron (~k,p,) kinetic
scales [Fig. 1(c)], as predicted by a past linear analysis for
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FIG. 2. Enlarged views near the reconnection jet fronts with the
2D contours of (a) the electron density n,, (b) energy dissipation
term J - E', and (c)—(f) parallel and perpendicular components
of the current density (J), /) and the electric field (E|, E ).
The dashed lines indicate the edge of the high-density region.

the LHDI [17]. The growth rate of these E,, modes are very
consistent with the result from the present linear analysis
for the LHDI, as will be shown in more detail later.
Figure 2 shows enlarged views of the reconnection jet
front region, demonstrating how the LHDI appears in the
simulation and contributes to the energy dissipation J - E’.
The panels show strong fluctuations in both plasma and
field components. Particularly, the significant fluctuations
in the perpendicular components of the current density and
electric field are seen near the density gradient layer. On the
current density, the negative value of the parallel compo-
nent is seen mainly on the high-density side, but the
amplitude is much weaker than the perpendicular compo-
nent (/| < [J ) [see Figs. 2(c) and 2(d)]. The strong J |
fluctuation is seen widely around the density gradient layer,
with its peak located within the layer [see Fig. 2(d)]. On the
electric field, the parallel component is negligible com-
pared to the perpendicular component (|E| < |E|) [see
Figs. 2(e) and 2(f)]. The strong E | fluctuation is seen
locally within the density gradient layer [see Fig. 2(f)].
Thus, the strong J-E' fluctuation that is dominantly
sustained by J | E| is seen within the density gradient layer.
The left panels in Fig. 3 show the averaged values of
selected plasma and field components along the x direction
in the z = 0 plane. Figures 3(a) and 3(b) show the piled-up
field and the corresponding formation of the density
gradient layer. The blue curve in Fig. 3(c), which corre-
sponds to the amplitude of the E, fluctuation in the y
direction, shows that the fluctuation is enhanced within
the gradient layer, indicating the evolution of the LHDI.
Corresponding to the E,(~E | ) variation, the strong varia-
tion of J - E’ is seen within the gradient layer. The average
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Values along the x direction at z = 0 averaged in the y direction near the reconnection jet fronts (left panels) and the in situ

observations by the MMS1 spacecraft for 7 s from 13:04:52 UT on July 18, 2017 (right panels), of (a),(e) the z (/) component of the
magnetic field B, (B)), (b),(f) electron density n,, (c),(g) y (m) component of the electric field E, (—E,,), and (d),(h) dissipation term.
The blue curves in (a)—(d) show the standard deviations. The green curve in (h) shows the averaged value for four MMS spacecraft. Here
[ and m components in (e) and (g) are the parallel and perpendicular components to the ambient magnetic field used by Liu et al. [15],
which corresponds to z and y in the simulation. The dashed lines indicate the edges of the high-density intervals.

value of the J - E’ variation is positive, which means that
the magnetic energy is additionally dissipated at the
reconnection jet fronts. The peak value of the averaged
J-E' (~1 in the unit normalized by m; and B,) is
comparable to or larger than the values seen near the
EDR in past kinetic simulations [5]. This indicates that the
LHDI turbulence has a substantial effect on the energetics
of reconnection.

Comparison with the MMS observations.—Interestingly,
the above detailed features of the LHDI turbulence at the
reconnection jet fronts are very consistent with the observed
features at the DF in Earth’s magnetotail on July 18, 2017,
which were reported in Liu ef al. [15]. In this event, the
high-time-resolution (30-ms) MMS spacecraft [18] crossed
the typical DF structures, which can be interpreted as being
formed by the reconnection outflow jets, at around 13:04:55
universal time (UT). During the DF crossing, the four MMS
spacecraft were located at around [—22.9, —2.74, 5.15]
Earth radii (Rj) in geocentric-solar-magnetospheric coordi-
nates with their separations around 10 km in average. As
partially shown in the right panels of Fig. 3, which were
obtained by modifying the plots from Liu ef al. [15], small-
scale density and field fluctuations were seen within the
density gradient layer, as seen in the present simulation.
First, from the time interval of the crossing of the gradient
layer (~1.5 s), Liu et al. [15] estimated the layer thickness as
the order of 600 km ~ d;, which is consistent with the
present simulation. On the electric field structure, Liu et al.
[15] reported that £ was negligible, while the strong £
fluctuation was seen locally within the layer. As shown
in Fig. 3(g), the peak amplitude (~15 mV/m) of the E |
(~E,,) fluctuation is estimated as ~3V, B, based on the
observed values, where n~0.2cm™> and B, ~ 10 nT
(V4 ~ 510 km/s), assuming that B, is close to the peak

value near the DF. On the current density, Liu et al. [15]
reported that the weak negative J; was seen on the
high-density side of the density gradient layer, while the
strong J | fluctuation was seen widely around the gradient
layer, with its peak located within the layer. These field
fluctuations result in the strong J-E (~J | E|) fluctuation
within the gradient layer, whose amplitude was positive
on average (~100 pW/m? ~ 1 eB}/mu, for B, ~ 10 nT),
as shown in Fig. 3(h). These variation patterns as well as the
normalized amplitudes of the field fluctuations are quanti-
tatively consistent with the present simulation (compare the
left and right panels of Fig. 3). Note that the dissipation
term in the observations is in the spacecraft frame (J-E),
while that in the simulation is in the electron frame [J-E' =
J-(E+ U, x B)]. However, since the current is carried
mainly by electrons near the gradient layer in both simu-
lations and observations, J-E would be close to J-E'.

Linear analysis.—To understand the onset condition of
the LHDI-driven turbulence at the reconnection jet fronts, a
linear dispersion relation solver for fully kinetic plasma
with a perpendicular drift, which was recently developed by
Umeda and Nakamura [19], is applied to the present
simulation and the MMS observations. The dispersion
relation is derived in the electromagnetic and fully kinetic
regime for ions and electrons that drift in the direction
perpendicular to the magnetic field (see Ref. [19] for more
details about this linear dispersion relation). The dispersion
solver requires m;/m,, T;/T,, ®,,/®w, the ion and
electron drift velocities relative to the thermal speeds
V4/V,, and the ratio between the thermal speeds and the
speed of light V,/c for ions and electrons as input
parameters to obtain the dispersion relation.

Figure 4(a) shows the results of the linear analysis for
the present simulation. The input parameters, which are

235101-3



PHYSICAL REVIEW LETTERS 123, 235101 (2019)

& 2 5 (D) miime=1836, TiTe=2.9 5 (©)_mime=1836, TiTe=0.5 5 (@) MMS on 18 July 2017
£ 1 87° = =
=1 86° = O
2 o5 560 o L
© - & 89° 89°
0 0 0 o
0 2 4 6 0 5 0 0 5 10 0 5 10
£ 0.1 osimulation 0.4 0.6 - 0.4
S Y o 0.2 87° N\8° 0.4 9 02
< 0.05 . . )
> 86° 890 862 0.2 800 . A 89
0 0 0 — 0 .
0 2 4 6 0 5 0 O 5 10 0 5 10
kalpipe)'™ Ki(pipe) Ke(pipe) 2 K(pipe)”

FIG. 4. Linear dispersion relations at the jet fronts derived by Umeda and Nakamura [19]. Panels show wave modes with wave normal
angles quasiperpendicular to the ambient magnetic field (¢ = 85°-89°) for parameters (a) obtained from the simulation, (b) similar to
(a) but for the real ion-to-electron mass ratio, (c) the same as (b) but for 7;/T, = 0.5, and (d) obtained from the MMS observations on

July 18, 2017 [15].

obtained as local values near the J-E' peak shown in
Fig. 3(d) (at x ~ 11.2d,), are m;/m, = 256, T;/T, = 2.6,
Ope/Wee = 1.8, Vyi/Vy = 030, Vi / Ve = 0.06 (|Vy; —
Vel ~0.09V,, ~0.79V,), V,/c =0.030, and V,/c =
0.30 (# ~2.12). The dispersion relation demonstrates that
aquasiperpendicular wave mode with a wave normal angle of
¢ ~ 88° relative to the ambient magnetic field has the
maximum growth rate. The quasiperpendicular wave modes
with normal angles around 88° have a large growth rate of
vy ~ 0.1 g at awave number k | (p;p,)'/% ~ 2, where oy yr
is the lower-hybrid frequency. The black circles show the
growth rates of the E§ amplitudes obtained from the present
simulation for m, = 1 to four modes. The obtained rates are
in good agreements with the linear analysis. This clearly
indicates that the E, fluctuations seen in the simulation are
caused by the perpendicular plasma drifts and the related
growth of the LHDI as confirmed by the linear analysis.
To investigate whether the LHDI occurs even under
realistic conditions at the reconnection jet front regions, the
linear analysis is also performed by modifying the above
input parameters to the ones for realistic m;/m, and V,/c.
The input parameters are m;/m, = 1836, T;/T, = 2.9,
Wpe/Wee = 164,V 4 /V,i =0.75,V 4 /V,e = 0.06 (|V 4 —
Vel ~0.09V,, ~2.10Vy,), V,/c=0.001, and V,/c =
0.03 (f ~2.34). Here m;/m, is modified to the real mass
ratio, and V, /c is modified to the ratio between V,,
and the real speed of light by assuming V,, ~ 10* km/s
(T, ~ 1 keV). To this end, the ion thermal speed relative to
the electron thermal speed is adjusted to keep 7;/T, as
a similar value to the present simulation (7;/T, ~ 2.5-3),
and the strength of the magnetic field (i.e., ®,./®. =
¢/Vy4.) is adjusted to keep the plasma f as a value similar
to the simulation (f ~ 2). Figure 4(b) shows the results
for these modified parameters. The dispersion relation
demonstrates that a quasiperpendicular wave mode with
¢ ~ 88° relative to the ambient magnetic field has the
maximum growth rate as in the above case in Fig. 4(a). The
quasiperpendicular wave modes with normal angles around
88° have large growth rates of y ~ 0.35w; yr, which is about
3-3.5 times larger than the above case, at a wave number

ki (pip.)"/* ~ 3.5, which is about 1.5-2 times larger than
the above case. This indicates that the LHDI would occur
easily even under realistic conditions with the realistic
m;/m,. We also confirmed that these results are not
significantly affected by T,;/T,, as seen in Fig. 4(c), in
which T;/T, is set to 0.5 by modifying V,;/c with the same
parameters as the case in Fig. 4(b).

Next, the linear analysis is performed under real param-
eters obtained from the MMS observation event on July 18,
2017. The input parameters, which are obtained as local
values near the time interval with large amplitudes of the
field fluctuations shown in Figs. 3(g) and 3(h)
(~13:04:55.5 UT), are m;/m, = 1836, T;/T,= 4.6,
@pe/Wee =200, Vy/V,; = 0.10, Vo /V,e = 0.10 (|V 4 —
Vel ~0.11V,, ~3.00V,), V,/c=0.002, and V,/c =
0.03 (# ~4.97). Figure 4(d) shows the results of the linear
analysis for this MMS event. The dispersion relation
demonstrates that a quasiperpendicular wave mode with
¢ ~87° relative to the ambient magnetic field has the
maximum growth rate. The quasiperpendicular wave
modes with normal angles around 87° have a large growth
rate of y ~ 0.4 yr at a wave number &, (p;p,)"/? ~ 4.5,
both of which are close to the above cases under realistic
parameters. The wave number of the fastest growing mode
corresponds to 4 ~ 100 km. The phase speed of the fastest
mode, which is obtained from the slope of the upper panel
of Fig. 4(d), is v,;, ~ 1000 km/s. Thus, the estimated
observation period of this LHDI wave is Afr~0.1 s.
This estimated Ar is in excellent agreement with the
observed periods for the field fluctuations in this MMS
event [see Figs. 3(g) and 3(h)]. Together with the above
quantitative consistencies between the simulation and
the MMS event on the structures of plasma and field
fluctuations near the density gradient layer, these results
naturally suggest that the LHDI-driven turbulence and the
resulting energy dissipation at the reconnection jet fronts as
seen in the present simulation may really occur in Earth’s
magnetotail.

Discussions.—Based on the parameter range used in the
present simulation and linear analysis, the LHDI turbulence
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would occur under conditions with a perpendicular drift
speed close to V, ~ V,, a moderate f(~1-5) and a large
Wpe/Wee(> 1), not significantly depending on T7,/T,.
Assuming that the minimum thickness of the gradient
layer in the reconnection jet front region is the order of
d; as frequently observed at Earth’s DFs [15,20,21], the
perpendicular drift speed V,; would be the order of V,
based on the local piled-up field strength B, as, indeed,
recently observed by MMS [22]. Assuming that the
upstream plasma /3 is sufficiently low, the plasma pressure
in the jet front region P, is not significantly changed from
the background value P, and the maximum B, ~ B, as
also frequently observed at Earth’s DFs [23], P/ should be

balanced with B7/2u,, and hence the local f in the jet
front regions would be of the order f~1 (ie., Py~
Py~ B}/2ug ~ B /2u,). Thus, the conditions of V,~
V4 and f~1 would generally be satisfied in the recon-
nection jet front regions when the process is driven by
low-f3 upstream plasma as observed in Earth’s magnetotail
lobes [24] and estimated in the solar coronal loops [25,26].
Then, w,,/w,, is written as

Dpe 4 n 12/ B *1.
@ e 1 cm™3 100 nT

In Earth’s magnetotail, for example, since the plasma
density n and the magnetic field strength B are generally of
the order of 1 cm™ and 10 nT, respectively, @ pel Dce
would be of the order of 10, which is consistent with the
above MMS event. In a solar flare, since the typical n and B
are roughly in the range 10%-10'© cm™ and 1-100 G
(10°-107 nT), respectively [2], wp. /., would be of the
order of 1-10. Past comparison studies have also discussed
these similarities of ,,, /@, (x V 4) and plasma /3 between
the magnetotail and solar flares [27-29]. Thus, the LHDI
turbulence as seen in the present simulation may frequently
occur in the reconnection jet front regions at many locations
in space including Earth’s magnetotail and solar flares.
However, it is noted that the evolution of the LHDI would
become more complicated when considering the guide
(out-of-plane) field component [17]. On the other hand, the
density asymmetry across the primary reconnection layer
would drive the LHDI more widely within the reconnection
layer [30,31]. Although this initial study on the stability of
the jet front region focused only on the simple symmetric
case without the guide field, more systematic studies
considering these nonideal factors are required to be
performed to more comprehensively understand the stabil-
ity conditions of the reconnection jet front regions.
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