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ABSTRACT

Inside an electron diffusion region of laboratory reconnection experiments, the quasi-electrostatic lower hybrid drift wave (ES-LHDW) is
observed when a significant guide field component is present. Through direct measurement of the anomalous drag term and quasilinear anal-
ysis, it is shown that ES-LHDW can account for approximately 20% of the mean reconnection electric field in a case with moderate guide
field. This value exceeds the contribution from classical resistivity, which is around 10%. The effects of the Lorentz force term, often neglected
for electrostatic waves, are crucial for the observed correlation between electric field and density fluctuations. Anomalous electron heating by
the perturbed current and resistivity (2.6 MW/m?) also surpasses the classical Ohmic heating, which is about 2.0 MW/m®. For the case with a
high guide field, significantly higher local electron temperatures were observed during periods of strong ES-LHDW activity. A statistical anal-
ysis further supports electron heating by LHDW, showing a larger increase in electron temperature with a high guide field. Finally, data from
the Magnetospheric Multiscale mission provide evidence of Landau damping of ES-LHDW, suggesting that ES-LHDW may contribute to the
generation of nonthermal electrons along the direction parallel to the magnetic field.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0271730

I. INTRODUCTION

Magnetic reconnection is a fundamental process in which mag-

Notably, large density gradients near the separatrix provide a signifi-
cant source of free energy by inducing a perpendicular current through
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netic energy is rapidly converted into plasma energy through the rear-
rangement of magnetic topology.l’l This energy conversion generates
several free energy sources for waves and instabilities near the diffusion
region, such as strong gradients in the magnetic field and plasma
parameters. These waves and instabilities can influence reconnection
and plasma energization processes by introducing anomalous terms
and contributing to kinetic dissipation.”

Among the various waves produced by magnetic reconnection,
the lower hybrid drift wave (LHDW) has been frequently observed in
the diffusion region, both in space’ '* and laboratory plasmas.'” '
The free energy source for LHDWs is the cross field current.'”

diamagnetic drift.

LHDWSs have been considered a potential mechanism for gener-
ating anomalous resistivity in the electron diffusion region, the central
region of the reconnection process, as they can interact differently with
magnetized electrons and non-magnetized ions, leading to momentum
exchange between the two species.'” ' *'%*

For reconnection in the absence of a guide field, the fast-growing,
quasi-electrostatic LHDW (ES-LHDW) is typically localized at the
edge of the current sheet,"” stabilized by a high plasma beta (f).”’ In
contrast, the electromagnetic LHDW (EM-LHDW), which propagates
obliquely to the magnetic field, is found in the electron diffusion
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Physics of Plasmas

region.' However, numerical particle-in-cell (PIC) simulations”"*”
indicate that the EM-LHDW does not play a significant role in fast
reconnection or electron energization near the electron diffusion
region during antiparallel reconnection.

Recent space and laboratory observations show that
the ES-LHDW can be generated inside or near the electron diffusion
region when there is a sizable guide field so that electron beta is low.
The ES-LHDW has been found to generate an anomalous drag (resis-
tivity) term inside the current sheet,””

<57’leéEy>
<”e> 7

where (...) denotes a temporal average of a physical parameter, n, is
the electron density, 7. is the electron density fluctuation, and JEy is
the electric field fluctuation along the direction normal to the recon-
nection plane. Furthermore, LHDW:S can influence electron dynamics
by producing nongyrotropic heating and vortical flows,"" as well as
contributing to additional irreversible anomalous heating.'* In addi-
tion, a statistical study with Magnetospheric Multiscale (MMS) data
suggestzs that LHDW is related to electron heating in the downstream
region.”
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To explain these laboratory and space observations of LHDWs, two
local, linear models have been developed: a collisionless model for space
observations'* and a collisional model for weakly collisional laboratory
plasmas.”” These models have successfully explained the stability and
anomalous resistivity observed in both space and laboratory plasmas.

Here, we further explore the physics underlying anomalous resis-
tivity and electron heating driven by ES-LHDWs, drawing on labora-
tory observations and theoretical analysis. Specifically, we decompose
the contributions to anomalous resistivity and examine how these con-
tributions vary for EM-LHDW. Additionally, we present laboratory
observations of ES-LHDW:  in the presence of a strong guide field and
analyze how these observations account for the higher local electron
temperature compared to cases with a moderate guide field.

Il. EXPERIMENTAL SETUP AND LOCAL COORDINATES

To quantitatively address the impact of lower hybrid drift waves
(LHDWSs) on reconnection and electron dynamics, we conducted
experiments using the Magnetic Reconnection Experiment (MRX).
The MRX device consists of a cylindrical vacuum vessel with a diame-
ter of 1.5 m and a height of approximately 2 m. Figure 1(a) shows a
cross-sectional view of MRX in the RZ plane. A local Cartesian
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FIG. 1. (@) MRX apparatus. MRX has a cylindrical vacuum vessel and this shows a cutaway view of MRX. Two flux cores (gray circles) generate plasma and drive reconnec-
tion. The guide field coil generates a relatively uniform toroidal (out-of-plane) magnetic field. Equilibrium field coils control the radial location of the current sheet. The MRX coor-
dinate system is based on (R, Y, Z), where Y is along the out-of-plane direction. (b) The local coordinate system (x,y, z) for the theoretical model. The z is along the
magnetic field direction (By), while y is along the density gradient direction. Both the wave vector k and the electron flow in this ion rest frame are on the xz plane. The angle
between B, and k is defined as 0. For cases with a strong guide field, the local wave coordinate system is approximately aligned as follows: the z-axis lies along the Y (guide
field) direction, the x-axis is primarily along the electron outflow (Z) direction, and the y-axis is roughly aligned with the normal to the current sheet (R direction).
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coordinate system is employed, where R represents the radial direction,
7 the axial direction, and Y the toroidal direction.

The gray circles in the figure indicate doughnut-shaped flux
cores, each containing independent coils that drive magnetic reconnec-
tion and generate plasma.”® The primary diagnostic tool is a two-
dimensional (2D) magnetic probe array consisting of approximately
250 miniature pickup coils.'™”” Assuming toroidal symmetry, this
probe array enables the reconstruction of two-dimensional profiles of
the magnetic field (B), current density (J), and the reconnection elec-
tric field (Eec = —Ey).

In addition to the main diagnostic, we have developed a special
electrostatic probe that measures the electron density (1) and temper-
ature (T¢) as well as high-frequency fluctuations in the electron density
(on) and in the electric field along the reconnection electric field
direction (JEy).”’ Data from this probe can be used to compute the
anomalous resistivity term [D, Eq. (1)] as well as the classical resistivity
term (/) + 1, /1) with J and B measured by the magnetic probe
array. As a result, a direct comparison between the anomalous and
classical resistivity terms is possible.

The plasma in these experiments has a Lundquist number of
approximately 300, and the system size, normalized to the ion sound
radius, is about 20. These conditions place the plasma in the single X-
line, collisionless reconnection regime.””' Within the current sheet,
the plasma is weakly collisional—collisional effects are present but neg-
ligible in influencing the reconnection dynamics.

Figure 1(b) illustrates the geometry of our local theoretical model
for LHDWs within a current sheet. In this model, the subscript 0 denotes
equilibrium quantities. We adopt the ion rest frame, where electrons
move with velocity uy in the x — z plane. In this Cartesian coordinate
system, the equilibrium magnetic field (By) aligns with the z direction,
while the equilibrium density gradient lies along the y direction.

The model assumes no equilibrium temperature gradient or ion
temperature anisotropy. The equilibrium electron temperature is also
assumed to be isotropic, although anisotropy is permitted in the per-
turbed electron temperature. The wave vector (k) is restricted to the
x — z plane due to the assumption of negligible k,. Consequently, this
theoretical model is local and applicable only when the wavelength of
the LHDW is much smaller than the thickness of the current sheet in
the y direction.”

The relationship between the two coordinate systems must be
explained. First, it is important to emphasize that the local coordinate sys-
tem (x, y, z) is in the ion rest frame. Since the ion flow speed in MRX is
much lower than the speed of light, we will use a non-relativistic limit for
computing physical quantities. In other words, we assume that the mag-
netic field in the ion rest frame is the same as the laboratory frame and
the electron velocity in the ion rest frame such as uey can be obtained by
subtracting the ion velocity from the electron velocity.

Under this approximation, only three quantities need to be mea-
sured in the laboratory (R,Y,Z) frame to obtain the transformation
matrix from one coordinate system to the other: the magnetic field B,
the current density Jo, and the electron density 1. Then, the electron
velocity in the ion rest frame can be computed by uey ~ —J,/(eno)
(ignoring relativistic effects, since the ion flow velocity is much smaller
than the speed of light), where e is the elementary charge. With measured
By and uy, the unit vector along the z direction (e,) becomes By /By,
e, = By X ue/|By X u|, and e, = e, x e;. With these unit vectors,
the transformation matrix (M) from the (x, y, z) system to the (R, Y, Z)
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system is just M = [e,; e,; €] and the transpose of M can be used to
convert a tensor from the (R, Y, Z) system to the (x, y, z) system.

The method described above implies that the transformation
matrix M depends strongly on local conditions, particularly the pres-
ence or absence of a guide field. As a result, there is no single transfor-
mation matrix that applies universally. However, we can describe the
general orientation of the coordinate axes for two representative limit-
ing cases.

In the high guide field case, the magnetic field near the electron
diffusion region is predominantly toroidal (along the Y direction), so
e, is approximately aligned with Y. The perpendicular current is pri-
marily due to electron outflows, which are directed along Z, making e,
roughly parallel to Z. Consequently, the density gradient direction e, is
aligned with the normal to the current sheet, along the R direction.

In the zero guide field case, the magnetic field aligns with the
reconnecting field component, which lies along Z, so e, is approxi-
mately in the Z direction. In this case, the perpendicular current is
dominated by the out-of-plane component, aligning e, with Y. As in
the high guide field case, e, remains along the R direction, normal to
the current sheet.

Ill. RESULTS
A. Moderate guide field case

Figure 2 provides an overview of discharge 191235, where the
guide field (Bg) is approximately 0.7 times of Br... Here, B, represents
the absolute value of By at the X-line, while By, refers to the strength
of the reconnecting field component (Bz) in the upstream region. In
this discharge, the density asymmetry across the current sheet is
around 2, resulting in minimal asymmetry in B;.”’ All presented data
are obtained at (R,Z) = (37.5,—1.5)cm except for the 2D plot
shown in panel (i).

Figure 2(i) shows the profile of the out-of-plane current density
(Jy) at t = 348 us; in addition, the black lines are the contours of the
poloidal magnetic flux, representing magnetic field lines."”” The mea-
surement location (R, Z) = (37.5, —1.5) cm marked with a blue aster-
isk is inside the electron diffusion region (EDR) where the
reconnection process takes place. In this discharge, the X-line is rela-
tively stable for the presented period of time, providing an opportunity
to study LHDW  in the EDR.

Fluctuations in Ey and n. are presented in panels (a) and (b),
respectively. Notably, from t =347 to 354 us, these fluctuations
exhibit strong correlation and are nearly in phase. The amplitude
of 0Ey is ~ 150 V/m, which is about twice the mean reconnection
electric field (E..) of about 80V/m. The amplitude of on. is
~0.5 x 10" cm >, which is about 25% of the mean density (n.).

From these measured data, the anomalous drag term can be
directly estimated. With the measured phase difference of approxi-
mately 30°, the drag term is given by D ~ —0.5|0n,||0Ey|/{n.) cos 30°
~ 16 V/m, which accounts for about 20% of the average reconnection
electric field. This value also exceeds the contribution from classical
resistivity, estimated as ~ m Jj ~ 7V/m. Here, n and | || represent the
parallel Spitzer resistivity and the parallel current density, respectively.
Near the electron diffusion region, the magnetic field is primarily
aligned along the Y direction due to the presence of a sizable guide field.

Panels (c) and (d) show the time evolution of electron density
(ne) and electron temperature (T,), respectively, measured by the same
probe. As n. decreases from 4 x 10" to about 2 x 10" cm >,
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FIG. 2. Overview of MRX helium discharge 191235 with a moderate guide field (By/Brec ~ 0.7). The measurement location is (R, Z) = (37.5, —1.5), which is marked with a
blue asterisk in panel (i). (a) Fluctuations in the reconnection electric field measured by a fluctuation probe in the electron diffusion region. (b) Fluctuations in the electron density
(in the unit of 10" cm™°) measured by the same fluctuation probe. There is strong correlation between —3Ey and dne. (c) Electron density (n,) measured by the same probe.
(d) Electron temperature (T,) measured by the same probe. (€) Perpendicular component of the relative velocity between electrons and ions. (f) Parallel component of the relative
velocity between electrons and ions. (g) Electron beta (f3,) at the measurement location. (h) All three component of magnetic fluctuations measured by a magnetic fluctuation
probe, which is separated by 3 cm along the Y direction. (i) Profile of the out-of-plane current density (color contours with the unit of MA/m?) with the poloidal flux lines represent-
ing magnetic field lines at t = 348 us. The blue asterisk indicates the location of two fluctuation probes. (j) Spectrogram of the electric field (Ey) fluctuation. The red line indicates
the local lower hybrid frequency, fi11, while the red dashed line denotes 0.5f. (k) Spectrogram of the density fluctuation. (I) Spectrogram of the magnetic field (Bz) fluctuation.

correlated fluctuations in Ey and n, emerge. This behavior is linked to
the value of fi, [panel (g)]; when f. is high, the electrostatic lower-
hybrid drift wave (ES-LHDW) transitions into a relatively slow-
growing electromagnetic lower-hybrid drift wave (EM-LHDW).
Notably, during the period with the correlated fluctuations
(t = 347-354), the local electron temperature remains relatively high
(~8eV), compared to the base electron temperature of about 6eV,
suggesting possible electron heating associated with these fluctuations.

The perpendicular and parallel components of the electron flow
velocity in the ion rest frame are shown in panels (e) and (f), respec-
tively. It is interesting to observe that u | remains low (< 20 km/s) dur-
ing the brief period of relatively low LHDW activity (t = 343-347).
This behavior is consistent with the understanding that u, represents
the free energy source for LHDWs. The parallel component of the elec-
tron flow is substantial, driven by the presence of u.y and By (guide
field). The parallel component has a relatively small effect on the over-
all stability of the dispersion relation but influences the location of the
maximum growth rate and frequency.

The time evolution of f, is shown in panel (g). Initially, f, is high
(around 1), but as it decreases below 0.5, ES-LHDW activity [panels
(a) and (b)] becomes more pronounced. The nature of the waves—

whether quasi-electrostatic or electromagnetic—primarily depends on
B.,"” though the available free energy also plays a role.

For comparison, magnetic field fluctuations are shown in panel
(h). The signals come from a separate fluctuation probe positioned at
the same R and Z coordinates; however, the two fluctuation probes are
offset by 4 cm along the Y direction. The magnetic fluctuation probe
detects fluctuations in all three components of the magnetic field up to
200 MHz (Ref. 34) using small pickup coils. The data in panel (h) rep-
resent the raw signals from these coils, which are proportional to the
temporal changes in magnetic field. Notably, magnetic field fluctua-
tions are observed in conjunction with the correlated electric field and
density fluctuations between t = 348 and 352 us. This indicates that
the ES-LHDW is not purely electrostatic; in addition to the significant
electric field fluctuations, it is capable of generating magnetic field fluc-
tuations through the perturbed current density.

Finally, spectrograms of 6Ey, on., and 0B, are presented in pan-
els (j), (k), and (1), respectively. The red solid lines denote the local
lower hybrid frequency, fin = +/feefe> Where fe. and f; represent the
electron and ion cyclotron frequencies, respectively. The red dashed
lines correspond to 0.5fi11. The observed fluctuations between t = 347
and 354 us are primarily concentrated around 0.5fi 3.
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To confirm that the observed wave activity is associated with ES-
LHDW, the dispersion relation is calculated using the measured plasma
and magnetic field parameters. The values used are T, =T,
=796V, ng=2x10%cm™>, By =110 Gauss, teo, = —83 km/s,
Ueox = 23km/s, and p = m;/my, = 4, where m; is the ion mass and 1,
is the proton mass. The dispersion relation is obtained using a linear
model for weakly collisional plasmas.”” This model computes the complex
wave frequency for a given k and 0 [w(k, 0)] in the ion rest frame. As a
local model, it neglects effects from the global structure of the current
sheet, assuming no wave propagation along the density gradient. Using
the aforementioned field and plasma parameters, the dispersion relation
of LHDW is obtained. The transformation matrix (M) is given by

x 0.4233 —0.0375 —0.9062\ /R
y | =10960 00202 04228 Y|, @
z 0.0024 —0.9991  0.0420 z

which suggests that the gradient (y) direction is mostly along the R
direction.

The real and imaginary parts of w(k, 0), normalized to wy, are
shown in Figs. 3(a) and 3(b), respectively. The model predicts that
ES-LHDW is unstable near the X-line with a maximum growth rate of
0.2m1y at (kp., 0) = (0.63,90°). Here, p, is the local electron gyro
radius. In the lab frame, this indicates that the wave predominantly
propagates along the electron outflow [Eq. (2)], which is consistent

(@

0.2 0.4 0.6 0.8 1
kpe
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with recent simulations.”” The real frequency with the maximum
growth rate is about 0.27 wyy, which is different from the observed fre-
quency of ~0.5wpy. This discrepancy arises from the frame differ-
ence, as the model is in the jon rest frame. Accounting for the
measured ion flow of 5km/s along the —Z direction in similar dis-
charges, the frequency of LHDW shifts to ~ 0.5y in the lab frame,
consistent with the measured frequency.

We also confirm that the linear relationship between on, and
OEy predicted by the model aligns with experimental measurements.
As shown in Fig. 3(c), the reconstructed dn, (red dashed line) closely
matches the measured 7. (blue line) in both amplitude and phase.
This agreement indicates that the observed ES-LHDW operates in the
linear regime, allowing other anomalous terms to be estimated using
the model’s linear relationship.

The reconstruction process of on. from JEy follows a specific
approach. Within this linear model, all quantities, including d#., can be
expressed as a function of JOEy with a complex coefficient A:
one(k,0) = —A(k, 0)dEy (k, 0). This coefficient, which defines the lin-
ear relationship between the two fluctuating quantities, depends on both
k and 6. A direct comparison requires knowledge of dEy (k, 6) for all
modes, which is impractical since dEy is typically expressed as a function
of frequency through Fourier transformation. However, given that wave
energy is predominantly concentrated around 0.5fi;; and that A varies
only weakly with k and 0 near the maximum growth rate, it is reasonable
to approximate 0Ey (f) using the coefficient at the mode with the highest

—— Measured
I|= = Constructed N

347 348 349 350 351 352 353

Time (us)
A
b — g
) I e £ 3
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240 . 300
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FIG. 3. (a) Real part of the angular frequency as a function of kp, and 6, normalized to 4. (b) Growth rate, also normalized to w4 as a function of kp,, and 6. The theoreti-
cal model expects a strong growth rate of approximately 0.2 i at (kps, 0) = (0.63,90°). (c) Comparison of the measured (blue solid line) and reconstructed (red dashed
line) density fluctuations. The reconstruction is based on the measured JEy and the linear relation from the collisional model, showing good agreement in both amplitude and
phase. (d) Breakdown of the contribution of each term to the normalized density fluctuation (one /ne) of the x component of the electron momentum equation, displayed on the
complex plane. The only term that has a significant real part is the Lorentz force term. The contribution from the resistivity and inertial terms in Eq. (3) is too small.
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growth rate, A(kpax, Omax). The reconstructed one is then obtained by
applying the inverse Fourier transform to A(kmax, Omax)0Ey (f).

Both theoretical and experimental results indicate that ES-
LHDW can generate anomalous resistivity. To investigate the underly-
ing physics, we examine the x component of the first-order electron
momentum equation, which can be expressed in terms of the normal-
ized electron density fluctuation,””

one ie ( ieBy ietleo; ) oT.
— = OE, + | ——Ottey — ——= 0By, | — —
Ne ki Te * ki Te K ki Te & Teo
—k- . iOR,
+ me(w ueO) b”ex o 1 elx (3)

kl TeO
where i is the unit imaginary number, k is the perpendicular compo-
nent of k, dR.;y is the x component of the first-order resistivity. Each
term on the right-hand side corresponds to the contributions from the
electric field, Lorentz force, perturbed temperature, internal forces, and
resistivity, respectively. In the electrostatic limit with no perturbed elec-
tron temperature (6T, = 0), as in the case of a Langmuir wave, the
electric field term balances the density fluctuation. Here, the density
and electric field fluctuations are out of phase due to the presence of i
in the coefficient of JE,. By analyzing the contributions from the

7
kinyTeo
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remaining terms, we can identify the primary mechanism responsible
for the anomalous resistivity observed in our experiments.

Figure 3(d) illustrates the contribution of each term to the normal-
ized density fluctuation. All first-order quantities in Eq. (3) are expressed
in terms of 0Ey, and the complex coefficient of each term is plotted on
the complex plane. The term with a significant real component is respon-
sible for the observed anomalous resistivity. The blue arrow represents
the complex coefficient A in dn/ne = ASEy. As expected, the electric
field term is dominated by its imaginary component, while both the iner-
tial and resistivity terms are negligible. The only term with a significant
real component is the Lorentz force term (green arrow), highlighting its
crucial role in understanding this quasi-electrostatic LHDW. Although
ES-LHDW exhibits large electric field fluctuations, its underlying physics
cannot be fully understood without accounting for this often-overlooked
electromagnetic term”>”° for electrostatic waves. Additionally, the per-
turbed temperature term (black arrow) enhances the correlation between
on. and OEy by reducing the imaginary component.

B. High guide field case

Figure 4 provides an overview of the MRX helium discharge
191002, representing a case where the guide field strength is

n s=S=Ss=S=SsSsS——————————

v :_2
-« "

332 336 340 344 348
Time (us)

FIG. 4. Overview of MRX helium discharge 191002 with a high guide field (By/Brec ~ 2). The measurement location is (R, Z) = (37.5, —1.5) cm, which is marked with a
blue asterisk in panel (i). (a) Fluctuations in the reconnection electric field measured by a fluctuation probe in the electron diffusion region. (b) Fluctuations in the electron den-
sity (in the unit of 10" cm~) measured by the same fluctuation probe. () Electron density (n.) measured by the same probe. (d) Electron temperature (T,) measured by the
same probe. (e) Perpendicular component of the relative velocity between electrons and ions. (f) Parallel component of the relative velocity between electrons and ions. (g)
Electron beta () at the measurement location. (h) All three component of magnetic fluctuations measured by a magnetic fluctuation probe, which is separated by 3 cm along
the Y direction. (i) Profile of the out-of-plane current density (color contours with the unit of MA/m?) with the poloidal flux lines representing magnetic field lines at t = 342.4 ys.
The blue asterisk indicates the location of two fluctuation probes. (j) Spectrogram of the electric field (Ey) fluctuation. The red line indicates the local lower hybrid frequency,
fin, while the red dashed line denotes 0.5fi . (k) Spectrogram of the density fluctuation. (I) Spectrogram of the magnetic field (Bz) fluctuation.
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approximately twice that of the reconnecting field component. The
measurement location, (R, Z) = (37.5, —1.5) cm, lies within the EDR,
as indicated in panel (i). This discharge serves as a useful comparison
to previous cases with moderate guide fields, allowing us to examine
how increased guide field strength influences wave activity, correla-
tions, and electron heating.

In this high guide field case, the correlation between 0Ey and one
weakens compared to the moderate guide field case, as shown in panels
(a) and (b). This suggests that the coupling between electric field fluctua-
tions and density perturbations becomes less effective when the guide
field is strong. Additionally, the fluctuation spectrum broadens, as seen in
panels (j) and (k), indicating the presence of a wider range of wave
modes. Consequently, instances where fluctuation amplitudes exceed
200 V/m become increasingly rare. In contrast, at moderate guide field
strengths, large-amplitude fluctuations (> 200 V/m) were observed more
frequently. This suggests that at higher guide fields, wave energy is dis-
tributed more evenly across multiple modes rather than being concen-
trated in a few dominant ones, leading to an earlier onset of nonlinear
behavior. The underlying cause of this difference in nonlinear LHDW
behavior remains an open question and requires further investigation.

Another key observation is the pronounced electron heating asso-
ciated with strong fluctuations, as shown in panel (d). While the base-
line electron temperature remains similar in both the moderate and
high guide field cases (5-7eV), localized electron heating is signifi-
cantly more intense in the high guide field case, with temperatures
reaching up to 12 eV.

Finally, as shown in panel (1), magnetic field fluctuations corre-
sponding to whistler waves’’ are observed at frequencies exceeding
fin. Notably, in many high guide field cases, magnetic fluctuations
associated with LHDW are relatively weak or absent. This suggests
that under high guide field conditions, whistler waves may become the
dominant magnetic fluctuation mode, potentially due to different exci-
tation mechanisms, such as temperature anisotropy with higher paral-
lel than perpendicular temperature™ or modifications in electron
dynamics within the EDR due to strong magnetization. Further inves-
tigation is needed to clarify this behavior.

C. Anomalous electron heating

The two previous examples suggest a potential link between ES-
LHDW and electron heating, as localized electron temperature
increases when fluctuation amplitudes are large. To further investigate
this trend, a statistical analysis has been performed.

Figure 5 presents results from approximately 200 helium dis-
charges conducted under identical operational conditions, including
operation voltage, stored energy, and gas fill pressure, while varying the
guide field strength. In all cases, the probe was positioned within 2 cm
(~10d., where d_ is the electron skin depth) of the X-line, and both T,
and |0Ey| were averaged over 1.6 us. There was no significant variation
in the baseline electron temperature in the upstream region or in the
reconnection electric field. The dataset is divided into two groups: blue
asterisks represent data from reconnection events with a moderate guide
field (Bg/Brec ~ 0.7, including discharge 191235), while red asterisks
correspond to reconnection events with a high guide field (By/Byec ~ 2,
including discharge 191 002). In both cases, a statistically significant (p-
value < 10~°) and moderate correlation (coefficient ~ 0.5) is observed
between T, and |0Ey|, reinforcing the hypothesis that ES-LHDW con-
tributes to electron heating within the current sheet.
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FIG. 5. Electron temperature as a function of the amplitude (|0Ey|) of LHDW near
the X-line for both moderate (blue asterisks) and high (red) guide field cases. Solid
lines indicate the fit of data to a linear function. In both cases, the correlation coeffi-
cient is about 0.5 with a negligible probability value of the null hypothesis (<10~°).
These values mean moderate correlation and strong statistical significance.

Notably, electron heating is more pronounced in the high guide
field case, whereas |0Ey| exhibits larger amplitudes in the moderate
guide field case, consistent with the previously discussed examples.
When |0Ey| reaches 200 V, the expected electron temperature increase
is approximately 6 eV in the high guide field case, compared to only
1 eV in the moderate guide field case. One possible explanation for this
enhanced electron heating in the high guide field case is that broad-
band fluctuations more efficiently interact with electrons either via
Landau damping or anomalous electron heating, facilitating stronger
energy transfer in a high guide field environment. Additionally, the
stronger guide field may lead to improved local heat confinement, fur-
ther contributing to the observed high electron temperature.”

Anomalous electron heating due to ES-LHDW can be quantified
through quasilinear analysis. For discharge 191235, we have con-
firmed that the linear relationship predicted by the weakly collisional
model”” remains valid despite the large wave amplitude. Assuming
that this linear relation also holds for other relevant quantities, the
additional electron heating induced by ES-LHDW can be estimated
using a quasilinear approach.'® It is important to note that the weakly
collisional model accounts for all Coulomb collision-related effects.

The anomalous electron heating rate can be expressed as
(9. - OR), where 0], represents the first-order electron current and
OR denotes the first-order drag force (resistivity). Physically, this heat-
ing arises from the work done by electrons as they move against the
frictional force R. After neglecting the negligible contribution of tem-
perature fluctuations to JR, the estimated anomalous electron heating
rate is approximately 2.6 MW/m?® for |0Ey| ~ 150 V/m. This value
surpasses the classical Ohmic heating rate of 7, ]f +n.J} ~2.0MW/
m’, highlighting the significance of this additiona& heating mechanism.

This anomalous heating is still irreversible like the classical
Ohmic heating, as it arises from Coulomb collisions between electrons
and ions. In addition to collisional heating, ES-LHDW can also con-
tribute to electron heating through Landau damping,*’ which plays a
crucial role in energy dissipation and redistribution within the plasma.
However, quantifying heating via Landau damping requires direct
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FIG. 6. (a) Magnetic field profile measured by MMS2 during a magnetopause reconnection event. The satellite is located near the electron diffusion region (EDR) around
01:17:40 UT on December 14, 2015. (b) Spectrogram of the electric field obtained via wavelet analysis. The black solid line denotes the local lower hybrid frequency (fi).
Strong electric field fluctuations observed around 01:17:40.5 UT are associated with electrostatic lower hybrid drift waves (ES-LHDWs). The three magenta dashed lines mark
the times at which electron distribution functions are analyzed. (c) Parallel electron distribution function at Region A (prior to strong ES-LHDW activity). (d) Parallel electron dis-
tribution function at Region B (during strong ES-LHDW activity). The vertical red dashed line indicates the predicted parallel phase velocity from collisionless linear theory. A
clear flattening near this velocity provides strong evidence of Landau damping. () Parallel electron distribution function at Region C (after strong ES-LHDW activity), where the

damping signature has subsided.

measurements of the electron distribution function, which are not
available in the present laboratory experiments.

To overcome the limitations of laboratory measurements, we
turn to data from NASA’s Magnetospheric Multiscale (MMS) mission,
which provides high-resolution electron distribution measurements
with a temporal resolution of 30 ms."" Figure 6(2) shows the magnetic
field profile during a magnetopause reconnection event, measured by
MMS?2 (Ref. 12) in the LMN coordinate system, where L is the outflow
direction (analogous to Z in MRX), M is the out-of-plane direction (Y
in MRX), and N is the current sheet normal (R in MRX). MMS was
located near the EDR at approximately 01:17:40 UT. ES-LHDW is
observed slightly away from the EDR on the low-density side.

Figure 6(b) displays the electric field spectrogram during the
same interval, with the black curve indicating the local lower-
hybrid frequency fiy. Around 01:17:40.5 UT, strong electric field
fluctuations are observed. Previous linear analysis and wave vector
measurements confirm that these fluctuations are associated with
electrostatic lower-hybrid drift waves (ES-LHDWs).'? The wave
phase velocity parallel to the magnetic field for the mode with max-
imum growth is estimated to be approximately 3200 km/s. As ES-
LHDWs primarily interact with electrons along the magnetic field,

we examine the parallel electron distribution function for signs of
Landau damping.

To identify possible Landau damping signatures, we analyze the
electron distribution at three times marked A, B, and C in panel (a).
Notably, strong electric field fluctuations are observed only in region B.
The one-dimensional distribution function is obtained by integrating the
measured 3D distribution over two perpendicular velocity components.

In region A, prior to strong LHDW fluctuations, the parallel dis-
tribution function shows no evidence of Landau damping, as seen in
panel (c). Here, V|| denotes the parallel velocity, which corresponds to
V, in the local xyz coordinate system used in Fig. 1(b). In region B
[panel (d)], clear flattening of the distribution function is observed
near the wave phase velocity (indicated by the red dashed line), consis-
tent with Landau damping by ES-LHDW. Finally, in region C [panel
()], this flattening disappears, suggesting that the damping and associ-
ated heating were localized in time and space. These observations sup-
port electron heating via Landau damping of ES-LHDWs.

IV. DISCUSSION

We present the first quantitative laboratory results showing that

the quasi-electrostatic lower-hybrid drift waves (ES-LHDWs)
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contribute to anomalous resistivity and electron heating inside the
electron diffusion region.'® The observed anomalous resistivity and
anomalous electron heating cannot be explained without considering
the Lorentz force term that is often neglected for electrostatic waves.

The measured anomalous resistivity typically contributes 10%-
25% of the reconnection electric field in the moderate guide field case,
while it decreases to about 5%-10% in the high guide field case. Given
that the classical resistivity term generally accounts for approximately
10% of the reconnection electric field, this leaves 70%-80% of the
reconnection electric field unaccounted for. The remaining portion
must be balanced by other kinetic effects, such as the nongyrotropic
pressure tensor,” "~ or by additional anomalous contributions from
higher-frequency fluctuations.

It is worth noting that the same quasilinear analysis indicates a
minimal contribution (less than 1% of the mean reconnection electric
field) from the anomalous viscosity term, which is known to counter-
act the effects of anomalous resistivity.” This cancelation relies on the
frozen-in condition of electrons; however, this condition may not hold
within the electron diffusion region. At this stage, drawing definitive
conclusions about the role of anomalous viscosity remains challenging
due to the absence of direct measurements of the necessary fluctua-
tions in laboratory experiments. To further investigate this, we plan to
conduct both linear and quasilinear analyses of ES-LHDW for the
same MMS event reported by Graham et al.” Additionally, we aim to
identify an event where ES-LHDW occurs inside the EDR and perform
the same analysis to assess its impact in this critical region.

Another important finding is that electron heating by ES-LHDW
exceeds classical Ohmic electron heating, even without considering
collisionless Landau damping. The estimated term, (J]. - OR), repre-
sents additional irreversible heating of bulk electrons. Moreover,
Landau damping could contribute to further electron energization. In
the case of a moderate guide field, the linear model predicts that ES-
LHDW has a small k”, allowing it to resonate with tail electrons and
potentially generate nonthermal electron populations. This suggests
that ES-LHDW can provide both thermal heating and the production
of energetic electrons. Data from MMS show clear evidence of Landau
damping by ES-LHDW (Fig. 6).

Another future research topic is to study the effects of EM-LHDW
on electron heating and reconnection, which is typically considered negli-
gible under symmetric and asymmetric anti-parallel reconnection
parameters.”** However, since we find that ES-LHDW and EM-LHDW
are not distinct modes but rather the same mode with different wave
characteristics depending on electron beta,'”** this suggests that EM-
LHDW is not necessarily incapable of generating anomalous resistivity'®
and electron heating which was observed during EM-LHDW on MRX.""
It will be interesting to investigate under what conditions LHDW loses
its ability to generate anomalous resistivity and contribute to electron
heating. Initial research suggests that this behavior is largely tied to a
reduction in the magnitude of the electric field fluctuations. In other
words, EM-LHDW can still influence electron heating and reconnection
dynamics if it grows to a sufficiently large amplitude to generate strong
electric field fluctuations. However, this is energetically challenging due
to the substantial energy required to induce magnetic field fluctuations.
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