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The lower hybrid drift wave (LHDW) has been a candidate for anomalous resistivity and electron
heating inside the electron diffusion region of magnetic reconnection. In a laboratory reconnection layer
with a finite guide field, quasielectrostatic LHDW (ES-LHDW) propagating along the direction nearly
perpendicular to the local magnetic field is excited in the electron diffusion region. ES-LHDW generates
large density fluctuations (6n,, about 25% of the mean density) that are correlated with fluctuations in the
out-of-plane electric field (6Ey, about twice larger than the mean reconnection electric field). With a small
phase difference (~30°) between two fluctuating quantities, the anomalous resistivity associated with the
observed ES-LHDW is twice larger than the classical resistivity and accounts for 20% of the mean
reconnection electric field. After we verify the linear relationship between én. and 6Ey, anomalous electron
heating by LHDW is estimated by a quasilinear analysis. The estimated electron heating is about
2.6 £ 0.3 MW/m?, which exceeds the classical Ohmic heating of about 2.0 + 0.2 MW /m?>. This LHDW-
driven heating is consistent with the observed trend of higher electron temperatures when the wave
amplitude is larger. Presented results provide the first direct estimate of anomalous resistivity and electron
heating power by LHDW, which demonstrates the importance of wave-particle interactions in magnetic

reconnection.
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Magnetic reconnection is a fundamental physics process
through which energy in the magnetic field is rapidly
converted into plasma energy via rearrangement of mag-
netic topology [1,2]. Magnetic reconnection has been
considered to play a key role in solar flares, in Earth’s
magnetosphere, and during rapid energy release in astro-
physics such as accretion onto black holes. It has been an
outstanding challenge in identifying the responsible kinetic
mechanisms for efficient dissipation to allow fast recon-
nection in nearly collisionless plasmas, where the classical
resistivity is negligibly unimportant. Nongyrotropic pres-
sure tensor has been confirmed as a two-dimensional (2D)
kinetic mechanism [3-5] to break and reconnect field lines.
However, the kinetic anomalous dissipation mechanisms
generally operating in 3D still remain unclear despite the
long research history [2] within or nearby diffusion regions
where abundant free energy exists for waves and instabilities
[6,7]. Candidate plasma waves and instabilities [8] include
whistler waves [9,10], Buneman instabilities [11-13], ion
acoustic waves [14—17], drift kink [18], or kinetic Kelvin-
Helmbholtz instabilities [19].

These waves and instabilities may impact on reconnec-
tion and electron dynamics by producing fluctuations in
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fields and plasma parameters [13,20,21]. The effects of
fluctuations can be quantified by examining an average of
second-order terms. For example, the anomalous drag
(resistivity) term is defined as [22]

(6ncSEy)
(ne) -

where (...) denotes a temporal average of a physical
parameter, 7, is the electron density, on, is the electron
density fluctuation, and §Ey is the electric field fluctuation
along the direction normal to the reconnection plane (Y).
This second order term becomes significant when both
fluctuating quantities are comparable to or larger than their
mean values and there are positive correlations between on,
and SEy. In this case, the momentum transfer between
electrons and ions are enhanced by the amount of D.
The lower hybrid drift wave (LHDW), driven by cross-
field gradient [23] or cross-field relative drift between ions
and electrons [24,25], has been a candidate for anomalous
resistivity as it interacts both with ions and electrons,
potentially enhancing the momentum exchange between
two species [26-30]. With a similar electron temperature

D=-

(1)
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and perpendicular current density, the electron beta
(B = 2uon.T./B?; uy is the vacuum magnetic permeabil-
ity, T, is the electron temperature, and B is the strength of
the magenetic field) controls the type of LHDW [31]. With
a relatively small f,, LHDW is quasielectrostatic (ES-
LHDW) [32,33], while it becomes electromagnetic (EM-
LHDW) [34,35], when f, is larger.

EM-LHDW, propagating obliquely to the magnetic field,
is featured with large fluctuations in the magnetic field with
frequencies below the local lower hybrid frequency
(fin = VSfeefeis fee and f are the electron and ion
cyclotron frequency, respectively). It has been frequently
observed in the electron diffusion regions (EDR)
[27,29,30,34-37]. Despite early signatures of its impor-
tance in generating anomalous dissipation, however,
EM-LHDW does not seem to play an important role in
fast reconnection [29,38], at least within the parameters that
it has been studied.

In contrast, ES-LHDW, propagating nearly perpendi-
cular to the magnetic field, is featured with large fluctua-
tions in the electric field usually with frequencies below
Sfiu [31-33,39-44]. ES-LHDW is frequently observed near
separatrix regions on the low-density side [32,44,45].
Without a guide field, however, ES-LHDW becomes
EM-LHDW in the EDR due to the high local beta
[31,32,46], such that its effects on anomalous resistivity
is limited. Recently, observations by the magnetospheric
multiscale (MMS) spacecraft have shown the ES-LHDW
with a large amplitude when local f, is small during guide
field reconnection either inside the current sheet [31,43] or
the downstream region [47], but without anomalous dis-
sipation due to the ideal electron-magnetohydrodynamic
nature of the observed waves [21].

In this Letter, we report the first direct laboratory
evidence of anomalous resistivity by ES-LHDW during
magnetic reconnection with a guide field. The experiments
were performed on the magnetic reconnection experiment
(MRX) [48], where n, and T as well as on, and 6Ey [33]
are directly measured and the fluctuation quantities are
confirmed to follow the predicted linear relationship based
on dispersion relation of ES-LHDW. The experimentally
determined anomalous resistivity is found to be more
important for the first time than classical resistivity in
any laboratory reconnection experiments. In addition,
anomalous heating by LHDW from quasilinear analysis
[49] exceeds the classical Ohmic heating.

MRX has a cylindrical vacuum vessel with 1.5 m of the
diameter and about 2 m of height. Figure 1(a) shows a cross
section of MRX in the RZ plane. Here we employ a local
Cartesian coordinate system with R for the radial direction,
Z for the axial direction, and Y for the toroidal direction.
The gray circles indicate doughnut-shape flux cores inside
which two independent sets of coils drive reconnection and
create plasma [48]. The main diagnostic is a 2D magnetic
probe array with about 250 miniature pickup coils [35,50].
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FIG. 1. (a) Cross section of the cylindrical MRX vessel with the
local RYZ coordinate system. Flux cores contains two indepen-
dent sets of internal coils. In addition, GF coils generate a
relatively uniform out-of-plane magnetic field. We insert mag-
netic probes and a special fluctuation probe to measure the field
geometry and fluctuations in the reconnection electric field and
density. (b) Photo of the fluctuation probe with four tips and two
miniature amplifier boards. Two floating tips are connected to the
board for 6Ey, while two biased tips are connected to that for on..

Assuming the toroidal symmetry, this probe array can
provide 2D profiles of the magnetic field (B), the current
density (J), and the reconnection electric field
(E;ec = —Ey). The Lundquist number of the plasma is
about 300 and the system size normalized to the ion sound
radius is about 20, which means that the plasma is in the
single X line, collisionless regime [2,51]. The plasma in the
current sheet is weakly collisional: collisional effects are
finite but unimportant.

In addition, an electrostatic probe is inserted radially
with the tip location of (R,Z) = (37.5,-1.5) cm. As
shown in Fig. 1(b), the probe has four tips with two
miniature amplifier boards. Two floating tips separated by
2 mm along the Y direction provide the local floating
potential. Two tips with a fixed bias voltage of 30-35 V are
used to measure the ion saturation current. This typical
triple Langmuir probe setup provides low-frequency mea-
surements of n, and T, [52]. In addition, we also measure
high-frequency fluctuations in the difference of two float-
ing potential and the ion saturation current via the miniature
amplifier boards, which can be converted to SEy and on,,
respectively. Measurement errors are estimated to be
around 10% mostly due to typical uncertainties in the
electrostatic probe measurement. Detailed information of
this probe can be found in the reference of Hu et al. [33].

Interesting wave activity is consistently observed near
the X line of reconnection with a moderate guide field (GF),
By /B ~0.7. Here B, is absolute value of the guide field
at the X line, while B, is the strength of the reconnecting
field component in the upstream region. Figure 2(a)
shows the profile of the out-of-plane current density (Jy)
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FIG. 2. Overview of MRX discharge 191 235 with a moderate
guide field (By/ By ~ 0.7). (a) Profile of the out-of-plane current
density (color contours) with the poloidal flux lines representing
magnetic field lines at ¢+ = 348 ps. The blue asterisk indicates the
location of the fluctuation probe. (b) Fluctuations in the recon-
nection electric field (V/m) measured by the fluctuation probe.
(c) Fluctuations in the electron density (103 cm™3) measured by
the same fluctuation probe. There is strong correlation between
—6Ey and n.. (d) Spectrogram of the electric field fluctuation.
The red line indicates the local lower hybrid frequency, fiy,
while the red dashed line denotes 0.5} . (e) Spectrogram of the
density fluctuation.

at t = 348 ps of discharge 191 235. The black lines are the
contours of the poloidal magnetic flux, representing mag-
netic field lines [35]. The probe (blue asterisk) is located
near the X line from 342 to 366 ps, as the motion of the X
line is minimal in this discharge. Important plasma and
field parameters at the probe location are 7.~ 7.9 eV,
ne~2.0x 10" em™, and B, ~ 110 G, yielding the elec-
tron beta of 0.53. The current density parallel to the
magnetic field is 0.27 MA/m?, while the perpendicular
current density is 0.073 MA/m?. It should be also men-
tioned that there is density asymmetry across the current
sheet with a ratio of 2-3 for all cases presented here.
We observed fluctuations in E.. and n., as shown in
Figs. 2(b) and 2(c). Two fluctuations, especially from ¢t =
347 to 354 ps, are well correlated and nearly in phase with
each other. The amplitude of 6Ey is ~150 V/m, which is

about twice larger than the mean reconnection electric
field (E..) of about 80 V/m. The amplitude of én, is
~0.5 x 103 cm™3, which is about 25% of the mean density.
Spectrograms of 6Ey and on,, shown in Figs. 2(d) and 2(e),
respectively, indicate that most wave energy is below the
local lower hybrid frequency (f} ), denoted by the red line.
This observed feature—strong electric field and density
fluctuations below fiy is consistent with that of ES-
LHDW [31,32].

Data displayed in Figs. 2(b) and 2(c) are enough to
compute the anomalous drag term D. With the measured
phase difference of about 30°, D =~ —0.5|6n.||0Ey|/
(ne) cos30°~ 16 V/m, which accounts for 20% of the
average reconnection electric field. This value also exceeds
the contribution from the classical resistivity ~nJ~
7 V/m. Here 5 and J|| are the parallel Spitzer resistivity
and the parallel current density; near the electron diffusion
region, the magnetic field is along the Y direction due to the
sizable guide field. The rest of the reconnection electric
field should be balanced by either other kinetic effects such
as the nongyrotropic pressure tensor [3—5] or other anoma-
lous effects from higher-frequency fluctuations. The addi-
tional resistivity from electron neutral collisions accounts for
less than 2 V/m in this plasma.

Since our measurements of fluctuating quantities are
limited to dn, and SEy, we need a different approach to
compute other anomalous terms. Here results from a linear
theoretical model with collisional effects are used to obtain
the relation among fluctuating quantities. Prior to this,
however, we need to verify that the linear relationship from
the model is valid in this case as the amplitude of the
electric field fluctuation is large.

First, we confirm that a local theoretical model with
collisional effects [49] successfully predicts that ES-
LHDW is unstable near the X line in this discharge.
This model calculates complex wave frequency for given
k (magnitude of the wave vector k) and € (angle between k
and the magnetic field B) in the ion rest frame. This local
model does not include effects from the global shape of the
current sheet, as the propagation of the wave along the
density gradient direction is ignored. With the aforemen-
tioned field and plasma parameters, the dispersion relation
of LHDW is obtained.

Figures 3(a) and 3(b) show the real and imaginary
component of @ normalized to w;y (angular lower hybrid
frequency) as a function of k and 0, respectively. The model
expects that ES-LHDW is unstable near the X line with the
maximum growth rate of 0.2w; y at (kp, 0) = (0.63,90°),
as denoted by red X marks. Here, p, is the local electron
gyro radius. In the lab frame, this indicates that the wave
mostly propagates along the electron outflow, which is
consistent with recent simulations [53]. The real frequency
with the maximum growth rate is about 0.27w; iy, which is
different from observed frequency of ~0.5w;y. This
discrepancy is due to the frame difference; the results from
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FIG. 3. (a) Real part of the angular frequency as a function of

kp. and 6. The value is normalized to @;y. Results are from a
local linear model with collisional effects [49]. The red x mark
indicates the mode with the maximum growth rate. (b) Growth
rate normalized to @y y as a function of kp, and 6. The theoretical
model expects a strong growth rate of about 0.2w;y at
(kpe,0) = (0.63,90°). (c) Comparison between the measured
(blue solid line) and the reconstructed (red dashed line) density
fluctuation. It is reconstructed with the measured SEy and the
linear relation calculated by the collisional model. In terms of
both amplitude and phase, they are in agreement.

the model is for the ion rest frame. Considering the
measured ion flow of 5 km/s along the —Z direction in
similar discharges, the frequency of LHDW becomes
~0.5wyy in the lab frame, which is consistent with the
measured frequency.

Finally, we verify that the linear relationship between don,
and O0Ey from the model agrees with measurements. As
shown in Fig. 3(c), the reconstructed én, (red dashed line)
agrees well with the measured on, (blue line) in both the
amplitude and phase. This means that the observed
ES-LHDW is in the linear regime, such that other anoma-
lous terms can be estimated with the linear relationship
from the model.

The detailed process of the on, reconstruction from J6Ey
should be mentioned. Via this linear model, all quantities
such as on, can be expressed as a function of 6Ey with a
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FIG. 4. Electron temperature (7.) as a function of the amplitude
(|6Ey|) of LHDW near the X line for both moderate (blue
asterisks) and high (red) GF cases. Error bars represent standard
deviations of each dataset. There is a general trend that T, is
higher with larger 6Ey.

complex coefficient A; én.(k,0) = A(k,0)SEy(k,0). This
complex coefficient, representing the linear relationship
between the two fluctuating quantities, is a function of both
k and 0. For strict comparison, we need to know SEy (k, 6)
for all modes, which is not possible as §Ey can only be
expressed as a function of the frequency via the Fourier
transform. We notice that the wave energy is mostly
concentrated around 0.5f} ;; and that A is a weak function
of both k and # around the maximum growth rate. Thus, itis
justifiable to use the linear relation coefficient of the mode
with the maximum growth rate, A(Kpax, Omax) for SEy(f).
Then, on. can be reconstructed by a inverse Fourier
transform of A(kpax, Omax )OEy (f)-

Since this model includes all terms associated with
Coulomb collisions, anomalous electron heating can also
be estimated via quasilinear calculation. The anomalous
electron heating term can be estimated by (5], - 6R), where
0J. is the first-order electron current and OR is the first-
order drag force. Heating can be understood as a result of
the work done by electrons when moving against the
frictional force R. After ignoring the negligible contribu-
tion from temperature fluctuations to SR, this anomalous
electron heating term is estimated to be about 2.6 MW /m?
with |§Ey| ~ 150 V/m. This exceeds the classical Ohmic
heating of ’7H‘]ﬁ +n.J3 ~2.0 MW/m?.

Figure 4 demonstrates the relation between the wave
amplitude and the local electron temperature in about 200
discharges. Two sets of data are presented; blue asterisks
indicate data from reconnection with a moderate guide field
(Bg/Byec ~ 0.7, including discharge 191235), while red
asterisks are data points from reconnection with a high
guide field (By/Byec ~ 2.0). In both cases, there is a trend
that 7', is higher with larger |SEy|. In all cases, the location
of the probe is within 2 cm (~10d,) of the X point and 7',
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and |SEy| are averaged over 1.6 ps. Each data point
represents the average of about 25 discharges with a similar
wave amplitude and fp.; for the moderate GF case,
0.5 < f. < 0.7, while 0.03 < g, < 0.15 for the high GF
case. There is also no strong variance in the baseline
electron temperature in the upstream region and reconnec-
tion electric field. Error bars are based on the standard
deviation of each dataset.

It is worth noting that expected electron heating is more
significant in the high GF case, while the amplitude of 6Ey
is stronger in the moderate GF case. Since there is not much
difference in the plasma parameters between two cases, this
difference in heating could be related to better local
confinement by the large GF [54]; with a larger GF, the
dominant parallel electron heat flux in the reconnection
plane may be significantly reduced as the magnetic field
direction is mostly along the out-of-plane (symmetric)
direction. Moreover, the perpendicular heat flux in the
reconnection plane is relatively much smaller than the
parallel heat flux. As a result, the heat flux within
the reconnection plane decreases with a strong guide field,
which may produce higher local electron temperature.
Information on the local electron heat flux is required to
verify this effect, which can be obtained by either an
estimate based on electron density and temperature profiles
or a direct measurement from the electron distribution
function.

Another interesting observation is that when the amplitude
of LHDW in the high GF case exceeds about 200 V/m, the
LHDW spectrum becomes broadband (turbulent), limiting
the fluctuation amplitude. For the moderate GF case, on the
other hand, the LHDW spectrum does not become turbulent
even when the amplitude is larger than 400 V/m. This
nonlinear behavior of LHDW and its strong dependence on
GF are a potential future research topic.

A future research is related to electron heating by LHDW
via Landau damping [55]. To estimate this, we need to
know the amplitude of each mode [SEy (k, #)], which is not
available. Moreover, unlike the n, reconstruction, the mode
with the maximum growth rate cannot represent the Landau
damping, because k=0 for the mode; electrons are
resonant with LHDW along the parallel direction, so that
a finite parallel wave number (k) is required to meet the
resonance condition of v, = w/kj. As result, it is very
difficult to estimate collisionless heating with the limited
laboratory data. Thus, we plan to address this subtle but
interesting topic via simulations and data of electron
distribution functions from MMS.

In summary, we present the first quantitative laboratory
results showing that ES-LHDW directly contributes to both
momentum exchange between electrons and ions and
electron heating in the electron diffusion region. A typical
example shows that both anomalous resistivity and heating
terms exceed those of classical terms. The linear relation
between O0Ey and 6n, from the collisional theory agrees

with measurements. The theory tells us that the small phase
difference between O0Ey and on. is mostly due to effects
from the Lorentz force term. The physics behind the
anomalous resistivity will be found in the Supplemental
Material [56]. We also plan to quantify the effects of
LHDWS on electron dynamics with a different guide field,
including the electromagnetic LHDW that were observed
before [27,30,34,36,37,44].

The data that support the findings of this study are
openly available in the Princeton Data Commons [57].
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