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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 reconnec-
tion layer with a finite guide field, quasi-electrostatic LHDW (ES-LHDW) propagating along the
direction nearly perpendicular to the local magnetic field is excited in the electron diffusion re-
gion. ES-LHDW generates large density fluctuations (dne, about 25 % of the mean density) that
are correlated with fluctuations in the out-of-plane electric field (§Ey, 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 dne and § F'y, 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. Pre-
sented results provide the first direct estimate of anomalous resistivity and electron heating power
by LHDW, which demonstrates importance of wave-particle interactions in magnetic reconnection.

Magnetic reconnection is a fundamental physics pro-
cess through which energy in the magnetic field is rapidly
converted into plasma energy via rearrangement of mag-
netic topology [I, [2]. Magnetic reconnection has been
considered to play a key role in solar flares, in Earth’s
magnetosphere, and during rapid energy release in as-
trophysics such as accretion onto black holes. It has
been an outstanding challenge in identifying the respon-
sible kinetic mechanisms for efficient dissipation to allow
fast reconnection in nearly collisionless plasmas, where
the classical resistivity is negligibly unimportant. Non-
gyrotropic pressure tensor has been confirmed as a two-
dimensional (2D) kinetic mechanism [3H5] to break and
reconnect field lines. However, the kinetic anomalous
dissipation mechanisms generally operating in 3D still re-
main 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 []] include whistler waves [9] [10],
Buneman instabilities [TTHI3], ion acoustic waves [14-
17], drift kink [I8], or kinetic Kelvin-Helmholtz instabil-
ities [19].

These waves and instabilities may impact on reconnec-
tion and electron dynamics by producing fluctuations in
fields and plasma parameters [I3], 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]
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where (...) denotes a temporal average of a physical pa-
rameter, ne is the electron density, dn, is the electron
density fluctuation, and § E'y is the electric field fluctua-
tion 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 correla-
tions between dn. and d Fy. 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 anoma-
lous resistivity as it interacts both with ions and elec-
trons, potentially enhancing the momentum exchange
between two species [26H30]. With a similar electron
temperature and perpendicular current density, the elec-
tron beta (3. = 2uoneT./B?; o is the vacuum magnetic
permeability, T is the electron temperature, and B is
the strength of the magenetic field) controls the type of
LHDW [31]. With a relatively small 3., LHDW is quasi-
electrostatic (ES-LHDW) [32] [33], while it becomes elec-
tromagnetic (EM-LHDW) [34] B5], when S, is larger.

EM-LHDW, propagating obliquely to the magnetic
field, is featured with large fluctuations in the magnetic
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field with frequencies below the local lower hybrid fre-
quency (fum = Vfeefei; fee and fo are the electron
and ion cyclotron frequency, respectively). It has been
frequently observed in the Electron Diffusion Regions
(EDR) [27, 29] B0, [34H37]. Despite early signatures of
its importance in generating anomalous dissipation, how-
ever, EM-LHDW does not seem to play an important role
in fast reconnection [29] [38], at least within the parame-
ters that it has been studied.

In contrast, ES-LHDW, propagating nearly perpendic-
ular to the magnetic field, is featured with large fluctu-
ations in the electric field usually with frequencies be-
low fium [BIH33l B9H44]. ES-LHDW is frequently ob-
served near separatrix regions on the low-density side
[32, @4, [45]. Without a guide field, however, ES-LHDW
becomes EM-LHDW in the EDR due to the high lo-
cal beta [31), B2, [46], such that its effects on anoma-
lous resistivity is limited. Recently, observations by
the Magnetospheric Multiscale (MMS) spacecraft have
shown the ES-LHDW with a large amplitude when local
Be is small during guide field reconnection either inside
the current sheet [31, [43] or the downstream region [47],
but without anomalous dissipation due to ideal electron-
magnetohydrodynamic nature of the observed waves [21].

In this Letter, we report the first direct laboratory evi-
dence of anomalous resistivity by ES-LHDW during mag-
netic reconnection with a guide field. The experiments
were performed on the Magnetic Reconnection Experi-
ment (MRX) [48] where ne and T, as well as dn. and §Ey
[33] are directly measured and the fluctuation quantities
are confirmed to follow the predicted linear relationship
based on dispersion relation of ES-LHDW. The experi-
mentally 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|l| (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 re-
connection and create plasma [48]. The main diagnostic
is a 2D magnetic probe array with about 250 miniature
pickup coils [35, B0]. 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 (Free = —FEy). 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], [5T].
The plasma in the current sheet is weakly collisional —
collisional effects are finite but unimportant.

In addition, an electrostatic probe is inserted radially
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FIG. 1.  (a) Cross section of the cylindrical MRX vessel
with the local RY Z coordinate system. Flux cores contains
two independent sets of internal coils. In addition, GF coils
generate a relatively uniform out-of-plane magnetic field. We
insert magnetic probes and a special fluctuation probe to mea-
sure 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. T'wo float-
ing tips are connected to the board for é Fy, while two biased
tips are connected to that for dne.

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 typ-
ical triple Langmuir probe setup provides low-frequency
measurements of n, and T, [52]. In addition, we also
measure high-frequency fluctuations in the difference of
two floating potential and the ion saturation current via
the miniature amplifier boards, which can be converted
to 0Ey and dn., respectively. Measurement errors are
estimated to be around 10 % mostly due to typical uncer-
tainties 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), Bg/Byec ~ 0.7. Here By is absolute value of guide
field at the X-line, while By is the strength of reconnect-
ing field component in the upstream region. Figure|2|(a)
shows the profile of the out-of-plane current density (Jy)
at t = 348us of discharge 191235. 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 us, as the motion of the
X-line is minimal in this discharge. Important plasma
and field parameters at the probe location are T, ~ 7.9
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FIG. 2. Overview of MRX discharge 191235 with a moderate
guide field (Bg/Brec ~ 0.7). (a) Profile of the out-of-plane
current density (color contours) with the poloidal flux lines
representing magnetic field lines at ¢ = 348us. The blue as-
terisk indicates the location of the fluctuation probe. (b) Fluc-
tuations in the reconnection electric field (V/m) measured by
the fluctuation probe. (c) Fluctuations in the electron density
(10" ¢cm ™) measured by the same fluctuation probe. There
is strong correlation between —dEy and n.. (d) Spectrogram
of the electric field fluctuation. The red line indicates the
local lower hybrid frequency, fLu, while the red dashed line
denotes 0.5fru. (e) Spectrogram of the density fluctuation.

eV, ne ~ 2.0 x 101 cm™3, and By ~ 110 G, yielding the
electron 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 Fe. and ne, as shown in
Fig. |2 (b) and (c). Two fluctuations, especially from
t = 347 to 354 us, are well correlated and nearly in phase
with each other. The amplitude of 0Ey is ~ 150 V/m,
which is about twice larger than the mean reconnection
electric field (E,e.) of about 80 V/m. The amplitude of
dne is ~ 0.5x10'3 cm ™3, which is about 25 % of the mean
density. Spectrograms of § Ey and dn., shown in Fig.
(d) and (e) respectively, indicate that most wave energy

is below the local lower hybrid frequency (fLm), denoted
by the red line. This observed feature - strong electric
field and density fluctuations below fy is consistent with
that of ES-LHDW [311 [32].

Data displayed in Fig. (b) and (c) are enough
to compute the anomalous drag term D. With
the measured phase difference of about 30°, D =
—0.5[6ne|[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 re-
sistivity ~ n,Jy ~ 7 V/m. Here 1) 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 pres-
sure tensor [3H5] or other anomalous effects from higher-
frequency fluctuations.

Since our measurements of fluctuating quantities are
limited to édn. and dFEy, we need a different approach
to compute other anomalous terms. Here results from a
linear theoretical model with collisional effects are used
to obtain relation among fluctuating quantities. Prior to
this, however, we need to verify that the linear relation-
ship 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 6 (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 afore-
mentioned field and plasma parameters, the dispersion
relation of LHDW is obtained.

Figure 3| (a) and (b) shows the real and imaginary
component of w normalized to wry (angular lower hy-
brid frequency) as a function of k and 6, respectively.
The model expects that ES-LHDW is unstable near the
X-line with the maximum growth rate of 0.2wry at
(kpe,0) = (0.63,90°), as denoted by red X marks. Here,
pe 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 simula-
tions [53]. The real frequency with the maximum growth
rate is about 0.27wyy, which is different from observed
frequency of ~ 0.5wyy. This discrepancy is due to the
frame difference; the results from 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 ~ 0.5wp g in the lab frame,
which is consistent with the measured frequency.

Finally, we verify that the linear relationship between
0ne and Fy from the model agrees with measurements.
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FIG. 3. (a) Real part of the angular frequency as a function
of kp. and 0. The value is normalized to wra. 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 wru as a function of kpe
and 6. The theoretical model expects a strong growth rate
of about 0.2wru 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 §Ey and the linear relation calculated by the
collisional model. In terms of both amplitude and phase, they
are in agreement.

As shown in Fig. |3|(c¢), the reconstructed dn, (red dashed
line) agrees well with the measured dn, (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 dn, reconstruction from
0Fy should be mentioned. Via this linear model, all
quantities such as dn. can be expressed as a func-
tion of §Ey with a complex coefficient A; dn.(k,0) =
A(k,0)0Ey (k,0). This complex coefficient, representing
the linear relationship between the two fluctuating quan-
tities, is a function of both k and 6. For strict compar-
ison, we need to know 0Ey (k,8) for all modes, which is
not possible as § E'y can only be expressed as a function of
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FIG. 4. Electron temperature (7c) as a function of the am-
plitude (|6 Ey|) of LHDW near the X-line for both moderate
(blue asterisks) and high (red) GF cases. Error bars represent
standard deviations of each data set. There is a general trend
that Tt is higher with larger 6 Ey .

the frequency via the Fourier transform. We notice that
the wave energy is mostly concentrated around 0.5 fLy
and that A is a weak function of both k and 6 around
the maximum growth rate. Thus, it is justifiable to use
the linear relation coefficient of the mode with the maxi-
mum growth rate, A(kmax,Omax) for 6Ey (f). Then, on,
can be reconstructed by a inverse Fourier transform of
A(kmaxa emax)(SEY (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 (6J. - 6R),
where 6J. is the first-order electron current and 0R 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 negligible
contribution from temperature fluctuations to JR, 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 77”J”2 +n1J? ~2.0 MW/m3.

Figure [] demonstrates the relation between the wave
amplitude and the local electron temperature in about
200 discharges. Two sets of data are presented; blue as-
terisks 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 (Bg/Brec ~ 2.0). In both cases, there is
a trend that T, is higher with larger |§Ey|. In all cases,
the location of the probe is within 2 ¢cm (~ 10d,) of the
X-point and T, and |6 Ey | are averaged over 1.6 us. Each
data point represents the average of about 25 discharges
with a similar wave amplitude and S,; for the moderate
GF case, 0.5 < B, < 0.7, while 0.03 < B, < 0.15 for
the high GF case. There is also no strong variance in



the baseline electron temperature in the upstream region
and reconnection electric field. Error bars are based on
the standard deviation of each data set.

It is worth noting that expected electron heating is
more significant in the high GF case, while the ampli-
tude of E'y 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 perpen-
dicular 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 elec-
tron temperature. Information on the local electron heat
flux is required to verify this effect, which can be ob-
tained 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 am-
plitude of LHDW in the high GF case exceeds about 200
V/m, the LHDW spectrum becomes broad-band (turbu-
lent), limiting the fluctuation amplitude. For the mod-
erate 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 (§Fy (k,0)),
which is not available. Moreover, unlike the n, recon-
struction, the mode with the maximum growth rate can-
not 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 num-
ber (k) is required to meet the resonance condition of
Ve = w/ky. As result, it is very difficult to estimate colli-
sionless 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 labora-
tory 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 d Ey and dn. from the collisional
theory agrees with measurements. The theory tells us
that the small phase difference between dFEy and dn, is
mostly due to effects from the Lorentz force term. The
physics behind the anomalous resistivity will be found

in the Supplemental material. We also plan to quantify
the effects of LHDWSs on electron dynamics with a dif-
ferent guide field, including the electromagnetic LHDW
that were observed before [27] [30] 34] [36], 37, [44].

This work was supported by the DOE Contract
No. DEAC0209CH11466 and NASA Grants No.
NNH20ZDAO001N, 80HQTR21T0060, 80NSSC21K1462,
and 80NSSC21K1795. The data that support the find-
ings of this study are openly available in the Princeton
Data Commons.

* ljyoo@pppl.gov:

[1] M. Yamada, R. Kulsrud, and H. Ji, Magnetic reconnec-
tion, Rev. Mod. Phys. 82, 603 (2010)!

[2] H. Ji, W. Daughton, J. Jara-Almonte, A. Le, A. Stanier,
and J. Yoo, Magnetic reconnection in the era of exascale
computing and multiscale experiments, Nature Reviews
Physics 4, 263 (2022).

[3] M. Hesse, K. Schindler, J. Birn, and M. Kuznetsova,
The diffusion region in collisionless magnetic reconnec-
tion, Phys. Plasmas 6, 1781 (1999).

[4] J. L. Burch, R. B. Torbert, T. D. Phan, L.-J. Chen, T. E.
Moore, R. E. Ergun, J. P. Eastwood, D. J. Gershman,
P. A. Cassak, M. R. Argall, S. Wang, M. Hesse, C. J. Pol-
lock, B. L. Giles, R. Nakamura, B. H. Mauk, S. A. Fuse-
lier, C. T. Russell, R. J. Strangeway, J. F. Drake, M. A.
Shay, Y. V. Khotyaintsev, P.-A. Lindqvist, G. Ilund,
F. D. Wilder, D. T. Young, K. Torkar, J. Goldstein,
J. C. Dorelli, L. A. Avanov, M. Oka, D. N. Baker, A. N.
Jaynes, K. A. Goodrich, I. J. Cohen, D. L. Turner, J. F.
Fennell, J. B. Blake, J. Clemmons, M. Goldman, D. New-
man, S. M. Petrinec, K. J. Trattner, B. Lavraud, P. H.
Reiff, W. Baumjohann, W. Magnes, M. Steller, W. Lewis,
Y. Saito, V. Coffey, and M. Chandler, Electron-scale
measurements of magnetic reconnection in space, Science
352, aaf2939 (2016).

[5] R. B. Torbert, J. L. Burch, T. D. Phan, M. Hesse, M. R.
Argall, J. Shuster, R. E. Ergun, L. Alm, R. Nakamura,
K. J. Genestreti, D. J. Gershman, W. R. Paterson,
D. L. Turner, I. Cohen, B. L. Giles, C. J. Pollock,
S. Wang, L.-J. Chen, J. E. Stawarz, J. P. Eastwood,
K. J. Hwang, C. Farrugia, I. Dors, H. Vaith, C. Mouikis,
A. Ardakani, B. H. Mauk, S. A. Fuselier, C. T. Rus-
sell, R. J. Strangeway, T. E. Moore, J. F. Drake,
M. A. Shay, Y. V. Khotyaintsev, P.-A. Lindqvist,
W. Baumjohann, F. D. Wilder, N. Ahmadi, J. C.
Dorelli, L. A. Avanov, M. Oka, D. N. Baker, J. F.
Fennell, J. B. Blake, A. N. Jaynes, O. L. Contel, S. M.
Petrinec, B. Lavraud, and Y. Saito, Electron-scale
dynamics of the diffusion region during symmetric mag-
netic reconnection in space, |Science 362, 1391 (2018),
https://www.science.org/doi/pdf/10.1126 /science.aat2998.

[6] K. Fujimoto, I. Shinohara, and H. Kojima, Reconnection
and waves: A review with a perspective, Space Science
Reviews 160, 123 (2011).

[7] Y. V. Khotyaintsev, D. B. Graham, C. Norgren, and
A. Vaivads, Collisionless magnetic reconnection and
waves: Progress review, Frontiers in Astronomy and
Space Sciences 6, 10.3389 /fspas.2019.00070| (2019).


mailto:jyoo@pppl.gov
https://doi.org/10.1103/RevModPhys.82.603
https://doi.org/10.1063/1.873436
https://doi.org/10.1126/science.aat2998
https://arxiv.org/abs/https://www.science.org/doi/pdf/10.1126/science.aat2998
https://doi.org/10.3389/fspas.2019.00070

[8] K. Papadopoulos, A review of anomalous resistivity for
the ionosphere, Reviews of Geophysics and Space Physics
15, 113 (1977).

[9] C. Kennel and H. Petschek, Limit on stably trapped par-
ticle fluxes, J. Geophys. Res. 71, 1 (1966).

[10] M. V. Goldman, D. L. Newman, G. Lapenta, L. Ander-
sson, J. T. Gosling, S. Eriksson, S. Markidis, J. P. East-
wood, and R. Ergun, Cerenkov Emission of Quasiparal-
lel Whistlers by Fast Electron Phase-Space Holes during
Magnetic Reconnection, Phys. Rev. Lett. 112, 145002
(2014).

[11] O. Buneman, Instability, Turbulence, and Conductiv-
ity in Current-Carrying Plasma, Phys. Rev. Lett. 1, 8
(1958).

[12] J. Drake, M. Swisdak, C. Cattell, M. Shay, B. Rogers,
and A. Zeiler, Formation of electron holes and particle
energization during magnetic reconnection, Science 299,
873 (2003).

[13] H. Che, J. F. Drake, and M. Swisdak, A current filamen-
tation mechanism for breaking magnetic field lines during
reconnection, Nature 474, 184 (2011).

[14] B. Coppi and A. B. Friedland, Processes of magnetic-
energy conversion and solar flares, The Astrophysical
Journal 169, 379 (1971).

[15] D. F. Smith and E. R. Priest, Current Limitation in Solar
Flares, Astrophys. J. 176, 487 (1972).

[16] F. Coroniti and A. Evitar, Magnetic field reconnection in
a collisionless plasma, Ap. J. Suppl. Series 33, 89 (1977).

[17] R. Z. Sagdeev, The 1976 oppenheimer lectures: Critical
problems in plasma astrophysics. i. turbulence and non-
linear waves, [Rev. Mod. Phys. 51, 1 (1979).

[18] W. Daughton, Two-fluid theory of the drift kink insta-
bility, J. Geophys. Res. 104, 28701 (1999).

[19] T. K. M. Nakamura, H. Hasegawa, W. Daughton,
S. Eriksson, W. Y. Li, and R. Nakamura, Turbulent mass
transfer caused by vortex induced reconnection in colli-
sionless magnetospheric plasmas, Nat. Commun. 8, 1582
(2017).

[20] H. Che, How anomalous resistivity accelerates magnetic
reconnection, Physics of Plasmas 24, 082115 (2017).

[21] D. B. Graham, Y. V. Khotyaintsev, A. Vaivads, M. An-
dre, C. Norgren, J. Drake, P.-A. Linqvist, O. Le Contel,
R. Ergun, D. Gershman, B. Giles, C. Russell, W. Magnes,
J. Burch, R. Torbert, K.-J. Hwang, and K. Dokgo, Di-
rect observations of anomalous resistivity and diffusion
in collisionless plasma, Nat. Commun. 13, 2954 (2022).

[22] F. S. Mozer, M. Wilber, and J. F. Drake, Wave associ-
ated anomalous drag during magnetic field reconnection,
Phys. Plasmas 18, 102902 (2011),

[23] N. Krall and P. Liewer, Low-frequency instabilities in
magnetic pulses, Phys. Rev. A 4, 2094 (1971).

[24] J. McBride, E. Ott, J. Boris, and J. Orens, Theory and
Simulation of Turbulent Heating by the Modified Two-
Stream Instability, Phys. Fluids 15, 2367 (1972).

[25] R. C. Davidson and N. T. Gladd, Anomalous transport
properties associated with the lower-hybrid-drift insta-
bility, Phys. Fluids 18, 1327 (1975).

[26] I. Silin, J. Biichner, and A. Vaivads, Anoma-
lous resistivity due to nonlinear lower-hybrid drift
waves, [Physics of Plasmas 12, 062902 (2005),
https://doi.org/10.1063,/1.1927096.

[27] R. Kulsrud, H. Ji, W. Fox, and M. Yamada, An electro-
magnetic drift instability in the magnetic reconnection
experiment and its importance for magnetic reconnec-

tion, Phys. Plasmas 12, 082301 (2005).

[28] P. H. Yoon and A. T. Y. Lui, Anomalous resistivity by
fluctuation in the lower-hybrid frequency range, |Journal
of Geophysical Research: Space Physics 112 (2007),

https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2006JA01<

[29] V. Roytershteyn, W. Daughton, H. Karimabadi, and
F. S. Mozer, Influence of the lower-hybrid drift instability
on magnetic reconnection in asymmetric configurations,
Phys. Rev. Lett. 108, 185001 (2012).

[30] V. Roytershteyn, S. Dorfman, W. Daughton, H. Ji,
M. Yamada, and H. Karimabadi, Electromagnetic insta-
bility of thin reconnection layers: Comparison of three-
dimensional simulations with mrx observations, Phys.
Plasmas 20, 061212 (2013).

[31] J. Yoo, J.-Y. Ji, M. V. Ambat, S. Wang, H. Ji,
J. Lo, B. Li, Y. Ren, J. Jara-Almonte, L.-J. Chen,
W. Fox, M. Yamada, A. Alt, and A. Goodman, Lower
hybrid drift waves during guide field reconnection,
Geophysical Research Letters 47, e2020GL087192
(2020), €2020GL087192 10.1029/2020GL087192,

https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2020GL08&’

[32] T. A. Carter, H. Ji, F. Trintchouk, M. Yamada, and R. M.
Kulsrud, Measurement of lower-hybrid drift turbulence in
a reconnecting current sheet, Phys. Rev. Lett. 88, 015001
(2001).

[33] Y. Hu, J. Yoo, H. Ji, A. Goodman, and X. Wu, Probe
measurements of electric field and electron density fluc-
tuations at megahertz frequencies using in-shaft minia-
ture circuits, Review of Scientific Instruments 92, 033534
(2021), https://doi.org/10.1063/5.0035135.

[34] H. Ji, S. Terry, M. Yamada, R. Kulsrud, A. Kuritsyn,
and Y. Ren, Electromagnetic fluctuations during fast re-
connection in a laboratory plasma, Phys. Rev. Lett. 92,
115001 (2004).

[35] J. Yoo, M. Yamada, H. Ji, J. Jara-Almonte, C. E. Myers,
and L.-J. Chen, Laboratory study of magnetic reconnec-
tion with a density asymmetry across the current sheet,
Phys. Rev. Lett. 113, 095002 (2014).

[36] H. Ji, R. Kulsrud, W. Fox, and M. Yamada, An obliquely
propagating electromagnetic drift instability in the lower
hybrid frequency range, J. Geophys. Res. 110, A08212
(2005).

[37] A. von Stechow, W. Fox, J. Jara-Almonte, J. Yoo, H. Ji,
and M. Yamada, Electromagnetic fluctuations during
guide field reconnection in a laboratory plasma, to be
submitted (2017).

[38] V. Roytershteyn, S. Dorfman, W. Daughton, H. Ji,
M. Yamada, and H. Karimabadi, Electromagnetic insta-
bility of thin reconnection layers: comparison of 3d simu-
lations with mrx observations, Phys. Plasmas 20, 061212
(2013).

[39] C. Norgren, A. Vaivads, Y. V. Khotyaintsev, and
M. André, Lower hybrid drift waves: Space observations,
Phys. Rev. Lett. 109, 055001 (2012).

[40] D. B. Graham, Y. V. Khotyaintsev, C. Norgren,
A. Vaivads, M. André, S. Toledo-Redondo, P.-A.
Lindqvist, G. T. Marklund, R. E. Ergun, W. R. Paterson,
D. J. Gershman, B. L. Giles, C. J. Pollock, J. C. Dorelli,
L. A. Avanov, B. Lavraud, Y. Saito, W. Magnes, C. T.
Russell, R. J. Strangeway, R. B. Torbert, and J. L. Burch,
Lower hybrid waves in the ion diffusion and magneto-
spheric inflow regions, J. Geophys. Res. 122, 517 (2017),
2016JA023572.

[41] D. B. Graham, Y. V. Khotyaintsev, C. Norgren,


https://doi.org/10.1029/RG015i001p00113
https://doi.org/10.1029/RG015i001p00113
https://doi.org/10.1086/151651
https://doi.org/10.1103/RevModPhys.51.1
https://doi.org/s41467-017-01579-0
https://doi.org/s41467-017-01579-0
https://doi.org/10.1038/s41467-022-30561-8
https://doi.org/10.1063/1.3647508
https://doi.org/10.1063/1.861021
https://doi.org/10.1063/1.1927096
https://arxiv.org/abs/https://doi.org/10.1063/1.1927096
https://doi.org/10.1029/2006JA012209
https://doi.org/10.1029/2006JA012209
https://arxiv.org/abs/https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2006JA012209
https://doi.org/10.1103/PhysRevLett.108.185001
https://doi.org/http://dx.doi.org/10.1063/1.4811371
https://doi.org/http://dx.doi.org/10.1063/1.4811371
https://doi.org/https://doi.org/10.1029/2020GL087192
https://doi.org/https://doi.org/10.1029/2020GL087192
https://arxiv.org/abs/https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2020GL087192
https://doi.org/10.1103/PhysRevLett.88.015001
https://doi.org/10.1103/PhysRevLett.88.015001
https://doi.org/10.1063/5.0035135
https://doi.org/10.1063/5.0035135
https://arxiv.org/abs/https://doi.org/10.1063/5.0035135
https://doi.org/10.1103/PhysRevLett.92.115001
https://doi.org/10.1103/PhysRevLett.92.115001
https://doi.org/10.1103/PhysRevLett.113.095002
https://doi.org/10.1103/PhysRevLett.109.055001
https://doi.org/10.1002/2016JA023572

A. Vaivads, M. André, J. F. Drake, J. Egedal, M. Zhou, https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2022J A03]
O. Le Contel, J. M. Webster, B. Lavraud, I. Kacem, [48] M. Yamada, H. Ji, S. Hsu, T. Carter, R. Kulsrud,
V. Génot, C. Jacquey, A. C. Rager, D. J. Gershman, N. Bretz, F. Jobes, Y. Ono, and F. Perkins, Study of
J. L. Burch, and R. E. Ergun, Universality of lower driven magnetic reconnection in a laboratory plasma,
hybrid waves at earth’s magnetopause, Journal of Phys. Plasmas 4, 1936 (1997).

Geophysical Research: Space Physics 124, 8727 (2019), [49] J. Yoo, Y. Hu, J.-Y. Ji, H. Ji, M. Yamada, A. Goodman,
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2019J A2 B&fstedt, W. Fox, and A. Alt, Effects of coulomb col-
L.-J. Chen, S. Wang, M. Hesse, R. E. Ergun, T. Moore, lisions on lower hybrid drift waves inside a laboratory re-
B. Giles, N. Bessho, C. Russell, J. Burch, R. B. connection current sheet, Physics of Plasmas 29, 022109
Torbert, K. J. Genestreti, W. Paterson, C. Pollock, (2022), |https://doi.org/10.1063/5.0052555.

B. Lavraud, O. Le Contel, R. Strangeway, Y. V. [50] J. Yoo, B. Na, J. Jara-Almonte, M. Yamada, H. Ji,
Khotyaintsev, and P.-A. Lindqvist, Electron diffusion V. Roytershteyn, M. R. Argall, W. Fox, and L.-J. Chen,
regions in magnetotail reconnection under varying guide Electron heating and energy inventory during asymmet-
fields, Geophysical Research Letters 46, 6230 (2019), ric reconnection in a laboratory plasma,|J. Geophys. Res.

https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2019GI1X239264 (2017), 2017JA024152.

L.-J. Chen, S. Wang, O. Le Contel, A. Rager, M. Hesse, [61] H. Ji and W. Daughton, Phase diagram for magnetic
J. Drake, J. Dorelli, J. Ng, N. Bessho, D. Graham, L. B. reconnection in heliophysical, astrophysical, and lab-
Wilson, T. Moore, B. Giles, W. Paterson, B. Lavraud, oratory plasmas, Phys. Plasmas 18, 111207 (2011),
K. Genestreti, R. Nakamura, Y. V. Khotyaintsev, R. E. arXiv:1109.0756 [astro-ph.IM].

Ergun, R. B. Torbert, J. Burch, C. Pollock, C. T. Russell, [62] S.-L. Chen and T. Sekiguchi, Instantaneous direct-
P.-A. Lindqvist, and L. Avanov, Lower-hybrid drift waves display system of plasma parameters by means of triple
driving electron nongyrotropic heating and vortical flows probe, J. Appl. Phys. 36, 2363 (1965).

in a magnetic reconnection layer, [Phys. Rev. Lett. 125, [63] J. Ng, J. Yoo, L.-J. Chen, N. Bessho, and H. Ji, 3d
025103 (2020). simulation of lower-hybrid drift waves in strong guide
J. Yoo, M. Yamada, H. Ji, J. Jara-Almonte, and C. E. field asymmetric reconnection in laboratory experiments,
Myers, Bulk ion acceleration and particle heating dur- Phys. Plasmas 30, 042101 (2023).

ing magnetic reconnection in a laboratory plasma, Phys. [54] H. Tanabe, T. Yamada, T. Watanabe, K. Gi, K. Kad-
Plasmas 21, 055706 (2014). owaki, M. Inomoto, R. Imazawa, M. Gryaznevich,
A. Le, W. Daughton, L.-J. Chen, and J. Egedal, En- C. Michael, B. Crowley, N. J. Conway, R. Scannell,
hanced electron mixing and heating in 3-d asymmetric J. Harrison, 1. Fitzgerald, A. Meakins, N. Hawkes, K. G.
reconnection at the earth’s magnetopause, Geophys. Res. McClements, T. O’Gorman, C. Z. Cheng, and Y. Ono
Lett. 44, 2096 (2017), 2017GL072522. (The MAST Team), Electron and ion heating character-
R. Davidson, N. Gladd, C. Wu, and J. Huba, Effects of istics during magnetic reconnection in the mast spherical
finite plasma beta on the lower-hybrid drift instability, tokamak, Phys. Rev. Lett. 115, 215004 (2015).

Phys. Fluids 20, 301 (1977). [65] I. H. Cairns and B. F. McMillan, Electron acceler-
Y. Ren, L. Dai, C. Wang, and B. Lavraud, Sta- ation by lower hybrid waves in magnetic reconnec-
tistical properties of lower hybrid waves in the tion regions, Physics of Plasmas 12, 102110 (2005),
magnetopause reconnection exhaust region, Jour- https://doi.org/10.1063/1.2080567.

nal of Geophysical Research: Space Physics 128,
€2022JA031242 (2023), €2022JA031242 2022JA031242,


https://doi.org/10.1029/2019JA027155
https://doi.org/10.1029/2019JA027155
https://arxiv.org/abs/https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2019JA027155
https://doi.org/10.1029/2019GL082393
https://arxiv.org/abs/https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2019GL082393
https://doi.org/10.1103/PhysRevLett.125.025103
https://doi.org/10.1103/PhysRevLett.125.025103
https://doi.org/http://dx.doi.org/10.1063/1.4874331
https://doi.org/http://dx.doi.org/10.1063/1.4874331
https://doi.org/10.1002/2017GL072522
https://doi.org/10.1002/2017GL072522
https://doi.org/https://doi.org/10.1029/2022JA031242
https://doi.org/https://doi.org/10.1029/2022JA031242
https://doi.org/https://doi.org/10.1029/2022JA031242
https://arxiv.org/abs/https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2022JA031242
https://doi.org/10.1063/1.872336
https://doi.org/10.1063/5.0052555
https://doi.org/10.1063/5.0052555
https://arxiv.org/abs/https://doi.org/10.1063/5.0052555
https://doi.org/10.1002/2017JA024152
https://doi.org/10.1002/2017JA024152
https://doi.org/10.1063/1.3647505
https://arxiv.org/abs/1109.0756
https://doi.org/10.1063/1.1714492
https://doi.org/10.1103/PhysRevLett.115.215004
https://doi.org/10.1063/1.2080567
https://arxiv.org/abs/https://doi.org/10.1063/1.2080567

	Anomalous resistivity and electron heating by lower hybrid drift waves during magnetic reconnection with a guide field
	Abstract
	Acknowledgments
	References


