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Abstract Generation and propagation of lower hybrid drift wave (LHDW) near the electron diffusion
region (EDR) during guide field reconnection at the magnetopause is studied with data from the
Magnetospheric Multiscale mission and a theoretical model. Inside the current sheet, the electron beta (f,)
determines which type of LHDW is excited. Inside the EDR, where the electron beta is high (f, ~ 5), the
long-wavelength electromagnetic LHDW is observed propagating obliquely to the local magnetic field. In
contrast, the short-wavelength electrostatic LHDW, propagating nearly perpendicular to the magnetic
field, is observed slightly away from the EDR, where f, is small (~0.6). These observed LHDW features are
explained by a local theoretical model, including effects from the electron temperature anisotropy, finite
electron heat flux, electrostatics, and parallel current. The short-wavelength LHDW is capable of
generating significant drag force between electrons and ions.

Plain Language Summary The lower hybrid drift wave (LHDW) is generated inside the current
sheet by the electric current perpendicular to the local magnetic field. With data from the Magnetospheric
Multiscale (MMS) mission, we confirm that two types of LHDW are excited in the current sheet during
magnetic reconnection with guide field, depending on the local plasma parameter, called beta (ratio
between the magnetic field pressure and plasma pressure). One is the short-wavelength, quasi-electrostatic
LHDW excited just outside the central reconnection site, called the electron diffusion region. The other is
the long-wavelength, electromagnetic LHDW excited in the electron diffusion region. A local theoretical
model is developed to explain the excitation of both types of the LHDW in the current sheet. Results from
the model agree with MMS observations. The short-wavelength LHDW is capable of generating additional
friction between electrons and ions, indicating possible importance of this LHDW on reconnection and
electron dynamics.

1. Introduction

Magnetic reconnection (Yamada et al., 2010) rapidly releases magnetic energy through topological rear-
rangement of magnetic field lines. In the diffusion region, where reconnection occurs, there are various
sources of free energy for waves and instabilities. In particular, the lower hybrid drift wave (LHDW) has
been frequently observed near the diffusion region in both laboratory (e.g., Carter et al., 2001; Ji et al., 2004;
Yoo, Yamada, Ji, Jara-Almonte, Myers, & Chen, 2014) and space plasmas (e.g., Chen et al., 2019; Graham
et al., 2017; Norgren et al., 2012). The fast-growing, short-wavelength (kp, ~ 1; k is the magnitude of the
wave vector k; p, is the electron gyroradius), electrostatic LHDW propagating nearly perpendicular to the
local magnetic field (B,) does not exist near the electron diffusion region (EDR) during antiparallel recon-
nection (Carter et al., 2001; Roytershteyn et al., 2012, 2013) due to the stabilization by the high plasma beta
(p) (Davidson et al., 1977). The long-wavelength (k\/m ~ 1; p; is the ion gyroradius) electromagnetic
LHDW propagating obliquely to B, is observed in the EDR (Ji et al., 2004; Roytershteyn et al., 2012), but it
does not play an important role in fast reconnection under typical magnetosphere conditions (Roytershteyn
et al., 2012).

In most cases, reconnection occurs in the presence of a finite guide field, which is a relatively uniform
out-of-plane magnetic field component. The presence of the guide field impacts the structure of the diffusion
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Figure 1. Overview of a magnetopause event with LHDW activity observed by MMS2. Two magenta dashed lines
denoted by A and B indicate the time where LHDW stability analysis is performed. Region A represents the EDR, while
Region B is slightly outside the EDR. (a) Magnetic field profile measured by FGM. Across the current sheet, there is an
average negative By, component. (b) Magnetic field profile measured by SCM, filtered by a low-pass filter with a cutoff
frequency of 40 Hz. (c) Magnetic field spectrogram by the Morlet wavelet. The black line indicates the local lower
hybrid frequency, f1 . Fluctuations in the magnetic field persists throughout the current sheet crossing
(01:17:39.7-01:17:41.5). In Region A, the fluctuations is below f7 1. (d) Electric field profile filtered by the same filter.
There are strong fluctuations around Region B. (e) Electric field spectrogram by the wavelet analysis, which
demonstrates fluctuations near f} ;; around Region B. (f) Electron density profile. Density fluctuations exist near B.

(g) Profile of B. In Region A, B, is high, while it becomes small around Region B. (h) Profile of the electron flow. Both
parallel (red) and perpendicular (blue) components exist throughout the current sheet crossing.

region and electron and ion dynamics (Fox et al., 2017; Pritchett & Coroniti, 2004; Ricci et al., 2004;
Tharp et al., 2012). Moreover, the guide field can reduce the value of # in the EDR in such a way that
fast-growing, short-wavelength LHDW may exist in the EDR. The short-wavelength LHDW may potentially
impact reconnection and electron dynamics in the EDR.

Here, we demonstrate that the short-wavelength LHDW is generated near the EDR by analyzing data from
the Magnetospheric Multiscale (MMS) mission. In the analyzed event, there is a moderate guide field
(Bg ~0.5B,; B, is the guide field magnitude; B, is the reconnecting field magnitude). Inside the EDR
where the electron beta (8, ) is high (~5), the long-wavelength LHDW is present, while the short-wavelength
LHDW is excited slightly away from the EDR where g, is about 0.6.
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Observed LHDW activity is explained by a local theoretical model. This model represents an improvement
over a previous model (Ji et al., 2005) due to inclusion of various important effects such as electron temper-
ature anisotropy, finite electron heat flux for the parallel temperature, electrostatics, and parallel electron
flow. This new model addresses dynamics of LHDW with an arbitrary angle between k and B, unlike the
classical formulation (Davidson et al., 1977). Results from this model agree with measured characteristics
of the short-wavelength LHDW where k is nearly perpendicular to B, at kp, ~0.7. The short-wavelength
LHDW produces significant drag force between electrons and ions. In this event, the short-wavelength
LHDW exists slightly away from the EDR. However, analysis shows that the short-wavelength LHDW can
be exited in the EDR, if there is a guide field enough to decrease g, in the EDR, potentially affecting electron
and reconnection dynamics.

2. Overview of the MMS Event With LHDW

An overview of a magnetopause event, observed by MMS2 on 14 December 2015 (Chen et al., 2017; Ergun
et al., 2017), is shown in Figure 1. Here, we use burst-mode data from the fluxgate magnetometer (FGM)
(Russell et al., 2016), search coil magnetometer (SCM) (Le Contel et al., 2016), the electric field spin plane
(Lindgqvist et al., 2016), axial double probes (Ergun et al., 2016), and fast plasma investigation (FPT) (Pollock
et al., 2016). Two magenta vertical lines denote two regions where the local dispersion relation for LHDW
is calculated. Region A represents the EDR (Chen et al., 2017; Ergun et al., 2017), while Region B is slightly
outside the EDR.

The magnetic field profile measured by the FGM is shown in Figure la. The transformation matrix
from the geocentric solar ecliptic coordinate to the local LMN coordinate system is (L,M,N) =
([0.095,-0.481, 0.865], [— 0.445, — 0.811, — 0.392], [0.889, — 0.346, — 0.290]), which is obtained by a hybrid
method (Yoo & Yamada, 2012) using both the minimum variance analysis and timing analysis, with the
assumption of the constant thickness (Haaland et al., 2004). The current sheet thickness for this event is
about 130 km, which is larger than the ion skin depth d; in Region B (~90km). Region A is close to the
reversal of the reconnecting field component B;, while Region B is shifted to the low-density side. Note that
there is a density asymmetry across the current sheet with a ratio of about 3, as shown in Figure 1f. Profiles
of B; and the electron flow u, in Figure 1h suggest that MMS2 passes through the current sheet between
01:17:39.7 and 01:17:41.5.

The out-of-plane magnetic field component B,, has a negative value on average, indicating there is a guide
field for this event. The large perturbation of B,, from 01:17:39.7 to 01:17:40.3 in Figure 1a is due to the
bipolar Hall field structure in asymmetric reconnection (Mozer et al., 2008; Pritchett, 2008; Yoo, Yamada, Ji,
Jara-Almonte, & Myers, 2014). Excluding this variation, the guide field strength is about 14 nT. Considering
the asymmetry (Cassak & Shay, 2007), B, is about 28 nT. Thus, B, ~ 0.5B,.

Near Region A, as shown in Figures 1b and 1c, fluctuations in the magnetic field B exist below the local
lower hybrid frequency (f1 5, denoted by the black line in (c)). Fluctuations in the electric field E and electron
density n, are not strong, as shown in Figures 1d and 1f. Around Region B, as shown in Figures 1b-1f, there
are fluctuations in B, E, and n, near f; ;. Spectrograms of B and E, shown in Figures 1c and 1e, indicate that
most of the fluctuation power exists near f ;.

Figures 1g and 1h show profiles of . and the electron flow vector u,, respectively. Values of f, are different
in the two regions, about 4.2 in A and 0.6 in B. Values of u,, in contrast, are similar. Note that both the per-
pendicular and parallel components of u, are significant. The observed features of fluctuations in Region B
can be explained by the short-wavelength LHDW. First, the perpendicular electron flow u,, is large. Second,
the mode exists when g, is small. Finally, the frequency of the wave is around f ;.

3. Calculation of the LHDW Dispersion Relation

The geometry of our local model is similar to that of Ji et al. (2005); z is along B, and y is along the density
gradient direction in the ion rest frame. The wave vector is assumed on the x-z plane with an assumption of
negligible k. Unlike Ji et al. (2005), the equilibrium electron flow velocity (u,) has a parallel component
(Ueop)- Equilibrium temperature is assumed to be uniform, and ion temperature anisotropy is ignored.

The detailed derivation of the dispersion relation is provided in the supporting information. Here, only
important improvements over the model in Ji et al. (2005) are discussed. First, for the quasi-electrostatic
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nature of the short-wavelength LHDW, the perturbed electron density n,, is independently obtained from
the electron continuity equation:

(@ —k-ugpng = (k- 0y — iely ), (1)

where the subscript 1 indicates perturbed quantities while the subscript 0 indicates equilibrium quantities,
U, is the equilibrium electron flow, u,, is the perturbed electron flow velocity, n, is the equilibrium density,
and e = (dng,/dy)/n., is the inverse of the density gradient scale. The electron temperature anisotropy is
also taken into account; TL # TL‘O, where Tel0 and T!O are the perpendicular and parallel electron equilibrium
temperature, respectwely.

The perturbed perpendicular electron pressure is assumed to be pjl R Ny TeO, which means that the per-
pendicular temperature perturbation is ignored (isothermal limit). This simplification is justifiable because
LHDW stability does not depend strongly on the specific form of pell; other terms such as E,, u,; X By, and
u,, X B, are more important for the electron momentum balance along the perpendicular direction. Here,
E, and B, are the perturbed electric and magnetic field, respectively. This isothermal limit implies infinite
heat flux for the perpendicular temperature. We find that the dispersion relation does not change much even

in the limit of the zero heat flux.
For the parallel direction, however, it is important to consider a more rigorous closure for the perturbed

parallel electron pressure, p!l. To obtain pgl, we start from the following equation from the Vlasov equation:

P
ot

where p! = m, [(v, - u,)* f.dv, q! = m, [(v—u)v, - uez)zfedv, and n,u, = [vf,dv. Note that q! is the
electron heat flux affecting the parallel electron temperature rather than the parallel heat flux.

ou,
= +V-(uph+V- q”+2 pe )

A closure for q(ll is required for p!l. The 3 + 1 fluid model (Ji & Joseph, 2018) gives

<

q!=—

T,
— (p“VT + T, Vpl - Vﬂ” T! ij> +q 2 3)
€

where 75” 2(p2 - pei) /3and T, = (2Tel + TL') /3. The derivation of this equation is also given in the
supporting information. The closure for qﬂlz in the collisionless limit is (Ji & Joseph, 2018)

= =L g, 7! @
elz — \/— |k | e’ el?
7T 1
where T‘I (p” nl) /ny, is the perturbed parallel temperature and v, = 1/2T,,/m, is the electron
thermal speed By hnearlzmg Equation 3, qelx becomes
I Lyl
2 (T —4T )T,
q!ellx = _9 Tl i T» oUeox = T T(la,‘l Ugoxs (S)

where r'eI = 2(4T T”O)/9(Tl + T;,). With Equations 2, 4, and 5, p is given by
ZanOTeOuelZ

: (6)
o=k g — 1k, g, + 2/ \/m)K; Ve

I _ Il
Dey = nelTeO +

With these closures, the electron momentum equation is solved to obtain the perturbed electron current
density, J,. The ion current is given by (Ji et al., 2005)
inye? Z"(E, - k) .

_ _ "
T = = |2OB =k =i(5) 2 Elyk}, @)

where m; is the ion mass, v; = 1/2Tj,/m,; is the ion thermal speed, { = w/kv,, and Z({) is the plasma
dispersion function. With J; = J, + J;;, the Maxwell equation without the displacement currentk X (k X E;)
= —iwp,J, can be expressed as

Dxx ny sz Elx
D.VX Dyy Dyz Ely =0, )
sz Dzy Dzz Elz

YOO ET AL. 4 0f 10



A7
ra\* 1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL087192

(@ R(w)/w LH Y/w LH

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
kpe k P
Figure 2. Dispersion relation of LHDW for Region A (panel (a)) and Region B (panel (b)). For each subplot, the left
(right) panel shows the contour plot for the real (imaginary) part of the angular frequency normalized by the local
lower hybrid frequency oy as a function of kp, and 0. Here, p, is the electron gyroradius in Region B even for the axis
of panels (a). (a) In Region A, the long-wavelength LHDW (6 ~ 70° is unstable, while the short-wavelength LHDW is

marginally stable (y ~ 0) due to high p. (b) In Region B, the short-wavelength LHDW has fast growth rates y ~ 0.60y i1
with 91(03) ~OpH-

with a tensor D. The dispersion relation for the wave can be obtained from det D = 0. The calculation for
each component of D is provided in the supporting information.

Dispersion relations are obtained with plasma and field parameters measured in Regions A and B. For
Region A, the parameters averaged over 01:17:39.989-01:17:40.049 are B, = 6.5nT, n, = 6.1 cm~3,
Tl = 79.5eV, T = 70.9€V, T}y = 395€V, ug, = 17.9V,, and uy, = —14.1V,, where V, = 57.7km/s is
the local Alfvén speed. With these values, f, = 4.24 and f;;; = 4.4 Hz. For Region B, the parameters aver-
aged over 01:17:40.469-529 are B, = 19.8nT, n, = 6.2 cm™3, Ti'o = 122¢V, Tei0 = 77.6eV, T, = 402¢eV,
Uegy = 2.65V,, and uyy, = —5.07V, with V,, = 174km/s, f, = 0.58, and f1; = 12.9 Hz.

The calculated dispersion relation with parameters in Region A is shown in Figure 2a; the left and right
panels show, respectively, the real and imaginary parts of the angular frequency as a function of k and 6,
which is normalized to the local (angular) lower hybrid frequency, ;. Here, 6 is the angle between k
and B, (see Figure S1 in the supporting information). In Region A, the short-wavelength LHDW around
0 = 90° is marginally stable despite the strong electron flow. The long-wavelength LHDW around 6 = 70°,
in contrast, is unstable around f < 0.5f; iy, which agrees with measurements in Figure 1c.

In Region B, the short-wavelength LHDW has large growth rates with a maximum growth rate of
¥ max ~ 0-600p i, as shown in Figure 2b. The frequency near y,,, is ~ 0.8f1 ;. The model expects k| > [k |. All
of these features are consistent with those of the short-wavelength LHDW (Davidson et al., 1977). The biggest
difference between parameters of Regions A and B is f,, which determines whether the long-wavelength
or the short-wavelength LHDW is excited. Thus, in principle, the short-wavelength LHDW can exists inside
the EDR if there is a guide field enough to lower §,.
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Figure 3. Dispersion relation of LHDW with plasma and field parameters of region. In each subplot, either a key
physical parameters or set of assumptions is changed. The reference case is shown in Figure 2b. Note that the range of
0 is reduced to focus on the dynamics of the short-wavelength LHDW. Again, for each subplot, the left (right) panel
shows the contour plot for the real (imaginary) part of the angular frequency normalized by the local lower hybrid
frequency. (a) Dispersion relation with .o, = 0. Without the parallel flow, the dispersion becomes symmetric with
respect to 6 = 90°, but there is no significant change in y. (b) Dispersion relation with uyy, = 0.7V,. When the
perpendicular flow is reduced, y becomes much smaller, which indicates u, is the free energy source. (c) Dispersion
relation with qg = 0. The oblique modes are stabilized. (d) Dispersion relation without TL'I (qg — o0). With the infinite
heat flux, y becomes generally larger especially for more oblique modes, which shifts R(w) with the maximum vy to
about 0.4y 5. (e) Dispersion relation from the previous model by Ji et al. (2005). This model cannot properly address
the short-wavelength LHDW, especially around 6 ~ 90°.

To understand the dynamics of the short-wavelength LHDW, dispersion relations of LHDW with plasma and
field parameters of Region B but with different assumptions are presented in Figure 3. First, the impact from
the electron flow velocity on LHDW is studied by artificially reducing each component of u,,. The effect of
U, on the short-wavelength LHDW is limited. As shown in Figure 3a, there is no significant change in either
real or imaginary parts of the angular frequency even when u,, is reduced to 0. Note that the dispersion
function becomes symmetric with respect to § = 90° with u.,, = 0. The dynamics of LHDW, on the other
hand, depends strongly on the perpendicular flow velocity. When the perpendicular velocity is decreased
from 2.65V, to 0.7V ,, y becomes small, as shown in Figure 3b. If u., is reduced below 0.5V, the mode
disappears. This indicates that the free energy source for LHDW is the perpendicular current.
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To understand the effect of the heat flux (qﬂ) on the dispersion, we have tested two limits—no heat flux and
infinite heat flux. Without the heat flux, pgl in Equation 6 becomes

Il
2k ny Toout

elz

P = N Ty + ©)

o—-k-uy

With the infinite heat flux (v, — ), pgl = nelTllo, which means Tlll = 0 (isothermal limit). Figures 3c
and 3d show the dispersion for these two limits. When @ is close to 90°, the results are not affected. For
oblique modes, however, the heat flux significantly affects the dispersion relation, especially the growth rate.
Without qg, oblique modes are quickly stabilized; as shown in Figure 3c, y becomes negative for 6 ~ 85° or
0 ~96°. With the infinite heat flux (zero T!l), on the other hand, y for oblique modes becomes larger than
values in Figure 2b, as shown in Figure 3d.

This dependence of y on q! can be understood by the parallel force balance. The perturbed pressure term,
ik, p!l can be interpreted as a restoring force against the electric field perturbation. The heat flux reduces the
temperature perturbation, which means that the restoring force decreases as the heat flux increases. Thus,
in the limit of the infinite (zero) heat flux, y becomes larger (smaller) for oblique modes. For modes around
6 = 90°, the impact from the heat flux is negligible, since the perturbed pressure term ik pﬂl becomes small
(kH —0).

Finally, dispersion relation of LHDW from the model by Ji et al. (2005) is presented in Figure 3e for com-
parison. The previous model does not properly describe the short-wavelength LHDW especially around
0 = 90°. This is because the perturbed electron density is set to be the same of that of ions, thereby neglect-
ing electrostatic effects. Moreover, this model overestimates the growth rate of oblique modes since it uses
the isothermal closure (infinite heat flux) for the perturbed electron pressure, which is similar to the case in
Figure 3d.

4. Comparison Between Theory and Observation

The dispersion relation is crucial for identifying waves and understanding their propagation. If all
MMS satellites observed the same wave packet, k could be estimated directly from the phase difference
(Yoo et al., 2018). However, for this event, signals from only MMS2 and MMS4 have correlation, while they
are near Region B. Thus, single spacecraft methods such as the singular value decomposition (SVD) analysis
(Santolik et al., 2003) should be considered.

The SVD analysis has its own caveat; this method relies on the assumption that there is only one dominant
k for a given frequency. This assumption is not valid for LHDW; as shown in Figure 3b, there are ranges of
k and 0 that has a positive growth rate for a given frequency. In this case, the estimated k is a power-weighted
average of multiple wave vectors, which underestimates the magnitude of k (Yoo et al., 2019). The direction
of the estimated Kk, on the other hand, still indicates the average propagation direction.

The wave vector k is estimated by combining two methods. With the unit vector k from the SVD analysis,
the magnitude k is

b — ¢y

k= ———,
k-(x,-r)

(10)
where ¢, and ¢, are the phase of the correlated signal measured by MMS2 and MMS4, while r, and r, are the
location of MMS2 and MMS4, respectively. The phase information comes from the Morlet wavelet transform
of E,; (Torrence & Compo, 1998). As shown in Figure 4a, E,, signals from two satellites are correlated in
Region B (cyan box).

Figure 4b shows the measured kp, (blue asterisks), compared with theoretical values (solid lines). For theo-
retical values, the Doppler shift due to the frame difference is considered, which is Af = u; - k/2x. Here, u;
is the ion flow velocity in the spacecraft frame (u;, = 33km/s, u;, = —38km/s). At f = 0.98 f, 4, kp, = 0.66,
which agrees with the theoretical value with 6 ~ 87°. Note that the mode with the highest growth rate exists
around 6 ~ 87° and kp, ~ 0.6, as shown in Figure 3b.

Figure 4c shows the measured 6 (blue asterisks), compared with theoretical values of various k (solid lines).
The measurement shows that LHDW propagates almost perpendicular to B, which agrees with the
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Figure 4. Wave vector measurement and comparison with the theory. (a) Profile of Ej,; near Region B, which is filtered
by a low-pass filter with a cutoff frequency of 40 Hz. Signals from MMS2 and MMS4 correlate. The cyan box indicates
the period where the analysis for the wave vector is performed. The gray box indicates the range of data used for the
wavelet analysis. (b) Magnitude of the wave vector. Blue asterisks are measured values (kp, ~ 0.7). Theoretical values
with various 6 are plotted with solid lines. (c) Angle between k and By,. Blue asterisks are values estimated by the SVD
analysis. Theoretical values with various k are plotted with solid lines. The wave propagates almost perpendicular to
By. Error bars in (b) and (c) are from the standard deviation of the values computed during the period indicated by the
cyan box in (a). Frequency values in (b) and (c) are the central frequency of the Morlet wavelet. (d) Anomalous drag by
LHDW. 8E);8n,, is normalized by B,..V spte. The black dashed line represents the nominal normalized reconnection
rate for collisionless reconnection, 0.1 (Birn et al., 2001).

model. The measured k has a dominant component along the x direction (k = (0.987, —0.155, —0.019) for
f =1.05f1y), which supports the assumption of the negligible k,. Error bars in Figures 4b and 4c are from
the standard deviation of the values computed during the period indicated by the cyan box in Figure 4a.

The short-wavelength LHDW generates correlated fluctuations of the electron density and electric field,
generating anomalous drag force between electrons and ions (Mozer et al., 2011). Figure 4d shows 6E,,én,,
normalized by B,V an(n.), where V,, = 274km/s is the hybrid upstream Alfvén velocity for asymmet-
ric reconnection (Cassak & Shay, 2007). Here, the angle bracket means the average of a quantity A from
01:17:40.2 to 01:17:40.8, and a fluctuating quantity is defined as 64 = A — (A). Two fluctuating quanti-
ties 6E,, and én, are correlated, producing a positive net value of 6E,,én,, especially from 01:17:40.4 to
01:17:40.6. The value of 6E,,;6n./(n,) over this period is significant, compared to the nominal reconnection
rate for collisionless reconnection, 0.1B,..V;, (Birn et al., 2001), indicating a potential importance of the
short-wavelength LHDW for electron and reconnection dynamics.

5. Summary and Discussions

In summary, we present LHDW activity inside a reconnecting current sheet measured by MMS with a
moderate guide field. The long-wavelength LHDW exists inside the EDR where g, is high, while the
short-wavelength LHDW exists slightly outside the EDR where g, is low. The analysis on the wave number
k shows that k has a dominant perpendicular component with a magnitude of kp, ~ 0.7 for f ~ f| ;;, which
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agrees with features of the fast-growing, short-wavelength LHDW (Davidson et al., 1977). For better under-
standing of LHDW, we have developed a local theoretical model for the dispersion relation. Results from
this model explains the observed LHDW activity, including the magnitude and direction of k.

The model is based on the previous work in Ji et al. (2005) and has been improved to include the electron heat
flux for better modeling of the perturbed parallel electron pressure, electron temperature anisotropy, parallel
electron flow, and independent computation of the perturbed electron density for electrostatic effects. This
model can calculate the dispersion with an arbitrary angle between the wave vector and magnetic field,
unlike the kinetic treatment of LHDW (Davidson et al., 1977).

The limitation of this local model should be discussed. This analysis assumes no wave propagation along
the gradient direction, neglecting the global structure of the current sheet. To address this issue, a global
eigenmode analysis (Daughton, 2003; Tummel et al., 2014) should be carried out, which is our future work.
For this event with a large current sheet width (~d;, however, this local analysis seems acceptable, which
makes the length scale along the y direction much larger than the wavelength.

This model assumes no temperature gradient for both electrons and ions, but the temperature gradient
may be important for LHDW activity. With parameters measured in Region B, however, the results are not
sensitive against relatively small change in the local temperature.

This study shows that the short-wavelength LHDW can exist in the EDR with a sufficient guide field, which is
supported by recent observations (Chen et al., 2019). A strong guide field lowers the electron beta in the EDR,
such that the short-wavelength LHDW can be the most unstable mode. Moreover, the short-wavelength
LHDW induces fluctuations in the electric field and density that are correlate with each other, generat-
ing drag force between electrons and ions. It will be interesting to see how the short-wavelength LHDW
can affect electron and reconnection dynamics in the EDR during reconnection with a high guide field.
Further systematic research on this topic is warranted both in space (i.e., Chen et al., 2019) and in laboratory
(i.e., Stechow et al., 2018).

Data Availability Statement

All MMS data used are available online (https://lasp.colorado.edu/mms/sdc/public/). Digital data used for
all figures are available in the DataSpace of Princeton University (http://arks.princeton.edu/ark:/88435/
dsp01x920g025t).
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