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Abstract we investigate properties of lower hybrid drift waves (LHDWs) near and inside the electron
diffusion regions in 17 magnetopause and 9 magnetotail reconnection events using Magnetospheric MultiScale
(MMS) mission observations. Our analysis show that LHDW type depend on the electron beta, as electron beta
increases LHDWs become more electromagnetic in nature. The energy transfer from electromagnetic fields to
particles is higher in electrostatic LHDW s and it is largely in parallel direction with respect to the local magnetic
field. Linear dispersion analysis shows that electrostatic LHDWs are perpendicular propagating while
electromagnetic waves propagate in oblique directions and the normalized wavenumber of all LHDW types falls
within 0.5-0.8 range. A simple estimate on the LHDW nonlinear saturation suggests a possibly important roles
played by these waves in supporting the reconnection electric field.

Plain Language Summary Magnetic reconnection is a fundamental process which converts
magnetic energy into particle energy. In magnetic reconnection regions, large amplitude waves are frequently
observed. One of these waves are called Lower Hybrid Drift Waves or LHDWs. LHDWs display quite different
characteristics depending on their locations in terms of plasma parameters and can impact energy conversion in
reconnection regions. In this paper, we use MMS observations and a local linear theory to investigate the LHDW
properties near the reconnection sites. Our results show that the LHDW:s type depends on plasma parameters and
they can transfer large amount of energy to particles near reconnection sites.

1. Introduction

Magnetic reconnection, the breaking and rejoining of non-parallel magnetic field lines at the intersection of
inflowing plasmas, is a source of abundant free energy that energizes particles. Magnetic reconnection is observed
throughout the universe (Ji & Daughton, 2011) ranging from Earth's magnetosphere, to the Sun, to more distant
astrophysical objects, and also in fusion plasmas. It is considered to be responsible for many energetic phenomena
(Yamada et al., 2010) such as the ejection of large amount of mass from the solar surface and electron acceleration
to produce the aurora.

One of the outstanding questions for magnetic reconnection is how does magnetic field energy efficiently
dissipate into plasma. There have been numerous mechanisms proposed to energize plasma based on magnetized
particle motion (Ji et al., 2022), such as Fermi reflection (Drake et al., 2006). Another often-mentioned candidate
is different types of plasma waves and fluctuations which are frequently observed near the electron diffusion
region (EDR) of the reconnection sites in space such as by the Magnetospheric Multiscale (MMS) mission or in
the laboratory (Ji et al., 2023). Since the plasma in near-Earth space is essentially collisionless, it is natural to
hypothesize that waves are generated by free energy in the current sheet and wave-particle interaction energizes
particles.

In particular, lower-hybrid drift waves (LHDWs) are frequently observed during magnetic reconnection events.
LHDWs are driven by a density gradient and also by perpendicular current or a relative drift between ions and
electrons with a broadband frequency spectra around the lower hybrid frequency, f; y (Davidson & Gladd, 1975).

-1/2
The lower hybrid frequency f; y is [(fm fce)_l + sz] where f;; is the ion cyclotron frequency, f;. is the electron
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cyclotron frequency and f;; is the ion plasma frequency. In all the cases in this paper, fiy; is approximately

(fci fce)l/z. LHDWSs may be quasi-electrostatic (ES-LHDW) which are dominated by fluctuations in the electric
field (Carter et al., 2001; Cattell & Mozer, 1986; Khotyaintsev et al., 2019; Yoo et al., 2020, 2024) or quasi-
electromagnetic (EM-LHDW) with appreciable fluctuations in the magnetic field (Cozzani et al., 2021; Ji
etal., 2004; Norgren et al., 2012; Shinohara et al., 1998; Yoo et al., 2020; Zhou et al., 2009). There are suggestions
that ES-LHDW are excited at low plasma  while EM-LHDW at high plasma f (Carter et al., 2001; Ji et al., 2004;
Yoo et al., 2020) (f is the ratio of plasma to magnetic pressure) but they are observed under various conditions
(densities, temperatures and guide magnetic field strength) both in the magnetopause (Bale et al., 2002; Graham
et al., 2019; Khotyaintsev et al., 2016; Yoo et al., 2020) and in the magnetotail (Cattell & Mozer, 1986; Chen
et al., 2020; Cozzani et al., 2021; Norgren et al., 2012; Shinohara et al., 1998; Zhou et al., 2009). More recently,
Wang et al. (2022) conducted a detailed study of 12 magnetotail reconnection events with detection of both ES-
LHDW and EM-LHDW by focusing on their propagation characteristics and correlations with electrons
quantities.

This study analyzes MMS data in an attempt to understand what determines the type of LHDW and their role in
terms of magnetic energy dissipation during magnetic reconnection. Many prior studies of LHDW observations
during individual magnetic reconnection events have been conducted. Here, however, a survey analysis of 26
LHDW observations near and inside the diffusion region for both magnetopause and magnetotail reconnection is
performed. Plasma parameters are calculated and averaged over the fluctuation period interval. Fourier analysis is
used to determine the power of electric and magnetic field fluctuations in the lower-hybrid frequency range. A
correlation study between wave power, LHDW type, 8, and magnetic energy dissipation are conducted.

This paper is organized as follows: In Section 2, we review the data and methods used in the analysis. In Section 3,
we present the results of correlation studies. Sections 4 and 5 show the results of linear dispersion analysis.
Section 6 contains the summary and conclusions.

2. Data and Methods

In the present study 26 LHDWs events near and inside the EDR, observed by MMS1, have been selected to
investigate the LHDWSs properties and their impact on energy transfer between electromagnetic fields and par-
ticles. The EDR time was collected from previous studies (Wang et al., 2022; Webster et al., 2018). If the LHDW
interval included the EDR time, the event is marked as inside the EDR and if it was outside of the EDR time, the
event is near the EDR. 17 events were selected from Webster et al. (2018) in the magnetopause reconnection and 9
events from Wang et al. (2022) in the magnetotail reconnection with LHDW signatures. These events were
selected based on clear LHDW signatures such as wave power within frequency range of [1, ZfLH] and presence of
fluctuations in electromagnetic fields. The LHDW intervals are loosely limited to the regions with electric field
fluctuations selected by eye. Magnetic field data from the fluxgate magnetometer (FGM) instrument (Russell
etal., 2016), electric field data from electric double probes (EDP) (Ergun et al., 2016; Lindqvist, 2016) as well as
particle data from the Fast Plasma Investigation (FPI) (Pollock et al., 2016) were used to analyze the charac-
teristics of LHDWs in each event. FPI ion measurements have the time resolution of 0.15 s, and electron mea-
surements have the time resolution of 0.03 s.

Table 1 shows the list of the events and their properties based on plasma parameters measured by MMS1 data and
dispersion analysis using Yoo et al. (2020). Event numbers marked by a star are the magnetotail events near and
inside the EDR (events 18 to 26) and the rest of the table (events 1 to 17) is the LHDWs in the vicinity and inside
of magnetopause EDRs. The events marked by superscript / are inside the EDR and the rest are near the EDR
events. Table 1 contains the start and end time of the LHDWs, the electron beta (ﬁe), the ratio of wave amplitude
in magnetic field to electric field, the parallel energy transfer (6] 122 ﬁ), the lower hybrid frequency (}‘LH) that are
estimated using MMS1 data. The parallel and perpendicular directions are with respect to the background
magnetic field. The table also includes the propagation angle (the angle between the wave vector and the
background magnetic field) and wavenumber (normalized by electron gyro-radius) that are calculated using the
dispersion code developed by Yoo et al. (2020). The dispersion analysis uses the plasma parameters measured by
MMST1 as input to estimate the propagation angle and the wavenumber for each event. More details are provided
in the dispersion relation analysis section of the paper. The plasma parameters from MMS measurements are
averaged in each LHDW interval. For electromagnetic power calculations, we use burst electric field (8,192
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Table 1

Table of Numbered Magnetic Reconnection Events With LHDWs Observed Near and Inside the EDR

Event Time interval (UTC) B, wﬂTUﬁ SJySE) (nW/m?) fin (Hz) 0° kp,
1 20151016/103324.0-103327.0 0.19 76 0.08 (64%) 18.5 88 0.58
2 20151016/130659.0-130702.0 0.56 156 0.45 (83%) 12.27 85 0.70
3 20151101/150802.0-150806.0 0.14 45 0.01 (70%) 24.30 88 0.61
4! 20151206/233830.0-233833.0 0.18 109 0.07 (54%) 27.68 89 0.57
5! 20151208/112043.0-112045.0 0.24 196 0.02 (69%) 18.67 87 0.57
6 20151209/010611.0-010614.0 0.67 254 0.12 (92%) 1233 86 0.65
7 20151214/011740.0-011742.0 0.21 146 0.03 (53%) 19.14 90 0.47
8’ 20160110/091335.0-091339.0 0.12 57 0.12 (75%) 32.60 88 0.56
9 20160207/202334.0-202337.0 0.4 153 0.01 (83%) 13.31 88 0.66
10 20161022/125838.0-125841.0 0.29 120 0.27 (77%) 17.77 87 0.60
1’ 20161102/144617.0-141620.0 0.37 116 0.04 (64%) 14.50 88 0.66
12/ 20161106/084056.0-084100.0 0.26 103 0.66 (71%) 22.46 88 0.56
13 20161112/174846.0-174849.0 0.34 110 0.05 (50%) 16.68 87 0.64
14! 20161113/091039.0-091042.0 0.16 271 0.17 (54%) 28.24 89 0.58
15 20161219/141459.0-141502.0 0.28 106 0.05 (72%) 17.25 88 0.61
16 20170120/123204.0-123207.0 0.25 119 0.24 (69%) 28.10 88 0.62
17 20170122/104739.0-104742.0 0.14 43 0.01 (56%) 25.62 88 0.56
18+ 20170617/202406.0-202409.0 2.12 910 0.001 (98%) 5.05 76 0.75
19: 20170619/094323.0-094325.5 11.47 594 0.001 (99%) 1.75 47 0.78
20 20170703/052649.7-052650.4 0.46 245 0.01 (99%) 5.38 86 0.53
2175 20170703/052707.2-052707.8 1.05 627 0.03 (95%) 5.24 49 0.71
22+ 20170726/000354.0-000402.0 1.52 243 —0.001 (99%) 4.98 79 0.76
2314 20170810/121830.0-121838.0 3.16 599 —0.001 (99%) 3.92 69 0.81
24 20170619/094325.7-094327.7 1.24 99 0.002 (99%) 5.18 84 0.81
25% 20170726/000347.0-000351.8 0.79 544 0.003 (97%) 6.35 80 0.70
26+ 20180821/110100.5-110101.4 3.12 379 —0.001 (99%) 457 65 0.78

Note. Events 1 to 17 are the LHDWs in the vicinity and inside of magnetopause EDRs and events 18 to 26 marked by stars are
magnetotail events. The plasma parameters for each event are presented. References to individual events published: Event 4
(Khotyaintsev et al., 2016), Event 7 (Yoo et al., 2020), Event 21 (Chen et al., 2020), Event 23 (Cozzani et al., 2021). Events 4,
5,8,9, 11, 12, 13, 14, 21 and 23 are inside of the EDR and they are marked with superscript /. The percentage values in
5JH6E|" column indicates the percentage of power below 16.5 Hz relative to 2f i limit.

samples/second) and burst magnetic field (128 samples/second) data. We average the power in the frequency
range of [fmm, ZﬁH] for each event with the minimum frequency of f,;, = 1 Hz. The representative f i of each

event is shown in Table 1.

Figure 1 shows an overview of event #5 in the magnetopause and event #18 in the magnetotail given in Table 1.
The two events are chosen as they are representative of LHDWs in the magnetopause and LHDWs in the
magnetotail. The intervals where the LHDWs are observed, are marked by the vertical dashed black lines in each
plot in Figure 1. LHDWs are accompanied by fluctuations in both magnetic and electric fields near the lower
hybrid frequency, and large measurements of J - E’ where J is the current density and E/ = E + V, X B is the
electric field in electron reference frame. The J - E’ measures the energy exchange between particles and elec-
tromagnetic fields. For magnetopause events, we use FPI data to calculate the current density J and for mag-
netotail events, we use the curlometer technique using four spacecraft to measure the current (Paschmann &
Daly, 2000). Fast electric field with 32 samples per second, burst magnetic field with 128 samples per second and
FPI electron burst data with 33 samples per second resolution are used to measure E’. In order to remove the DC
component of electromagnetic fields from energy transfer calculations, we apply a high pass filter with cut off
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Figure 1. Overview of (a) magnetopause event #5 and (b) magnetotail event #18 with LHDWs using MMS|1 data. The

vertical black dashed lines show the interval of LHDWSs observation. LHDWs are accompanied by fluctuations in magnetic
and electric fields, wave power close to lower hybrid frequency and large measurements of energy transfer. Panels for both
events are: (a) magnetic field, (b) electric field, (c) ion energy spectrogram, (d) ion velocity, (e) electron velocity, (f) electric

field power |E|? spectral density, (g) magnetic field power |B|* spectral density and (h) 5 - SE’ showing contribution of the
LHDWS in energy transfer. The blue lines in the LHDW intervals in panels f and g are the mean LHDW frequency for each
event.

frequency of f.,,_,; = 1 Hz to both J and E’. The high pass filter removes the energy transfer due to the
reconnection electromagnetic fields. Now, the high pass filtered 6J - SE’ only shows the contribution of the
LHDWs in the energy transfer as presented in panel 8 of Figure 1. The §J - SE’ is measured with 30 ms resolution
(FPI burst electron resolution measurement) or 33 Hz, corresponding to a Nyquist frequency of 16.5 Hz which is
close to the lower hybrid frequency range for most of the events. The limitation in upper bound frequency in
measurement of 6J-SE’ comes from J resolution in FPI data. The percentage of electric field power below
16.5 Hz compared to power below 2f y frequency is included in 6/ 0F f‘ column. All of the events show that 50%
or more of the electric field power is below 16.5 Hz.

3. Results
3.1. Correlation Study: LHDW Type

Previously, it was suggested (Carter et al., 2001; Daughton, 2003; Davidson et al., 1977) that plasma beta plays in
an important role in the stability of LHDW. More recently, Yoo et al. (2020) suggests that the nature of LHDW, or
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pe equivalently ES-LHDW versus EM-LHDW, is determined by electron beta,
P, based on a single reconnection event. To quantify the nature of LHDW, we
use the expression |B|U,/|E| where |B| and |E| are wave amplitude in mag-
o netic and electric fields, respectively. The ratio |B|/|E| is simply a measure of
how electromagnetic the wave is. This ratio is normalized by the U, or
perpendicular relative drift between ions and electrons, V, — V;, which
serves as the free energy source of LHDWs, and is a good proxy of the wave
phase velocity (Ji et al., 2005). Therefore, this dimensionless quantity is an

corr = 0.54

effective measure of the relative importance of magnetic field oscillations to

1071

Figure 2. Relation between |B|U,/|E| and f,. Correlation study of how
LHDW type, quantified by |B|U,/|E|, is affected by f,. Magnetopause data
is shown in red and magnetotail data in blue. The figure shows a positive
correlation suggesting that LHDWs become more electromagnetic as f,

increases.

10°

o their electric field counterpart in the LHDW. We measure the mean wave

Be power |E|* and |B|? for the frequency range in [I,ZfLH] for each event for the

duration of the LHDW interval shown in Table 1. f{ ; is the mean lower hybrid
frequency in the LHDW interval. The table lists a column for f yj, a column
for f,, and a column for |B|U,/|E|, respectively.

Figure 2 shows a clear positive correlation between |B|U,/|E| and 5, with a
Pearson correlation coefficient of 0.54. This suggests that as 3, increases, the
LHDW becomes more electromagnetic in nature. Blue circle indicate magnetotail events and red circles are the
magnetopause events. The magnetopause has relatively lower f, values while magnetotail events have higher f,
values. These results suggest that the relatively lower f, in the magnetopause causes LHDWs observed to be
quasi-electrostatic in nature. This is in agreement with previous work on a particular reconnection event at
magnetopause that LHDWs are generally more quasi-electrostatic at low 8, while more quasi-electromagnetic at
high g, (Yoo et al., 2020). This shows that the plasma parameters affect the characteristics of the LHDWs
observed, thus, the role played by LHDWs may differ at each location.

3.2. Correlation Study: Energy Transfer

We conduct a correlation study between electric and magnetic field wave powers with 6J - SE’ where LHDW:s are
present to study the energy transfer by these waves near and inside the EDRs. 6/ - 6E’ quantifies the energy
transfer between electromagnetic fields and particles in the electron rest frame (Zenitani et al., 2011). Positive
oJ - OE' means that energy is transferred from fields to particles and a negative sign means the opposite.

Figures 3a-3c shows scatter plots of §J - E’, 8], - SE | and oJ\6E |’| versus |E |2 in the left column and the same

energy transfer versus |B|” in Figures 3d and 3e in the right column. There is a general trend that higher energy
transfer takes place when the wave powers are larger, for both electric and magnetic fields. This supports the
notion that LHDW contributes to magnetic energy dissipation which includes electron heating (Yoo et al., 2024).
Another trend from Figure 3 is that the energy transfer is generally higher for magnetopause events (red circles
with the mean value of 0.15 nW/m?) than magnetotail events (blue circles with the mean value of 0.004 nW/m?).
Since LHDW in magnetopause is generally more electrostatic in nature at low f,, this trend is also consistent with
the recent results from the laboratory (Yoo et al., 2024) where electrostatic LHDW are detected at low f3, pro-
ducing anomalous resistivity.

However, it should be noted that 6J - 6E’ is overall higher in magnetopause events due to higher density and
stronger magnetic field. Currently, there is not enough data to show clearly whether dissipating magnetic energy
by LHDW during reconnection is more influenced by the wave being quasi-electrostatic or by simply having
larger wave power.

In addition, there are some trends in directional dependence for magnetic energy dissipation. On average for all
magnetopause events (red circles), the parallel contribution of the energy transfer is higher and more positive
according to Figures 3c and 3f with the mean value of 0.14 nW/m?>. This is in contrast to the perpendicular
contribution shown as red circles in Figures 3b and 3e where the energy transfer has larger scatters with both
positive and negative signs and the mean value is 0.01 nW/m?>. Same things can be said for the magnetotail
events, shown in the Figures 3b, 3c, 3e, and 3f as blue circles, but with smaller scatters. For magnetotail events,
the mean value for perpendicular terms is —0.001 nW/m? and for parallel terms mean value, we
get 0.005 nW/m?>.
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Figure 3. Energy transfer versus electric and magnetic field power. Magnetopause data is shown in red and magnetotail data
inblue. (a) 6J - 6E’, (b) 6], -SE ', (c) 51”5E‘/| versus |E|2 and (d) 6J - 6E’, (e) 6] - 6E | , and (f) 5]“5E|/| versus |B|2. There is
higher energy exchange at magnetopause events where LHDW s are more electrostatic. The mean values for each plot is shown
for both magnetopause and magnetotail events. On average, the energy exchange is mostly in parallel direction as the mean
values for parallel terms are much larger than the mean values of perpendicular energy transfer terms.

4. Dispersion Relation Analysis

In order to aid our understanding of the LHDWs properties such as direction of propagation and their wave-
number, we use a theoretical model of LHDW dispersion relation developed by Yoo et al. (2020). This model can
predict additional LHDW properties that may help explain the above analyses but is difficult to obtain from the
spacecraft data. The LHDW properties include the propagation direction, wavenumeber magnitude, and growth
rate.

The linear dispersion relation model is based on the work developed by Ji et al. (2005). Yoo et al. (2020) have
improved the model 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
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Figure 4. (a) Relation between direction of propagation and f, and (b) relation between wavenumber and f3,. Magnetopause
data is shown in red and magnetotail data in blue. As LHDWs become more electromagnetic for higher f,, their direction of
propagation becomes more oblique. LHDWSs in magnetopause are more perpendicular propagating while the waves in
magnetotail are more oblique. Lower §, and magnetopause events have lower wavenumbers and larger §, LHDWs have larger
wavenumbers.

electron density for electrostatic effects. Using this model, the dispersion relation can be calculated as a function
of the angle between the wave vector and magnetic field.

We use this model to calculate the propagation angle with respect to magnetic field and the wavenumber
magnitude at the peak growth rate for each LHDW event. We use the averaged plasma parameters measured by
MMS during each LHDW interval as input to the dispersion relation model. The input parameters are magnetic
field, density, ion temperature, perpendicular and parallel electron temperatures and relative drift between ions
and electrons. The model results are shown in Table 1 in columns € (propagation angle) and kp, (normalized
wavenumber by electron gyro-radius p, calculated by using perpendicular electron temperature). Figure 4a shows
the relation between the propagation direction and f,. Magnetopause data is shown in red and magnetotail data in
blue. As LHDWSs become more electromagnetic for higher f,, their direction of propagation becomes more
oblique, consistent with the previous measurements (Ji et al., 2004; Yoo et al., 2020). LHDWs in magnetopause
are more perpendicular propagating while the waves in magnetotail are more oblique. Figure 4b displays the
relation between wavenumber magnitude and f,. LHDW at lower f, in the magnetopause events have lower
wavenumbers or longer wavelengths while LHDW at larger §, in the magnetotail events have larger wave-
numbers or shorter wavelengths. Note that this result differs from the previous report (Daughton, 2003). The
normalized wavenumber, however, stays within 0.5-0.8 range for all LHDW types. Daughton (2003) results are
based on the upstream asymptotic magnetic field and the temperature at the current sheet mid-plane, while our
plasma parameters are calculated at the interval of LHDWs and p, is calculated using total magnetic field.
Therefore, there may be uncertainties when comparing properties like kp,. Since p, here is based on the total
magnetic field, a strong guide field can reduce p, for the same reconnecting magnetic field. So even if the
normalized kp, decreases, k alone may not decrease that much.

Regardless its nature, however, the LHDW growth rate is controlled by the relative drift between ions and
electrons along the direction perpendicular to the magnetic field, which is the free energy source related to
electron density or pressure gradient. Figure 5a displays the relation between growth rate normalized to the lower
hybrid angular frequency, y/wpy (wLH = 27rfLH), and the normalized relative drift, U;/C,; (with
C, = m). Magnetopause events have lower normalized growth rates and magnetotail LHDWSs have
larger normalized growth rates. This is expected since magnetopause events have smaller normalized drift speeds.

5. Effects of LHDW on Magnetic Reconnection

Figure 3 suggests that magnetic energy dissipation is related to the LHDW power. With the growth rate available
for each event per Figure 5a, some simple but more quantitative tests are possible on the effects of LHDW on
magnetic reconnection, as shown below.
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Figure 5. (a) Relation between normalized growth rate y/w;y and relative drift U,/ C,. Magnetopause data is shown in red
and magnetotail data in blue. As LHDWs become more electromagnetic for higher U,/ Cy, they have higher growth rates.
(b) Both sides of Equation 2 are plotted to examine the effects of LHDW on magnetic reconnection via wave friction force. B,
() is calculated by taking the mean value of reversing magnetic field component (ion density) on both sides of the LHDW
interval. We move 2 s from the LHDW interval on each side for the 5 s average window. In panel (b), Green line represents
y = x, indicating events that their LHDW power is sufficient to support the reconnection electric field. The black line shows
y = 10x where the LHDW power is only 10% of what is needed to support reconnection electric field.

A simple but physically intuitive approach (Ji et al., 2004) is taken to evaluate LHDW energy balance during
nonlinear saturation in steady state,

27E + 2yp, € =0, )

where yy,; is “an effective growth rate” of LHDW due to nonlinear saturation. £ is the total wave energy and
dominated by the wave magnetic field energy, € = 2(¢o|E /2 + |B|*/ 2uy) ® |B|*/ 1. Equation 1 can be un-
derstood as in the following. Without nonlinear saturation, the wave would continuously grow without bound. In
order to achieve steady state over time, the nonlinear saturation needs to balance the linear growth of the wave.
The quantity y,,; in Equation 1 is introduced to represent the strength of the nonlinear saturation in the form of “an
effective growth rate.” From Equation 1, we have y,; = —y, and because y >0, then y,; <0, which represents
“effective nonlinear wave damping”, presumably by dissipating (perpendicular) electric current and thus mag-
netic energy to plasma.

As described in Ji et al. (2004), the momentum per unit volume carried by the LHDW is simply k€/w,, where k is
the wavenumber vector and @, is real angular frequency. The growth of the wave momentum (at the rate of 2y) is
at the expense of the momentum loss between ions and electrons due to the total momentum conservation. This
manifests as a friction force between ions and electrons or resistivity by the waves, 2yy, kE/w, = —2ykE/ w,.
This friction force can be compared with what is needed to support the reconnection electric field,
E,c ® 0.2B,,Vy, where the reconnection rate is assumed to be 0.2 (Liu et al., 2024; Pritchard et al., 2023), B,, is
the upstream reconnecting magnetic field component, and V4, = B,/ m is Alfvén speed. Here m; is ion

mass and n,, is plasma density at the location of B,,. Equating the wave friction force, 2y/w, k€, with what is

up
needed for reconnection, enk,,., yields

02 [om, i o (71 2
=2 oo

where u,p, was multiplied on both sides of the equation for simplification, m, is the electron mass, n is the density
at the LHDW interval and p, is calculated using the perpendicular electron temperature.

Both sides of Equation 2 are plotted in Figure 5b where exists a general positive correlation. B,, (n,,) is
calculated by taking the mean value of reversing magnetic field component (ion density) on both sides of the
LHDW interval. Interesting, there are a subset of events (along y = x, green line) exhibiting similar magnitudes
for both sides, indicating their LHDW power is sufficient to support reconnection electric field. In contrast, there
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are more events (along y = 10x, black line) where the LHDW power is only 10% of what is needed to support
reconnection electric field. However, in either case there is a positive correlation suggesting possible roles played
by LHDW in reconnection, as recently reported from the laboratory experiment (Yoo et al., 2024).

6. Conclusion and Discussion

A survey analysis of LHDWs events near and inside the EDRs in magnetopause and magnetotail reconnection has
been performed using MMS observations and a linear dispersion relation model. Time averaged plasma pa-
rameters are calculated for LHDW observation periods in 17 magnetopause reconnection events and 9 magne-
totail events recorded by MMS. Results show that 3, is positively correlated with the ratio of |B|U,/|E|,
suggesting f, is related to whether a LHDW is quasi-electromagnetic (EM-LHDW) or quasi-electrostatic (ES-
LHDW). This significantly extended prior results (Yoo et al., 2020) based on a single reconnection event, adding
new physics insights to a large body of past work on LHDW during reconnection in the laboratory, as reviewed
recently by Ji et al. (2023). More specifically, this work significantly broadened the parameter space by using
events from both magnetopause and magnetotail, and thus, enabled identifying the controlling parameter to better
organize the reconnection events that contain LHDW.

Furthermore, a correlation study between electric and magnetic wave powers (|E |2 and |B|2) and energy transfer
(6J - 8E') is conducted. Our results show that the energy transfer 6J-SE’ is higher when LHDWSs are more
electrostatic, and the transfer is larger and positive in the parallel direction of magnetic field via 6J5E|| than in the
perpendicular direction via 8/, - SE | . In addition, 8J - SE’ is overall higher in magnetopause events than in
magnetotail events.

A linear dispersion relation of LHDW (Yoo et al., 2020) is used to calculate the propagation angle and the
normalized wavenumber for each reconnection event. As LHDWs become more electromagnetic for higher f,,
their direction of propagation becomes more oblique, consistent with previous laboratory measurements (Ji
et al., 2004). LHDWs in magnetopause are more perpendicular propagating while the waves in magnetotail are
more oblique. The dispersion relation model results show that the normalized wavenumber for all LHDW types
stays within 0.5-0.8 range. Linear dispersion relation model also predicts that U,/C, impacts the normalized
growth rate of LHDWs. Larger values of U,/ C; leads to larger normalized growth rates for these waves. Graham
et al. (2022) evaluated anomalous terms associated with LHDWSs, which showed that associated anomalous terms
(resistivity and viscosity) canceled each other. Here, following Ji et al. (2004), we took a straightforward but
quantitative approach. Using the calculated growth rates, a simple estimate on nonlinear effects of LHDW on
reconnection indicates possibly important roles played by these wave in supporting reconnection electric field.

The results reported above clearly benefited from combining the MMS data from both magnetopause and
magnetotail events, by significantly expanding the range of important parameters such as ,. Many trends would
not be clear if focusing on the events only one of these two locations. However, we still cannot delineate two
factors contributing to magnetic energy transfer between LHDW being quasi-electrostatic and LHDW having
large wave amplitudes in the magnetopause reconnection events. A similar comment can be made also about
magnetotail events which are simultaneously being quasi-electromagnetic and having smaller wave amplitudes.
Therefore, more reconnection events with LHDW activity should be collected to further improve our
understanding.

Combining theory and observation also clearly improves our understanding of these waves. The linear LHDW
dispersion relation used here is simple and provides physical insights that cannot be easily available from the data.
It is useful even for nonlinear physics such as anomalous resistivity (Yoo et al., 2024). However, it has a severe
limitation due to its assumption of a local slab model. The EDRs are typically on the order of electron scales so
that the effects due to their global boundaries may not be negligible. Numerical simulation by Particle-In-Cell
methods such as by Ng et al. (2023) should be used in junction to provide much needed further insights. In
this study, we investigated the local microphysics of the LHDWSs in the magnetopause and magnetotail recon-
nection but in the future work, LHDWs in other regions like dipolarization fronts (Hosner et al., 2024) and their
correlation with global parameters like solar wind conditions and geomagnetic indices could be investigated.

Wave properties such as the wave vector and the angle of propagation can be estimated with multi-spacecraft
methods such as multi-spacecraft interferometry (Graham et al., 2016). We have considered estimating the
wave properties with the multi-spacecraft method for a future study and comparing the results with the linear
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