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ABSTRACT

Dipolarization fronts (DFs) are thin magnetic boundary structures, embedded in short-duration, fast earthward-moving plasma flows, so-
called bursty bulk flows. Previous case studies have shown that the density gradient at DFs can excite the lower-hybrid drift instability
(LHDI) and resulting kinetic-scale waves. These waves feature strong electric field fluctuations perpendicular to the ambient magnetic field
and associated effective particle acceleration/heating. In this study, we statistically examine electric field fluctuations in the lower-hybrid
(LH) frequency range of 61 DF events, using data from the Magnetospheric Multiscale (MMS) Mission between 2017 and 2018 when the
MMS apogee was in the magnetotail. We observed that all DF events exhibit enhanced power in the electric field fluctuations in the LH fre-
quency range. Among the observed events, the power can vary by several orders of magnitude. The waves are detected for both high and low
values of the perpendicular electron density or pressure gradient. In addition, the peak wave power within the DF is often observed at the
time of steepest density gradient within the DF. The results also reveal that the wave power correlates with the magnetic flux transport rate of
the DFs. These findings suggest that enhanced density and pressure gradients, which can be formed by large-scale flux transport at DFs, lead
to LHDI-related kinetic-scale wave signatures at the DFs, and this may modify the original gradient layer profile of the DF in the course of
its propagation from the source to the observation point.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0067382

I. INTRODUCTION
Bursty bulk flows (BBFs) in the earth’s magnetotail (Baumjohann

coordinates (Runov ef al, 2009), often preceded by a small dip in the
B, component (Shiokawa ef al, 2005; Schmid et al., 2019b) and fol-

et al., 1990; Angelopoulos ef al., 1992), which are considered as a result
of magnetic reconnection (Baumjohann, 2002; Nagai and Machida,
1998), are responsible for an effective plasma and magnetic flux trans-
port across the magnetotail toward earth. In the dawn-dusk direction,
they exhibit typical sizes of 2-3 Ry and a vertical extension of 1.5-2 RE
(Nakamura ef al., 2004). Embedded into BBFs are so-called dipolariza-
tion fronts (DFs) (Nakamura ef al, 2002), which are understood as
propagating, transient magnetic boundary structures with velocities in
the range of several hundred km/s (Runov ef al,, 2009). In spacecraft
measurements, they are identified by a sharp increase in the B,
magnetic field component in Geocentric Solar Magnetic (GSM)

lowed by a longer structure of increased B,, termed the flux pileup
region (Khotyaintsev et al, 2011) or dipolarizing flux bundle (Liu
et al., 2013). Dipolarization fronts are structures at scales comparable
to the ion inertial length, separating cold, dense plasma ahead from
the hotter but diluted plasma within the trailing flux bundle (Sergeev
et al., 2012). They are therefore naturally accompanied by a sharp den-
sity gradient. Using global hybrid simulations, Lu ef al. (2015) studied
the evolution of DFs over the course of their propagation; they consid-
ered the DFs as earthward-propagating flux ropes, originating from a
near-earth reconnection site, and were able to explain many typical
observed features of DFs such as the sharp B, enhancement,
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small-amplitude preceding dips in the B, component, dawn-duskward
electric field signatures, and enhanced earthward flow. On electron
scales, dipolarization fronts were studied using data from the
Magnetospheric Multiscale (MMS) Mission (Burch et al, 2016) by
Liu ef al. (2018), who reported strong perpendicular currents in the
low-density region of the DF and identified the DF as a region of
mostly positive j-E. MMS provides high-time resolution plasma
measurements and is therefore particularly suitable for the study of
electron/ion scale-related phenomena. It was launched in 2015 and
features four spacecraft, which are separated by distances at the range
of the electron to ion scale. Dipolarization fronts are hosts of various
energy conversion processes (Angelopoulos et al., 2013; Khotyaintsev
et al., 2017; Malykhin et al., 2019; Birn et al., 2013; Smets et al., 1999;
Lu et al., 2016; Wu et al,, 2013; Huang ef al., 2015), effectively heating
and accelerating electrons and ions.

At dipolarization fronts, various types of instabilities on different
scale sizes were observed, e.g., the ballooning/interchange instability
(e.g., Lapenta and Bettarini, 2011) on ion scales and the lower-hybrid
drift instability (LHDI), which develops at electron-kinetic scales
(Krall and Liewer, 1971; Davidson and Gladd, 1975) and hybrid-
kinetic scales (Daughton, 2003). The LHDI becomes unstable due to
present density gradients and associated diamagnetic currents
(Davidson and Gladd, 1975). It was demonstrated that the LHDI
develops at the front region when large density gradients are estab-
lished and that the growth of the electric field amplitude and the den-
sity gradient are linked (Nakamura et al, 2016). Electric field
fluctuations in the lower-hybrid frequency range, perpendicular to the
ambient magnetic field, were interpreted as a result of the LHDI in in
situ measurements (Zhou et al., 2009; Divin et al., 2015a; Contel ef al.,
2017) and simulations (Divin ef al., 2015b). As such, the LHDI and
the associated waves play an important role for electron acceleration
(Cairns and McMillan, 2005) and ion heating (Greco ef al, 2017) at
DFs. Single-event observations (Pan ef al., 2018) as well as simulations
(Nakamura ef al, 2019) have further shown that the LHDI can be
responsible for ripple-like disturbances of parameters such as the mag-
netic field and density at the DF front region on electron-kinetic scales.
Furthermore, Nakamura ef al. (2019) also presented results about
LHDI growth rates by combining fully kinetic simulations and a linear
dispersion relation solver in the fully kinetic regime, showing that the
timescale of the fastest growing mode of the LHDI is in the range of
seconds under realistic conditions.

Despite these results, the typical temporal evolution of LHDI-
associated electric field fluctuations during the dipolarization front as
they propagate earthward is not yet fully understood. Furthermore,
due to the mentioned short growth timescales, it is difficult to make
statements about the elapsed time and stage of the LHDI itself. This
study aims to contribute to a better understanding of the conditions
under which the LHDI can be observed by analyzing a larger number
of events, using data from the MMS mission. Here, for the first time,
we present a statistical analysis of observational data that comprise of
DF events, among which the power of the LHDI-associated waves
varies by several orders of magnitude. In this work, a link between a
present electron density/pressure gradient across DFs and lower-
hybrid wave signatures, which are interpreted as a result of the LHDI,
is investigated. We make statements about the prevalence of perpen-
dicular electric field fluctuations in the lower-hybrid frequency range,
relate the measured wave power to ambient plasma parameters, and
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provide parameter ranges in which such fluctuations can be expected
or not. Furthermore, we assess the question where such waves appear
in relation to the DF structure onset/end and to the density gradient,
and discuss possible reasons and mechanisms that can be responsible
for stronger/weaker waves at DFs.

II. METHODOLOGY
A. Event selection and database

For the investigation, we use data from the Magnetospheric
Multiscale (MMS) Mission (Burch et al, 2016). We use the initial
database from Schmid ef al. (2019b), comprising 203 events but select
only events that were obtained during June, July, and August of 2017
and 2018 when the apogee of MMS was clearly in the magnetotail.

For single-spacecraft analysis techniques, we use burst mode data
from MMSI; therefore, all events are discarded where high-time reso-
lution burst data of MMS]1 are not available or degraded. This results
in a subset of 86 DF candidates. Among these candidates, a subsequent
selection is performed, based on magnetic properties. The 86 events
are checked for fulfilling the following criteria, using survey mode data
of the flux gate magnetometer (Russell ef al., 2016) of MMSI:

¢ Transient events: the duration of the DF, Atpg, which is defined
as the time between minimum and maximum B, must not
exceed 10 s.

* Dipolarization: AB, > 5 nT within Atpg.

* Change of magnetic field orientation: the change in elevation
angle (Baumjohann ef al., 1999) must be greater than 10°, ie.,
0= arctan(\/lg‘;—Bi) > 10°.

* Final magnetic field orientation: the elevation angle at the DF
end time (i.e., time of maximum B,) must exceed 0 > 40°.

* Proximity to central plasma sheet is required to ensure that the
spacecraft crosses at the DF center: median(B,) < 10 nT within
60 s before the DF.

Among the events in the subset, a total amount of 61 events fulfill
these criteria and are further considered. The range of characteristic
parameters of all 61 events is summarized in Table I. On average, the
thickness of an entire DF is therefore in the range of several ion inertial
lengths for all the considered events; however, the DF can contain sub-
structures with enhanced density gradients at which the ions can be
unmagnetized. A spatial overview of all events is displayed in Fig. 1,
which shows all events in the X/Y plane in Geocentric Solar

TABLE |. Parameter range of the 61 DF events that provide the dataset of this study.
The median and the upper and lower quartiles are given for the plasma beta before
the DF f3, the thickness of the DF, normalized by the ion inertial length dpr /d;, the
DF timing velocity v;, the electron density before the DF n,, and the total ion bulk
velocity at the DF ;. Here, the term before the DF refers to the time interval of length
Atpr before the DF onset.
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B dop/di vdkm/s) n.(cm?) v; (km/s)
Max 479  7.59 887 2.12 614
Upper quartile 57 4.02 400 0.54 329
Median 26 344 302 0.31 287
Lower quartile 15 2.42 268 0.20 216
Min 2 1.16 146 0.08 113
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FIG. 1. An overview of the 61 events that match the selection criteria. The colors
represent the change in the northward magnetic field component during the DF,
AB;, and the arrows represent the DF propagation direction perpendicular to the
boundary (obtained by the timing method), projected onto the X/Y plane in GSM.

Magnetospheric (GSM) coordinates. The GSM system has its origin at
the center of the earth and it is defined such that the xgsy component
points toward the sun, zgsy aligns with the magnetic dipole axis but is
projected such that it is perpendicular to xgsm, and ygsm completes
the right-handed system such that xgsm X yosm = zgsm is fulfilled.
The arrows represent the direction n; and velocity v, of propagation of
the DF structures, normal to the boundary and projected onto the X/Y
plane, obtained by the timing method (Harvey, 1998; Plaschke et al.,
2016). The color represents AB,, i.e., the difference in the B, compo-
nent between the beginning and end time of the DF. In Fig. 2, the
parameters of a typical DF event are shown, which are used for the
analysis. Figure 2(a) displays the magnetic field from the flux gate
magnetometer in GSM coordinates, in which the blue region high-
lights the DF time range Atpr and the gray lines depict the ion inertial
length d; and the ion gyroradius p; as a reference. The characteristic
increase in the B, component of the magnetic field is visible during the
DF. In Fig. 2(b), the electron and ion densities are shown together
with the electron density gradient range (green region) and a linear fit
of the electron density signal (green line). The time of steepest gradient
toaX is marked by a dashed green line. Here, a clear decrease in #, and
n; is visible across the DF. In Fig. 2(c), the perpendicular electron pres-
sure is shown. The green line represents a fitted linear function to the
Pe,1 data out of the gradient region, which is highlighted in green.
Similar to the density, a pressure decrease is observed across the front.
In Fig. 2(d), the ion bulk velocity v; is shown in GSM coordinates. The
dashed lines during the DF time interval represent the DF propagation
velocity along its normal direction v;. Both the DF velocity and the ion
flow velocity are almost the same, indicating that the DF structure is
embedded into the earthward ion flow. Figure 2(e) shows the parallel,
perpendicular, and total electron temperatures. Toward the end of the
DF structure, a moderate increase in both the perpendicular and paral-
lel electron temperature is observed. However, the strongest increase
in temperature, accompanied by a temperature anisotropy (T < T),
is observed mainly behind the DF event, which is consistent with
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FIG. 2. In panel (a), the ambient magnetic field is shown and the time interval of
the dipolarization front with the duration Afpr is highlighted by the blue region. As a
reference, the ion inertial length d; and the ion gyroradius p; are shown as gray
bars at the DF. In panel (b), the electron and ion densities are shown together with
the gradient region highlighted in green and the fitted electron density. The green
dashed line shows the time of steepest electron density gradient, t73*. In panel (c),
the perpendicular electron pressure pe, | together with a linear fit of pe | from within
the gradient range (green highlighted region) is shown. The ion bulk velocity v; in
GSM coordinates is shown, together with the DF propagation velocity v; in panel
(d). In panel (e), the parallel, perpendicular, and total electron temperatures are
shown. In panel (f), v; and v in the co-moving frame are shown in the direction
tangential to the DF, ({b); x ). The plasma f is shown in panel (g), the electric
field fluctuations in the field-aligned coordinate (FAC) system are shown in panel
(h). In panels (i) and (j), the Power Spectral Densities (PSDs) of the perpendicular
components of E, and the parallel component of B, together with the lower-hybrid
frequency in black, are shown. Panel (k) shows the angle between the ambient
magnetic field and the wave vector k. Panel (I) shows the integrated PSD, P, in red
as well as the time of maximum wave power fp as the red dashed line. The blue
solid line represents a Gaussian function fg centered around t,, (blue dashed line),
which is the power-weighted average time where wave signatures occur. All time-
stamps are given in UTC.

findings by Khotyaintsev et al. (2011), who attributed such observa-
tions to whistler wave modes. Figure 2(f) highlights v; — v, and
v, — Uy, L., the ion and electron velocity in the co-moving frame with
respect to the DF, but in coordinates that are aligned with the bound-
ary. In particular, we show the components of the ion and electron
flow tangential to the boundary, ie., in the direction of (b) x n;, where

(b) denotes the unit vector in the direction of the average background
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magnetic field during the DF time interval and n; denotes the unit vec-
tor of the boundary normal, n; = v;/v,. Toward the end of the DF
time interval, the electron flow velocity mostly exceeds the ion flow
velocity, indicating that the current tangential to the boundary is
mostly carried by electrons. Figure 2(g) shows the plasma beta. Values
in the range between 10 and 100 before the DF and values in the range
around 1 after the DF suggests that the event acts as a boundary
between a thermal pressure-dominant plasma sheet and a more
diluted plasma region with stronger magnetic pressure behind the DF.
In Fig. 2(h), the components of the electric field are shown in field-
aligned coordinates (FACs). During the DF, the dominant fluctuations
are observed to be perpendicular to the ambient magnetic field. Figure
2(i) shows the power spectral density (PSD) of the perpendicular elec-
tric field fluctuations 0E; and the lower-hybrid frequency fiy as a
black line. At the front region, the highest power is observed in the
range around fi i and below. In Fig. 2(j), the PSD of the magnetic field
fluctuations, parallel to the background magnetic field, is shown.
Signatures of enhanced power are observed in the same frequency
region and time as in the electric field fluctuation PSD. Figure 2(k)
shows the angle spectrum between the background magnetic field and
the wave propagation vector k, obtained by the method by Means
(1972). At the DF region around the lower frequency, the angle of the
wave vector predominantly assumes values toward 90°. Figure 2(I)
shows the integrated PSD over the frequency, P, as the red solid line.
The time range of the observed fluctuations At,, is indicated by the
gray highlighted region. The time point of maximum power, ¢p, is indi-
cated by a red dashed line. The blue solid line represents a Gaussian
function f; that acts as a proxy for the observed wave power and is
used in the analysis to describe the temporal properties of the observed
fluctuations. Its height corresponds to the maximum integrated power
and its width is linked to the total energy of the observed fluctuations.
The time point of the center of f; is represented by a blue dashed line
and is denoted by t,,. It is determined by the weighted average time of
the integrated wave power P. Further details about obtaining P as well
as about the construction of f;; are given in Sec. 11 B.

B. Analysis

For the single-spacecraft analysis techniques, we use data from
MMSI1. Unless otherwise noted, burst mode data from the FGM
instrument is used, which features a sample rate of 128 Hz. We further
use burst mode data of the Fast Plasma Investigation (FPI) (Pollock
et al., 2016) for plasma moments such as electron and ion density,
bulk velocity, and pressure. In the burst mode, the sample rate is
33.3Hz for electron moments and 6.6 Hz for ion moments, respec-
tively. For the electric field fluctuation JE analysis, we use burst mode
data from the electric double probe (EDP) instrument (Lindqvist et al.,
2016) with a sample rate of 8192 Hz. For the calculation of the mag-
netic field power spectrum as well as for the wave propagation direc-
tion, we use burst mode data from the Search Coil Magnetometer
(SCM) (LeContel et al., 2016) with a sample rate of 8192 Hz. For all
the DF events, the boundary normal propagation velocity v, and nor-
mal propagation direction n; are determined using the timing method
(Harvey, 1998; Plaschke ef al., 2016) on survey mode magnetic field
data from the FGM instrument of MMS1-4, which features a sample
rate of 16 Hz. For the events of the used database (47 out of 61 events),
the boundary normal vectors point at angles around 90.1° * 6.0°,

scitation.org/journal/php

relative to the average ambient magnetic field during the DF time
interval and are, therefore, considered perpendicular to the boundary.

To categorize and quantify electric field fluctuations at the DF,
burst mode data of the electric field E from EDP are transformed into
a field-aligned coordinate (FAC) system (ej,e; 1,e12) = (b,v;
xb,b x (v; x b)). Here, b denotes the unit vector of the total mag-
netic field from FGM and v; the ion bulk velocity unit vector. We do
not take the average of b and v; but instead supersample to the time
base of E and calculate the orientation of the FAC for each data point
of E. The power spectral density (PSD) is estimated for each compo-
nent of E in the FAC from the squared Fourier transformed signal.
We take S = Sg 11 + Sg,1 2 to be the PSD of the perpendicular com-
ponents of E and it is represented by the sum of PSDs of each perpen-
dicular component [see Fig. 2(g)]. Here, we solely focus on the electric
field component, perpendicular to the ambient magnetic field, since
the lower-hybrid wave features a dominant perpendicular electric field
component in the frequency range below and around the lower-
hybrid frequency fin ~ +/fef: with f., and f; being the electron and
ion gyrofrequencies, respectively. Furthermore, any contributions
from Whistler wave modes, which can be identified by propagation
directions parallel to the background magnetic field, and are also com-
monly observed at dipolarization fronts (Viberg et al., 2014; Huang
et al., 2012), must be excluded. At DFs, Whistler modes are predomi-
nantly found behind the DF structure after the B, maximum, within
the dipolarizing flux bundle, and are accompanied by a temperature
anisotropy, i.e., with T, /T > 1 (Malykhin et al, 2021; Khotyaintsev
et al., 2011). Also, we acknowledge that Whistler modes can also be
found at f < fiu; however, the majority is observed in the frequency
range fin <f < f. (Liang et al, 2012; Grigorenko et al, 2020;
Malykhin ef al, 2021). Figure 2(k) indicates mostly perpendicular prop-
agation directions. For the analysis, we, therefore, use the simple
approach of excluding all contributions above the lower-hybrid
frequency. With this motivation, we use a modified power spectrum,
that is,

0 f <2Hz,
S(t.f) 2 <f < fim,

st fesp (228 7> i v

Sm(tvf) = f *fLH

fLH

We exclude the wave power from convective E field contributions in
the observer frame as well as Alfvénic signatures by setting the lower
integration limit to 2 Hz. To gradually exclude frequency contribu-
tions above fi1, we modify S with an exponential. Here, fi11 is constant
and set to the maximum lower-hybrid frequency during the DF. In
Fig. 3, we show the averaged power spectrum of the perpendicular
electric field fluctuations of a DF event at UT 2017-06-19/03:57:38 for
demonstration. It is averaged over a time interval of width At,, that is
centered around the average time of strongest wave power t,,. It is visi-
ble that in the frequency range of interest (blue shaded range), the
power of the perpendicular electric field fluctuations is enhanced.

To exactly determine the beginning and ending times of the DF,
we apply an automated search algorithm. We use the 16 Hz survey-
mode FGM magnetic field data out of a 40 s time window, which starts
10 s before the DF onset, which was identified by Schmid er al.
(2019a). First, the signal is smoothed, using a sliding window of 0.5 s
width. We then search the B, component for all minima and maxima,
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FIG. 3. Power spectrum of the perpendicular electric field fluctuations of the event
at UT 2017-06-19/03:57:38. The spectrum is averaged over all time points of an
interval of width Af,,, which is centered around the average time of strongest wave
power t,. The blue shaded area illustrates the frequency range between 2 Hz and
fiy. An enhancement of wave power in this interval is visible.

which serve as potential DF beginning and ending time candidates of
the DF, respectively. Then, all minima/maxima combinations are
checked to see if they fulfill the criteria of Sec. Il A. For all passing
combinations, we further calculate the time difference At and north-
ward magnetic field difference AB,. We choose the combination of
time points with highest AB, /At for the beginning and ending time of
the DF, respectively, to capture the steep B, increase region of the DF.
Consequently, the DF beginning and end times are denoted by ¢in
and t7%, respectively, and the DF duration is Atpp = tJ% — M0 The
total power of the present fluctuations [Fig. 2(h)] is calculated by

Hﬂzj%mﬂ#~ @

To obtain the electron density and pressure gradient across the DF,
burst mode FPI moments are used. It is expressed as follows:
dn, 1

dt v’

with v, being the DF propagation velocity. The time derivative term is
determined by first identifying the time range over which the density
decreases and then performing a linear fit to the density signal. Since
the density typically decreases across the front, a negative sign is added
to obtain positive values for the density gradient. The perpendicular
electron pressure gradient Vp, | = —(dp., /dt)(1/v;) is determined
accordingly. Note that we do not use multi-spacecraft methods to
determine the density gradient because FPI burst mode data are not
available for all four MMS spacecraft for events in 2018.

During the DF crossing, the wave power P(f) does not always
show as a single peak with one distinct maximum but can have more
than one maximum or no maximum. It is, therefore, not straightfor-
ward to define the time of strongest wave power and wave duration.

3)

Vne# = —
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Instead, we construct a Gaussian function fg(t) = aexp (—(t — t,)*/
2¢%) as a proxy for the real P, associated with the DF. It is constructed
such that a is set to the maximum P within the examined time window
and it must furthermore fulfill

00 t—t, 2
Ltggp(t)dt = J_OO aexp (— %) dt, (4)

that is, the energy is conserved. From Eq. (4), the width of the function f;
in the time domain, denoted by ¢, is calculated, and we interpret At,, =
4c¢ as the wave duration. This proxy function is centered around f,, =
[ P(t)tdt/ [ P(t)dt. Here, t,, represents the center time point of the wave
signatures during the DF and is defined as the power-weighted aver-
age time where wave signatures occur during the DF. For all the
events, we consider a symmetrically extended time interval around
the DF front, Atff = 1.20Atpr in order to take the uncertainty in
finding #7i" and 2% into account.

To measure the strength of the obtained fluctuations of JE | , we
define (P) sig as the average wave power in the time interval £, * 2c,
i.e., during the dwell time of the wave. To quantitatively investigate the
prevalence of waves at DF structures and the influence thereof, we
compare the wave power during the DF event with the wave power
before. We introduce the average wave power during the DF time,
which is (P)pp = (1/Atpr) [ppP(t) dt. Here, the subscript indicates
that the integration is performed over the DF time interval. We com-
pare this to the wave power before the DF, (P), ¢, which is defined in a
similar way to (P)pp, but we consider the time interval of one DF
duration before the front onset: 1" — Atpp < ¢ < ", Accordingly,
the average wave power after the front, ie, in the dipolarizing
flux bundle, is denoted by (P),; and is obtained by considering
e <t <+ Atpe.

lll. RESULTS

Motivated by the density gradient, being the driver of the LHDI
(Davidson et al., 1977), we aim to compare the density gradient and
lower-hybrid wave properties. Figure 4 shows the time evolution of
Vn, | in panel (a) and the wave power P(t) in panel (b) for each event.
In order to be able to compare the time properties among different
events, we introduce an alternative time axis for all events, i.e., we map
the time axis of each event to a generalized time coordinate ¢, We
rescale the time vector of each event by its respective Afpr and shift the
time axis such that the start time of the DF corresponds to the origin,
ie., t{;;m corresponds to ¢t,=0. Due to the normalization by Atpg, the
DF end time tJ*™* corresponds to . = 1. Furthermore, for each event the
density gradient and the wave power are normalized by their respective
maxima from within a time interval between —1 < t, < 2, which cor-
responds to tg‘zi" — Atpp < t < 5 + Atpg. The 61 events are ordered
based on |1J3* — tp|/Atpg, i.e., the relative temporal deviation between
the time of the steepest density gradient £7:* and the time of maximum
wave power fp, obtained within the shown interval —1 < ¢, < 2. Based
on this ordering, we assign a number to each event.

We validated the beginning/end times of the DF and the #, | gra-
dient region by visual inspection. The DF beginning/end times were
found to be reasonable for all events, except for events No. 50, 51, 53,
54, 57, 58, 59, 60. The Vn, | region was found to be reasonable for all
events, except for event No. 48, 49, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60,
61. All the events for which both the beginning/end times of the den-
sity gradient as well as the DF are determined correctly by the
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FIG. 4. (a) Time evolution of Vn, , for each event in the generalized time coordinate ¢, on the vertical axis. The displayed time range encompasses —1 < t, < 2 and there-
fore corresponds to #1i" — Afor < t < 7% + Atpr for all events. Time progresses from bottom to top. Red indicates a decreasing density across the front and black indicates
an increasing density. Panel (b) shows the wave power P in the same way. To be able to compare different events, P and Vn, , are both displayed normalized by their
respective maximum/steepest gradient values from within —1 < . < 2. (c) Time difference between the time of steepest density gradient £55* and the maximum wave power
tp in units of one DF duration Afpr, taken from the shown interval of —1 <t < 2. The color shading represents the different categories. (d) A histogram of all events. The
events are binned by the deviation |t> — t02; panels (c) and (d) share the vertical axis. (€) Normalized j - E' in the electron frame.

automated method are taken into account in the results (event No.
1-47). Events for which the automated method failed for at least the
DF or Vn, | beginning/end times are marked as a separate category
(event No. 48-61). Events for which the density gradient region was
not determined correctly, no statement about V#, | values is made.
First, we highlight that enhancement of the wave power is
observed at all 47 events, in general, in the middle or toward the end of
the respective events. The density gradient region is generally confined
within the DF interval. It is shorter or comparable to Afpr and the
steepest density gradient is found within the DF time interval. Second,
when comparing panel Figs. 4(a) and 4(b), we observe that the time of
the steepest density gradient 3% is temporally aligned with the time of
maximum wave power, fp, for a large part of the considered events
(57%). In Fig. 4(c), the temporal deviation [t32* —tp|/Atpg is shown for

each event. We observe that for event No. 1-27, the deviation is small
(|#3a — tp|/Atpr < 20%), indicating a strong temporal alignment
between the steepest density gradient and strongest wave power.
For higher event numbers, the deviation increases up to almost 2Atpg.
This is further quantitatively illustrated in a histogram, which bins the
number of events by |t — tp|/Atpr in Fig. 4(d). Based on this obser-
vation, the events 1-27 (27/47 = 57% of considered events, 27/61
= 44% of the total database) are marked as category 1 (green) and
events 28-47 (20/47 = 43% of considered events, 20/61 = 33% of
the total database) as category 2 (yellow, represents events with |#52*
— tp|/Atpg > 20%). The remaining events 48-61 (14/61 = 23% of the
total database) are marked as category 3 (red). It should be noted, how-
ever, that some of the events in category 2 show more than one peak in
the wave power. Among those local peaks in the wave power, one can
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still be temporally aligned with the time of steepest density gradient.
However, since it is not the global maximum peak, it leads to an overes-
timated temporal deviation of [fZ% — tp|/Atpg.

In Fig. 4(e), j - E in the electron co-moving frame is shown. The
calculation of j - E' = j - (E + v, x B) is performed by using the curl-
ometer technique (Dunlop ef al., 2002) to calculate the current density
j and then taking E, v,, and B at the barycenter of the spacecraft tetra-
hedron. Events for which burst data are not available from all four
spacecraft, E, v,, and B are instead used from MMSI only. The highest
magnitudes of j - E' are generally found to occur during the DF time
interval.

In Fig. 5, we compare the average wave power during the DF with
the average wave power before and after the DF. Note that, due to the
above given definition of (P)yp, (P)yf»> and (P) 4, the ratio of the aver-
age power also represents the ratio of total wave energies in the respec-
tive time intervals. In Fig. 5(a), the ratio between the wave power
during/before the DF is displayed for all events. In general, the wave
power during the DF is dominant compared to the time before the DF
onset. In Fig. 5(b), a histogram shows the distribution of the events over
the power ratio (P)pg/(P)y> indicating that category 1 events exhibit
slightly higher ratios compared to category 2 events [the median value
(upper, lower quartile) of (P),./(P),. for Cat. 1: 44.3 (181.9, 5.3), and
for Cat. 2: 7.8 (47.2, 3.1)]. In Fig. 5(c), a comparison of the average wave
power during the DF/after the DF is displayed. It is indicated that cate-
gory 1 events exhibit, in general, stronger wave signatures during the
DF, whereas for category 2 events the ratio is on average lower, i.e., wave
signatures can also be observed behind the DF [the median value
(upper, lower quartile) of (P)pg/(P),4 for Cat. 1: 3.5 (9.1, 1.5), and for
Cat. 2: 1.0 (3.1, 0.4)]. In Fig. 5(d), a histogram of the total number of

events per power ratio bin is shown, indicating that category 1 events
generally feature the strongest wave power during the DF.

Next, we investigate the relation of the wave power with the
ambient plasma parameters. The results of a cross correlation analysis
are presented in this section and summarized in Table I, which repre-
sents the Spearman rank correlation coefficients of the respective
quantities. We choose the Spearman rank coefficient over the classic
Pearson correlation coefficient because we do not assume a linear rela-
tionship and/or normal distribution of the observed quantities. The
table shows the coefficient for the combined category 1 and 2 dataset.
A weak correlation of the wave power (P) sig with the Vi, | (0.41) as
well as the Vp,, 1 (0.46) can be observed. The relation of (P), to
Vn,_, is shown in Fig. 6(a). Despite considerable scatter, we recognize
that (P),, increases with Vn, . However, a large wave power is not
only observed at large values of Vi, but also at moderate density
gradients around 0.2 x 1073 cm™3 km ™. In Fig. 6(c), the wave power
is compared to the electron pressure gradient across the front, Vp, | .
Generally, we observe the strongest wave power at strong electron

TABLE II. Spearman rank correlation coefficient of the average wave power with var-
ious parameters and gradients across the DFs for category 1 and 2 events. Here,
BY# denotes the magnetic field z component at the DF end, v is the timing velocity,
Ve, is the electron density gradient across the DF, and Vp, | is the perpendicular
electron pressure gradient across the DF.
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pressure gradients, and low wave power is only observed at weak gra-
dients. The correlation coefficients for the power ratio before/during
the DF, (P)pr/(P)es> generally exhibit less correlation. A better
correlation is observed when comparing (P)pr with BP*v, (0.72),
as displayed in Fig. 7. The color represents the averaged j - E' value
during the time window At,,, centered around the strongest wave
power t,, [see Fig. 2(1), gray shaded area]. We observe that 11/47
(23%) events show, on average, positive values of j - E, indicating
energy transfer to the electrons. On the other hand, 36/47 (77%)
events show, on average, negative values, suggesting energy transfer
from the electrons. Additionally, we note that strong negative val-
ues of j-E' are generally observed for larger BMv, (upper right
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FIG. 7. Comparison of the wave power during the DF, (P)s‘g, with the z component
of the magnetic field at the DF end times the timing velocity of the DF, BJ*v;. The
color represents j - E' in the electron frame, averaged over the time interval around
the strongest wave power At,,.

sig With respect to the electron pressure gra-

corner in Fig. 7), whereas positive values are observed for both low
and high values of B]***v;.

IV. DISCUSSION

In this study, we investigate electric field fluctuations in the
lower-hybrid frequency range at dipolarization fronts in the
magnetotail.

Enhanced wave signatures are observed in all events for which
the DF beginning/ending times are correctly determined by the auto-
mated algorithm, that is, for 53 events. In general, they are located in
the middle or toward the end of the DF. The latter observation is con-
sistent with earlier reports of a single-event observation from
Khotyaintsev et al. (2011). Similar features were observed at the mag-
netopause by André et al. (2001) and Panov et al. (2006), where com-
parable conditions are at hand, i.e., gradients in both the magnetic
field and plasma density. They reported wave signatures in the lower-
hybrid frequency range toward the high-density/high-magnetic field
side (magnetospheric side), which is qualitatively comparable to our
observations at the DFs. However, some DF events exhibit stronger
wave power than others. The range of wave power can be several
orders of magnitude, as shown in Fig. 6. We hypothesize that the rea-
son for this observation is twofold. First, we argue that for the observed
events different initial plasma conditions could have led to different
growth rates of the LHDI and eventual levels of saturation, resulting in
different electric field fluctuation amplitudes at time of observation.
Second, lower-hybrid waves can be the reason for strong plasma parti-
cle heating, where the wave energy is effectively converted to the
kinetic energy of the present particles, i.e., the wave energy is, there-
fore, dissipated over time (Nakamura ef al., 2019).

All 47 events (category 1 and 2) show a density gradient across
the DF front and a large part of events (category 1 events: 27/47, 57%)
contained the strongest wave signature at the steepest density gradient
location. In line with Nakamura ef al. (2019), we interpret this as an
indication that at such steep gradients, the LHDI growth is strongly
enhanced due to increased diamagnetic currents. Here, we point out
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that a widely known initial work of Davidson et al. (1977) makes state-
ments about the stabilizing effect of the plasma beta on the LHDI,
and the observed plasma beta (1-10) at the DFs in the current study
[see Fig. 2(g)] is in a range within this strong stabilization. However, it
is noted that the work of Davidson et al. (1977) is based on assumptions
such as fully unmagnetized ions and no harmonic cyclotron resonance
for electrons. On the other hand, based on linear analysis in the fully
kinetic regime without such restrictions, Nakamura ef al. (2019) recently
showed that the LHDI would be highly unstable at the DFs in a typical
parameter range of the earth’s magnetotail, including the moderately
high plasma beta as listed in the current study. Theoretically, the LHDI
is induced by diamagnetic currents resulting from the present density
gradients, perpendicular to the background magnetic field across the
boundary. However, the average density gradient generally varies in the
range (0.05 — 1) x 107> cm—>km ™' among the DF events and even
two extreme cases with up to 2.73 x 1073 cm ™ km ™" have been iden-
tified. We hypothesize that this is caused by, first, different ambient
plasma conditions around the creation site of the DF event and, second,
the change in density (and pressure) gradient over time. In Schmid ef al.
(2015), it was suggested that DF events can be divided into several cate-
gories that are distinguished by whether or not the density and/or tem-
perature across the front region changes significantly. They further
argued that DF events with large density changes eventually evolve into
events with much less density difference as they propagate away from
the reconnection site toward the earth into more dipolar-shaped mag-
netic field regions. Since the location and time point of the DF’s origin
and wave excitation is generally unknown, a link between the elapsed
time after the DF creation and the original density gradient layer profile
is therefore difficult.

There exists a weak relation between the electron density and
pressure gradient across the DF and the wave power, as shown in
Fig. 6. However, the correlation is low and the results scatter consider-
ably. Since the time scale of the fastest growing mode of the LHDI is
on the order of seconds (Nakamura ef al., 2019), we hypothesize that
for many events, the instability and the associated wave signatures are
already observed in a nonlinear stage and a clear correlation cannot be
observed. An additional factor for the growth rate of the LHDI can be
the influence of magnetic field line curvature. Shinohara et al. (1998)
presented results about the dependence of the LHDI growth rate with
respect to magnetic curvature at the reconnection site, which indicates
that a large field line curvature can lead to enhanced LHDI growth
rates. Determining the curvature radius of the entire DF structure is
unreliable due to the small S/C separation of MMS during the event
observation. However, Li ef al. (2011) estimated the curvature radius
at a dipolarization front using THEMIS data (Angelopoulos, 2008) to
be in the range of 1Rg. These results suggest that for some events of
our database, the field line curvature might play a role in determining
the LHDI growth rate, and, therefore, might contribute to the scatter
in the observed wave power. Nonetheless, we observe that low density
gradients are mainly accompanied by low wave power
[107! — 10" (mV/m)*] and steeper density gradients are mainly
accompanied by high wave power [10' — 10° (mV/m)*]. A similar
situation is at hand regarding the relation between (P), and Vp, 1.
We identify several notable features in Fig. 6(c): first, we identify that,
in general, lower wave power goes with weaker gradients (up to
Vpe1 =0.7 x 107* nPa/km). We hypothesize that with small gra-
dients, the present LHDI is not able to sustain higher-power waves.

ARTICLE scitation.org/journal/php

However, since we do not assume that such gradients are necessarily
constant over time, waves of higher power could be created at an ear-
lier time and dissipate away only very slowly. Second, events with
stronger wave power [10 — 1000 (mV/m)’] are observed up to values
of Vp. 1 =1.5 x 107* nPa/km. We assume that this is a direct con-
sequence of a strong LHDI, leading to wave signatures with high
power. Third, we identify no events in the parameter range of weak
wave power [<10 (mV/m)’], yet strong electron pressure gradients
(Vpe. =0.7 x 107* nPa/km). We hypothesize that due to the
strong pressure gradient, strong diamagnetic currents enhance the
LHDI growth and events with a strong pressure gradient are always
accompanied by a strong LHDI. Based on this assumption, this
parameter range is expected to show no events, which is consistent
with our observation. In this simple approach, the influence of the
Doppler shift to the observed wave modes is ignored. The wave power
in the frequency range of interest is quantified by integration of the
modified power spectral density of the electric field fluctuations over a
frequency interval, starting from 2Hz up to the lower-hybrid fre-
quency in the spacecraft frame. However, the Doppler shift can be cal-
culated by using the DF propagation velocity v, determined by the
timing method, and the phase velocity and propagation direction of
the wave, obtained by the method by Norgren ef al. (2012). Based on
this estimation, the upper integration limit in Eq. (2) can change
within a factor of two. Results of a subsequent analysis of the depen-
dence of the wave power on the density and pressure gradients remain,
however, the same.

Furthermore, we see a fairly good correlation between the wave
power (P)g, and Bj**v; (see Fig. 7). One possible explanation might
be that the DF acts as an energy conversion region, where large-scale
plasma flows and small-scale phenomena such as the LHDI are cou-
pled. In this simple picture, large magnetic flux transfer rates B v,
and the observed wave power (P),, can be connected indirectly.
Results by Wu and Shay (2012) suggested that ions can be reflected in
front of the DF shortly after its creation during magnetic reconnection
and they are effectively piled up before the DF. We assume that this
increases the ion pressure gradients and, if quasi-neutrality can further
be assumed, the electron density and pressure gradients also. We pre-
sume that B]"*v;, as a measure of magnetic flux transport toward
earth, is related to the density pileup shortly after the reconnection
event when the observed waves started to develop. In this simple pic-
ture, B)**v; would be a more suitable parameter to describe the role of
the LHDI for the observed wave power since it is a proxy for the con-
ditions during wave creation rather than during the observation time.
Next, it is visible that the values of j- E’ in the electron frame are
mostly negative (for 77% of the considered events), indicating an over-
all energy transfer from the electrons to the field. Predominantly nega-
tive values of the j - E' term at DFs have also been reported by Panov
et al. (2019) and by Algeeq et al. (2022). It should be noted that the
discussed values of j - E' are averaged values over the time interval of
the wave observation Af,,. However, within this interval they can
strongly fluctuate and can have both positive and negative signa-
tures during one event (Liu ef al, 2018), as visible in Fig. 4(e).
Further detailed analyses have been performed by Ergun et al.
(2018) close to the reconnection site, who have separated the j - E'
term into different frequency ranges and distinguished between
perpendicular and parallel directions. A statistical study about
frequency-dependent j - E' contributions for a large number of DF
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events would be an important next step to more comprehensively
understand the energy conversion processes at the DFs.

In this study, we identified the parameter ranges in which such
waves can be expected and possible explanations are provided.
As such, this work contributes to a better understanding of the neces-
sary conditions for LHDI-related electric field fluctuations to develop
and under which conditions they may be sustained. However, a gen-
eral course of evolution of LHDI-related wave structures during a DF’s
life cycle is not identified because it is assumed that the initial condi-
tions are different for each DF and also the elapsed time between crea-
tion and observation is unknown.

V. CONCLUSIONS

We summarize the observed results as follows:

 All the events show a clear wave signature within the DF. Waves
are generally observed in the middle or toward the end of the
front. Events show stronger wave power during the DF than
before the DF.

* The time of peak wave power is temporally aligned with the time
of steepest electron density gradient. Although the scatter
between electron density and pressure gradient and the observed
wave power is large, the results show that strong-gradient events
tend to exhibit higher wave power.

* The best correlation of the wave power is found in the magnetic
flux transport rate toward earth, which is a large-scale quantity.

* The power flux j - E' can show both positive and negative values,
but predominantly shows negative values—indicating that in
regions of strong waves, the energy from electrons is transferred
to the waves.
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NOMENCLATURE

(b)  Unit vector of the average magnetic field during
the DF time interval
dpr  DF thickness in km
d;  Ton inertial length in km
e Time-dependent unit vector, parallel to the
background magnetic field
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Electron and ion number density in cm >

P Integrated wave power of the electric field fluc-
tuations in (mV) m 2

(Pas Average wave power from the time interval after
the DF in (mV)® m™2

(P)s Average wave power from the time interval
before the DF in (mV)” m™2

(P)pr  Average wave power from the time interval of
the DF in (mV)® m™2

(P)yq Average wave power from a time interval

around t,, and duration At,, in (mV)> m2

SmS  (Modified) power spectral density of perp. elec-
tric field fluctuations in (mV)> m~2 Hz ™!
tp  Time of maximum wave power in s
t,  Rescaled time vector in units of Atpg
t,  Power-weighted average time of occurrent wave
power in s
Beginning and end times of the DF in s
g2 Time point of steepest density gradient in s
|52 — tp|/Atpr  Relative temporal deviation between the time of
steepest wave power and time of steepest den-
sity gradient
Ve, vi  Electron and ion bulk velocity in km/s
v, n;  DF normal propagation velocity in km/s, and
unit vector, obtained by the timing method
pi  Ion gyroradius in km
0  Elevation angle in degrees
Atpr  Duration of a DF event in s
Atg‘ﬁ *+10% of AtDF
At,,  Effective duration of occurring waves in s

min  gmax
th ’ th
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