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Abstract In this study, the broadband electrostatic waves are observed in electron diffusion

region (EDR). Detailed analysis has shown that the parallel electric field of these waves have a bipolar

or continuous steepening waveform. The bipolar structures of the parallel electric field are usually
accompanied by electron holes (EHs) in phase space. The parallel spatial scales /, of EHs are ~3-5 4, (4,
is the Debye length), and the perpendicular spatial scales /, are larger than ~18.6 A,. Therefore, the length
ratios [, /[ are larger than ~3.7-6.2, which means that the EHs have oblate shapes. Associated with these
plasma waves, electron beams propagating away from the X-line have been observed. By performing a one-
dimensional (1-D) electrostatic particle-in-cell simulation of the bump-on-tail instability, we reproduce
two types of waveforms similar to those observed in the EDR during the different evolution stage of the
instability, which implies that these electrostatic waves are generated by the bump-on-tail instabilities.

1. Introduction

Magnetic reconnection is an important physical process in space and laboratory plasmas, which transforms
magnetic energy into plasma kinetic and thermal energy with a reconfiguration of magnetic topology (Lap-
enta et al., 2016; Q. M. Lu et al., 2013; Parker, 1957; Sweet, 1958; Vasyliunas et al., 1975; Wang & Lu, 2019).
It is believed that the key processes, which drive magnetic reconnection, generally occur in a small-scale
region called the diffusion region, which includes the ion diffusion region and electron diffusion region. In
the ion diffusion region, ions are decoupled with the magnetic field and electrons still are frozen in the mag-
netic field. The decoupling of ions and electrons motion leads to the Hall effects. In the symmetry recon-
nection, typical manifestation of the Hall effects are quadrupolar structure of out-of-plane magnetic fields,
and bipolar electric fields pointing toward the center of the current sheet at the edge of the ion diffusion
region (Birn et al., 2001; Fu et al., 2006; Lu et al., 2010; Shay et al., 2001; Sonnerup, 1979; Wang et al., 2010).
In the electron diffusion region (EDR), the electrons are no longer coupled with the magnetic field, and the
reconnection electric field is balanced by the off-diagonal electron pressure term (Hesse et al., 1999; S. Lu
et al., 2013; Pritchett et al., 2001; Vasyliunas, 1975).

Plasma waves have been always observed in the diffusion region of magnetic reconnection. They can cause
particle scattering and diffusion, and are believed to be a possible source of anomalous resistivity (Cat-
tell et al., 2002; Drake et al., 2003; Graham, Khotyaintsev, Vaivads et al., 2017; Huang et al., 2012; Huba
et al., 1977; Vasko et al., 2017). The plasma waves in the separatrix region have been thoroughly studied by
both satellite observations and particle-in-cell simulations. These waves include whistler waves (Deng &
Matsumoto, 2001; Graham, Khotyaintsev, Norgren et al., 2016; Huang et al, 2016, 2017; Wilder et al., 2016),
lower-hybrid waves (Graham, Vaivads et al., 2017; Vaivads, Khotyaintsev et al., 2004), Langmuir waves
(Vaivads, André et al., 2004), and electron holes (Cattell et al., 2005; Fujimoto & Machida, 2006; Graham
et al., 2015; Huang et al., 2014; Matsumoto et al., 2003). However, there are very few studies on plasma
waves in the EDR until the launching of MMS in 2015. Taking the advantage of high-resolution measure-
ments, plasma waves in the EDR of magnetic reconnection have been analyzed. Cao et al. (2017) identified
large-amplitude whistler waves propagating away from the X-line in the EDR of magnetopause reconnec-
tion, which may be excited by the electron temperature anisotropy. Jiang et al. (2019) observed the upper
hybrid waves in the EDR, and they were considered to be generated due to the agyrotropic crescent electron
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distributions. Li et al. (2020) found the electron Bernstein waves near the EDR, which also may be driven
by electron crescent distributions. By performing three-dimensional (3-D) particle-in-cell (PIC) simulations
of magnetic reconnection with a guide field, Drake et al. (2003) found the electrostatic waves generated by
the Buneman instability in the EDR, and they thought that the waves can lead to strong electron scattering
associated with anomalous resistivity. In this study, we examined in detail electrostatic waves in a magneto-
tail reconnection event, and identified broadband electrostatic waves in the EDR.

2. MMS Observations and Simulations

On July 11, 2017, MMS crossed the electron diffusion region in the magnetotail reconnection event at 22:34
UT, which was reported first by Torbert et al (2018). The MMS spacecraft was located at around (—21.6, 4.1,
3.8)Rg in the Geocentric Solar Magnetospheric (GSM) coordinate system. The largest interspacecraft dis-
tance between satellite was ~21 km ~0.7d, (where d, = ¢ / @, ~30 km is the electron inertial length based
on the minimum of electron density n, = 0.03 cm™, ¢ is the speed of light, and @, is the electron plasma
frequency). Here, we mainly use the magnetic field data with 128 sample/s from the Fluxgate Magnetome-
ters (Russell et al., 2016), and the electric field data with 8192 sample/s from the Electric field Double Probe
(Ergun et al., 2016; Lindqvist et al., 2016). The plasma data is obtained from the Fast Plasma Instrument
(Pollock et al., 2016) of MMSI1, in which the time resolutions for the electrons and the ions are 30 and
150 ms, respectively. In order to investigate this crossing, the local boundary normal coordinates system is
used where L = (0.9482, —0.2551, —0.1893), M = (0.1749, 0.9168, —0.3591), and N = (0.2651, 0.3074, 0.9139)
relative to the GSM coordinate system, which is determined by the Minimum variance analysis (Sonnerup
& Scheible, 1998) of the electron velocity (Genestreti et al., 2018).

Figure 1 shows the overview of the magnetotail reconnection event, and the measurements by MMS1 are
exhibited in the current sheet coordinate system. Most of the time, B; is negative (Figure 1b), and the sat-
ellite is in the southern part of the current sheet. Both By and the ion bulk flow V;; change from negative
values to positive values. Therefore, we can plot the trajectory of the satellite in Figure 1a, which crossed
the ion diffusion region from the tailward to the earthward. From 22:34:02 UT to 22:34:05 UT, we can ob-
serve the enhancement of the electron bulk velocity in the out-of-plane direction V,, (Figure 1d), whose
peak value is close to 20,000 km/s ~ Vj,, in which V,, = B/ | gyn,m, is the local electron Alfven velocity.
At ~22:34:02-22:34:05 UT, —(V, X B); is deviated from the measured electric field £, ; in Figure 1f, and it
means the electrons are no longer coupled with the magnetic field. The energy dissipation J - E’ has signif-
icant enhancement (see Figure 1g, where E' =E + V, x B is the non-ideal electric field) and the magnetic

field By, gradually tends to a minimum. Therefore, we can know that the satellite crosses the EDR during this
time period. In the EDR, we can also find the existence of the electric field Ey pointing to the center of the
current sheet, and its peak value is up to ~50 mV/m. The same reconnection event, as well as the identifi-
cation of the EDR, has been described by Torbert et al. (2018), Nakamura et al. (2019), Hwang et al. (2019),
and Jiang et al. (2019), and we will not go into more details.

In the EDR, we can also observe the existence of plasma waves during the time period 22:34:02-22:34:05
UT. These plasma waves have large electric fluctuations, while the magnetic fluctuations are negligible
(Figures 1h-1i). Figures 2b-2d plot the parallel component (E;) and the two perpendicular components of
the electric fields (E|; and E | ,) in magnetic field-aligned coordinates. The frequencies of the plasma waves
during the time period ~22:34:02.1-22:34:02.95 UT are around the upper hybrid frequency, which has been
thoroughly analyzed by Burch et al. (2019) and Jiang et al. (2019). The waves are considered to be the up-
per hybrid waves, which is excited by the multiple electron crescent distributions. Here, in this study, we
will analyze the other plasma waves during the time period ~22:34:03.1-22:34:05 UT, which has not been
analyzed before. The plasma waves have a broadband spectrum, and their uppermost frequency is about
the local electron plasma frequency f,,, (f,. ~ 1800Hz, the red curve shown in Figure 2e), and their parallel
component is much larger than the two perpendicular components. We filter the electric field data and ana-
lyze the direction of the wave vector k of this emission by the minimum variance analysis (MVA) (Sonnerup
& Scheible, 1998). The direction of the wave vector k = [0.7593, —0.2388, —0.6054] GSM determined by
MVA has an ambiguity of 180° with respect to the ambient magnetic field, which cannot be judged whether
the electrostatic plasma waves propagate parallel or antiparallel to the magnetic field.
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Figure 1. Overview of the electron diffusion regions (EDRs) encountered by MMS1 during 22:33:50-22:34:15UT. (a)

A schematic illustrator of reconnection diffusion region. The green curve represents MMS trajectory, the purple area
denotes the EDR. (b) Magnetic field vector. (c)-(d) Ion velocity and electron velocity. (e) Electric field vector. (f) The
measured electric field £ ;, —(W X B)L and —(Ve x B)L. (g) The energy dissipation J - E'. (h)-(i) The power spectra of
electric field and magnetic field, in which the red curves are the electron plasma frequency f,., and the black curves are
the electron cyclotron frequency f,,. The blue shaded area in the figure represents the EDR.

Figures 3A and 3B show the wave characteristics at two sub-periods (22:34:03.28-22:34:03.32 UT) and
(22:34:04.05-22:34:04.09 UT). In the sub-period 22:34:03.28-22:34:03.32 UT, the parallel electric field E| has
several bipolar structures, which is the typical characteristics of electron holes (EHs; Lu et al., 2008, 2005;
Matsumoto et al., 2003; Omura et al., 1996; Wu et al., 2010), and the corresponding perpendicular electric
field E |, also has bipolar structure (Figure 3A2). Although the unipolar structures of the perpendicular elec-
tric field are more often observed in the EHs, the perpendicular electric field with a bipolar structure is also
detected by satellite observations (Andersson et al., 2009; Matsumoto et al., 2003; Steinvall, Khotyaintsev,
Graham, Vaivads, Contel, et al., 2019; Vasko et al., 2017; Wang et al, 2013, 2014). In Steinvall, Khotyaintsev,
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Figure 2. Electrostatic waves in the EDR. (a) Electron velocity. (b)-(d) Three components of high-frequency electric
field in the field-aligned coordinate. (¢) The power spectrum of electric field. The two vertical dashed lines represent
the two sub-periods observed two different wave characteristics, marked by A and B.

Graham, Vaivads, Contel, et al. (2019), it is found that the perpendicular electric field with bipolar structure
accounts for about 25% in 336 EHs. Therefore, it is not accidental to observe the bipolar E ; in our event.
However, the generation mechanism of this structure is still unknown. Figure 3B shows the waveform of
the electric field during the sub-period 22:34:04.05-22:34:04.09 UT, corresponding to the largest intensity of
the broadband electrostatic waves (Figure 2e). The electric field exhibits continuous steepening waveform.
Its amplitude of the parallel component is ~40 mV/m, and the two perpendicular components are much
smaller.

In this study, a train of EHs are observed by MMS 4, 2, and 1 successively (Figure 4d). Combining the
above MVA of electric field and the satellite position (Figures 4a-4c), it can be determined that the EHs
are propagating away from the X-line. We can use the time delay analysis to determine these EHs’ parallel
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Figure 3. (A) and (B) show the wave characteristics at sub-period A (22:34:03.28-22:34:03.32 UT) and sub-period B
(22:34:04.05-22:34:04.09 UT). (A1-A3) The measured electric field in the field-aligned coordinate at the sub-period A.
(B1-B3) The measured electric field in the field-aligned coordinate at the sub-period B.
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Figure 4. The time delay analysis of electron holes. (a)-(c) The spacecraft orientation in the field-aligned coordinates,
where z is parallel to B, the y direction is defined as the vector product of z and the vector pointing from the Earth to the
Sun, which corresponds to the x direction of geocentric solar ecliptic (GSE) coordinates, and the remaining component
(x) is defined to complete an orthogonal right-handed coordinate system. (d) The parallel electric field E, for a train of
EHs observed by all four spacecraft. (e) Zoom-in on E, for one particular EH. (f) The electric potential corresponding to
Ejand V.

propagation velocities (Holmes et al., 2018; Steinvall, Khotyaintsev, Graham, Vaivads, Lindqvist et al., 2019;
Tong et al., 2018). For each EH, we can determine the time delay 6t of the bipolar E, signal between every
pair of spacecraft with the largest correlation coefficient C;. The corresponding propagation velocity is
Vii = A; / ot;, where A, is the spacecraft separation along B. Therefore the final parallel propagation velocity
oftheEHisV, = Z?:lwl-CiAi / Z?:]CiAi. The spatial scales in parallel direction /,can be calculated by §, = V7,
where 7 is the mean peak-to-peak time of the EH. According to the above method, the parallel propagation
velocities of these EHs V; are estimated to be ~—4,000-—6,000 km/s in the spacecraft frame, and the parallel
spatial scales /; are estimated to be ~2.8-4.8 km, i.e., ~3-5 4, (where 1, = (5okBTe / n,e* )1/2 ~ 968m is the
Debye length based on the electron density 1, = 0.05 cm ™). From Figures 4b and 4c, the largest satellite sep-
aration in perpendicular direction is ~ 18 km, therefore, the perpendicular spatial scales /, are greater than

or equal to ~18 km-18.64,,. In Figure 4f, we calculate the electric potential ® according to the observed E;
(Figure 4e) as ® = [E, - V,dr. Here, MMS 4 observes the largest peak potential, ® = ~100 V.

Figure 5 shows the electron phase-space density f, (v“ ) verses electron velocity vy measured by MMS2 at two
sub-periods, in which the rhombuses are the observations, and the red lines show the fitting result. In this
region, the spacecraft potential is ~45 V (not shown), and the electron distributions has removed the influ-
ence of the spacecraft potential in Figure 5. From the MMS2 observations, the electron beams propagating
away from the X-line (6 = 180") are found near velocity v, ~ 14,000 — 20,000 km/s in both sub-periods.
Based on the observations, we model these electron distributions with three bi-Maxwellians. When the EHs
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Figure 5. The electron distributions at two sub-periods. (a) The electron distribution in the 22:34:03.28-22:34:03.32
UT. (b) The electron distribution in the 22:34:04.05-22:34:04.09 UT. The rhombuses are the observations, and the red
lines show the fitted result. The black dotted lines are the fitted cold electron distribution, the black solid lines represent
the fitted hot electron distribution, and the black dashed lines are the fitted beam electron distribution.

are observed in the 22:34:03.28-22:34:03.32 UT, the electron distribution (shown in Figure 5a) includes cold
(black dotted line), hot electrons (black solid line), and beam electrons (black dashed line). The density of
the cold, hot, and beam electrons are n, . = 0.015 cm™3, n,, =0.014 cm™, and n,, = 0.001 cm™, and their
temperatures are T,. = 30 eV, T,, = 600 eV, and T,, = 60 eV. The drift speeds of the hot electrons and the
beam electrons are v, , = —2,500km/s and v, , = —17,000km/s. During the 22:34:04.05-22:34:04.09 UT, the
electron distribution (shown in Figure 5b) also includes the cold (black dotted line), hot (black solid line)
and beam electrons (black dashed line).

The EHs can be generated by the bump-on-tail instability, electron bi-stream instability, Buneman insta-
bility, and so on (Buneman, 1959; Graham, Khotyaintsev et al., 2016; Omura et al., 1996). In general, the

13

EHs excited by the Buneman instability have propagation speed (me / m,-) Vep ~ 0.08v,, ~ 1388 km/s
(where v, = 17,000 km/sis the beam velocity), which is much smaller than the observed EHs speed (4,000—
6,000 km/s) in the observations. Therefore, the Buneman instability can be excluded. The electron bi-stream
instability cannot generate the EHs when the beam density is much less than the density of the ambient
plasma. Form Figure 5a, the density ratio is n,, / n, ~ 0.03, in which n, = n, . +n,; + n,, is the total elec-
tron density, thus these EHs cannot be generated by the electron bi-stream instability in our observations.
Based on the extracted parameters for the cold, hot and beam electrons from observations, the estimated
phase velocity at maximum growth rate based on the linear theory analysis is about V,,~14,000 km/s, which
is close to the beam velocity v, , = 17,000km/s. Although there are cold electrons, due to the thermal effect
of hot electrons is large enough, cold electrons and hot electrons can be regarded as one electron popula-
tion with thermal effect, which can interact with beam electrons to excite the EHs. Hence, we think that
these EHs are generated by the bump-on-tail instability. In the observation, the EHs speed obtained by
multi-spacecraft timing analysis is ~0.4V},;,, which has a deviation from the linear theory analysis, but the
difference may be caused due to three-dimensional structure of the EHs in reality (Figure 3).

In order to prove that these electrostatic plasma waves are generated by the bump-on-tail instability, we
perform one-dimensional (1-D) electrostatic particle simulations based on the observations. Periodic
boundary conditions are used in the simulations, and the waves are assumed to propagate along the x
direction. The ions are motionless, and their effects on the plasma waves are neglected. Three different
electron components from the observations are employed: cold electrons, hot electrons, and beam electrons,
and their number densities are represented by n,, nj,, and n,. The thermal velocity of hot electrons is v,

(where v,, = \[2k,T, / m,, and T, is the temperature of hot electrons), and the drift velocity of hot electrons
is v; , = —0.15v,,. The thermal velocity of cold electrons is 0.15v,, and there is no the drift velocity for
cold electrons. The thermal velocity of beam electrons is 0.15v,, and the drift velocity of beam electrons is
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Figure 6. The results of 1D electrostatic particle simulations. (A1) and(B1) The electric field E, at @, = 908 and
@,,t =74.(A2) and (B2) The x — v, phase diagram of electron beams at @, = 908 and .t = 74.

12
vy p = —1.8v,. The time step is chosen as Ar = O.OZaJ;E1 (where @, = (noe2 / meso) is the electron plasma

frequency, and ny = n. + n;, + n,). The grid size is 4,, (wWhere 4, = (SokBTe / n,e* )1/2 is the Debye length),
and there are 256 grid cells. The average number of the particles in a cell is 900. The density of cold elec-
trons is equivalent to that of the hot electrons, and the density ratio is n;, / n, = 0.05. Figure 6(A1) and Fig-
ure 6(B1) plot the electric field E, (parallel to B) at @,,t =908 and @yt =74 for this case. The waveforms
of electrostatic wave emissions as a function of time shown in Figure 3(A1) and Figure 3(B1) are similar
to those found in simulations as a function of time (Figure 6(A1) and Figure 6(B1)). Figure 6(A2) and Fig-
ure 6(B2) show the x — v, phase diagram of electrons at @, t = 908 and @, = 74, which shows formation
of electron holes through coalescence of the vortices of trapped electrons. Therefore, the different wave-
forms of electrostatic plasma waves observed by spacecraft may be the results of different stage during the
time evolution of the electron bump-on-tail instability.

We also change density of cold electrons (n, / n, =0.3,0.05, and 0), and find that the bipolar and continuous
steepening waveforms still exist in these simulations (not shown). The linear theory analysis for different
density of cold electrons shows that the growth rate changes little and the phase velocity is almost the same.
Therefore, combining simulations and linear theory analysis, we think that the cold electrons are not criti-
cal for the formation of the bipolar and continuous steepening waveforms.

3. Discussion and Conclusions

In this study, we analyzed the electrostatic plasma waves in the EDR observed by MMS in the magnetotail
reconnection event on July 11, 2017. Besides the upper hybrid waves, which have been thoroughly studied
by Torbert et al. (2018), Burch et al. (2019), and Jiang et al., (2019), for the first time, we found that there
still exist another type of electrostatic plasma waves with a broadband spectrum. In these waves, we found
two different waveforms of the parallel electric field E, at two sub-periods. At 22:34:03.28-22:34:03.32 UT,
the E, had a train of bipolar structures, which is typical characteristic of EHs. At 22:34:04.05-22:34:04.09
UT, the waveforms of the parallel electric field were continuous steepening. From the detailed analysis of
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the electron distribution, electron beams propagating away from the X-line have been observed when these
electrostatic waves were observed. At the same time, the cold and hot electrons were also observed at two
sub-periods. Based on the linear theory analysis, we thought that these EHs are generated by the electron
bump-on-tail instability. Combining to the results of the 1-D electrostatic PIC, we thought that these differ-
ent waveforms of electrostatic plasma waves may be the results at different stages during the time evolution
of the bump-on-tail instability.

The analysis of 3-D configuration of the electron holes is a subject of concern, which can be valuable for
analysis of electron holes observed in space plasmas. In this study, the parallel spatial scales /; of the EHs
were ~3-5 Ap, and the perpendicular spatial scales /, were greater than or equal to ~18.6 4;. The length
ratios [, / [y were greater than or equal to ~3.7-6.2, which means that the EHs are oblate shapes conforming
to the previous observations and simulations (Franz et al., 2000, 2005; Holmes et al., 2018; Steinvall, Khot-
yaintsev, Graham, Vaivads, Lindqvist et al., 2019; Tong et al., 2018).

It is generally accepted that broadband electrostatic waves play an important role in plasma dynamics (Che
et al., 2010; Drake et al., 2003; Goldman et al., 2014; Khotyaintsev et al., 2010; Mozer et al., 2015; Vasko
et al., 2017). Khotyaintsev et al. (2010) present the observations of electric solitary structures inside a mag-
netic flux rope close to a magnetic reconnection region, they found that the electric solitary structures
provide a way for the dynamic reconnecting current sheet to dissipate energy, and can be very important for
electron and ion energization. With particle-in-cell simulations, Drake et al. (2003) found that electrostatic
solitary structures can efficiently scatter electrons in the EDR, thereby contributing to anomalous dissipa-
tion processes. In addition, Goldman et al. (2014) shown that electrostatic solitary structures can Cherenkov
radiate whistler waves which in turn affect the reconnection rate in the simulations of magnetic reconnec-
tion. Therefore, the broadband electrostatic waves observed in the EDR may change the reconnection rate,
and energize electrons more efficiently. However, the period of time observed the broadband electrostatic
waves is too short (~30 ms) in our event, there is no detailed particle data to support us to analyze their
characteristics, which is beyond the scope of the study.

Because of the reduced separations between characteristic electron scales, such as the Debye length and
electron inertial length, the dynamic properties of the electron diffusion region during magnetic recon-
nection has been difficult to study by simulations, and even high-frequency plasma waves are suppressed.
However, our observations have shown that the electron diffusion region may be intrinsic to the excitation
of high-frequency electrostatic waves.

Data Availability Statement

All the MMS data used in this work are available at the MMS data center (https://lasp.colorado.edu/mms/
sdc/). The authors acknowledge for the data resources from “National Space Science Data Center, National
Science & Technology Infrastructure of China” (http://www.nssdc.ac.cn). The simulation results are gener-
ated from our computer simulation model, which is described in Section 2. The simulation data used to plot
the figures in this study can be downloaded from https://dx.doi.org/10.12176/01.99.00260.
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