'.) Check for updates

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

JGR Space Physics

RESEARCH ARTICLE
10.1029/2023JA032059

Key Points:

e Statistical analysis of 645 solitary
waves in the Earth's magnetosheath
revealed that 630 of them are electron
holes

e The electron holes are associated with
quasi-Maxwellian ion velocity distri-
bution functions

e The electron hole velocities are
comparable with those of the bulk of
ions and well below electron thermal
speed

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

Z. L. Shaikh,
zshaikh@berkeley.edu

Citation:

Shaikh, Z. 1., Vasko, 1. Y., Hutchinson, 1.
H., Kamaletdinov, S. R., Holmes, J. C.,
Newman, D. L., & Mozer, F. S. (2024).
Slow electron holes in the Earth's
magnetosheath. Journal of Geophysical
Research: Space Physics, 129,
€2023JA032059. https://doi.org/10.1029/
2023JA032059

Received 6 SEP 2023
Accepted 25 FEB 2024

© 2024. American Geophysical Union. All
Rights Reserved.

Slow Electron Holes in the Earth's Magnetosheath

Z. L Shaikh! @, I. Y. Vasko? ©, I. H. Hutchinson®
D. L. Newman®’, and F. S. Mozer"

,S.R. Kamaletdinov* ,J. C. Holmes® s

1Space: Sciences Laboratory, University of California at Berkeley, Berkeley, CA, USA, 2William B. Hanson Center for
Space Sciences, University of Texas at Dallas, Richardson, TX, USA, *Massachusetts Institute of Technology, Cambridge,
MA, USA, 4University of California, Los Angeles, CA, USA, >Los Alamos National Laboratory, Los Alamos, NM, USA,
Center for Integrated Plasma Studies, University of Colorado, Boulder, CO, USA, 7Laboratory for Atmospheric and Space
Physics, Boulder, CO, USA

Abstract we present a statistical analysis of electrostatic solitary waves observed aboard Magnetospheric
Multiscale spacecraft in the Earth's magnetosheath. Applying single-spacecraft interferometry to several
hundred solitary waves collected in about 2-minute interval, we show that almost all of them have the
electrostatic potential of positive polarity and propagate quasi-parallel to the local magnetic field with plasma
frame velocities of the order of 100 km/s. The solitary waves have typical parallel half-widths from 10 to 100 m
that is between 1 and 10 Debye lengths and typical amplitudes of the electrostatic potential from 10 to 200 mV
that is between 0.01% and 1% of local electron temperature. The solitary waves are associated with quasi-
Maxwellian ion velocity distribution functions, and their plasma frame velocities are comparable with ion
thermal speed and well below electron thermal speed. We argue that the solitary waves of positive polarity are
slow electron holes and estimate the time scale of their acceleration, which occurs due to interaction with ions, to
be of the order of one second. The observation of slow electron holes indicates that their lifetime was shorter
than the acceleration time scale. We argue that multi-spacecraft interferometry applied previously to these
solitary waves is not applicable because of their too-short spatial scales. The source of the slow electron holes
and the role in electron-ion energy exchange remain to be established.

Plain Language Summary Earth's magnetosheath is a highly turbulent medium and an ideal natural
laboratory for the analysis of plasma turbulence. Spacecraft measurements showed that high-frequency electric
field fluctuations in the Earth's magnetosheath are predominantly electrostatic and consist, particularly, of
electrostatic solitary waves with bipolar parallel electric fields. The properties of these electrostatic fluctuations
have been largely unaddressed and, moreover, the results of previous studies were inconsistent. In this paper, we
present a statistical analysis of electrostatic solitary waves observed aboard Magnetospheric Multiscale in the
Earth's magnetosheath. We revealed that most of the solitary waves are Debye-scale structures with the
electrostatic potential of positive polarity and typical amplitudes between 0.01% and 1% of local electron
temperature. We demonstrated that the solitary waves must be electron holes, purely kinetic structures produced
in a nonlinear stage of various electron-streaming instabilities. Even more critical is that these structures are
slow; their plasma frame velocities are well below electron thermal speed but coincide with the velocities of the
bulk of ions. While the source of electrostatic fluctuations in Earth's magnetosheath could not be revealed, the
finding that these fluctuations can be slow implies they can facilitate efficient energy exchange between ions
and electrons.

1. Introduction

High-resolution electric field measurements aboard modern spacecraft in numerous regions of the near-Earth
space revealed the presence of electrostatic solitary waves, localized electrostatic structures with typically bi-
polar electric field parallel to the local magnetic field (Mozer et al., 2015; Pickett, 2021; Hansel et al., 2021). Prior
to the high-resolution measurements, only a signature of solitary waves, broadband electrostatic fluctuations in
spectral measurements, was observed (Gurnett et al., 1976, 1979; Gurnett, 1985). Broadband electrostatic fluc-
tuations and corresponding solitary waves have been observed in the solar wind (Mangeney et al., 1999; Mozer
et al., 2021), interplanetary shock waves (Williams et al., 2005; Wilson et al., 2007, 2010), lunar environment
(Hashimoto et al., 2010; Malaspina & Hutchinson, 2019; Chu et al., 2021), Earth's bow shock (Vasko, Mozer,
et al., 2018, 2020; Wang et al., 2021; Kamaletdinov, Vasko, Wang, et al., 2022), magnetopause (Cattell
etal., 2002; Graham et al., 2015), auroral region (Temerin et al., 1982; Ergun et al., 1998; Muschietti et al., 1999),
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inner magnetosphere (Franz et al., 2005; Malaspina et al., 2014; Vasko, Agapitov, Mozer, Artemyev, Drake,
etal., 2017; Tong et al., 2018), and plasma sheet (Matsumoto et al., 1994; Cattell et al., 2005; Lotekar et al., 2020).
We have learned that solitary waves can provide efficient electron heating (Vasko, Krasnoselskikh, et al., 2018;
Norgren et al., 2020; Chu et al., 2021) and pitch-angle scattering (Vasko, Agapitov, Mozer, Artemyev, Kras-
noselskikh, et al., 2017; Shen et al., 2021; Kamaletdinov, Vasko, Artemyev, et al., 2022) and also serve as tracers
of instabilities not resolvable by particle instruments (Khotyaintsev et al., 2010; Norgren, André, Graham,
etal., 2015; Lotekar et al., 2020; Wang et al., 2020). Depending on the space plasma environment, solitary waves
were shown to have either predominantly positive or negative polarity of the electrostatic potential and were
interpreted in terms of electron and ion holes (for example, Lotekar et al., 2020; Vasko et al., 2020; Wang
et al., 2021, 2022), purely kinetic structures produced in a nonlinear stage of various electron- and ion-streaming
instabilities (for example, Roberts & Berk, 1967; Omura et al., 1996; Goldman et al., 1999; Drake et al., 2003;
Muschietti & Roth, 2008; Che et al., 2010; Yu et al., 2021). These structures were named holes, because they are
associated with a deficit of electrons or ions trapped within respectively positive or negative solitary wave po-
tential (Roberts & Berk, 1967; Schamel, 1986; Mozer et al., 2018). The recent studies have substantially advanced
our understanding of solitary wave properties, origin, and effects in various space plasma environments. The only
exception is the Earth's magnetosheath, a highly turbulent environment between the Earth's bow shock and
magnetopause (for example, Narita et al., 2021; Perri et al., 2021), where only a few studies of solitary waves have
been carried out.

The omnipresence of broadband electric field fluctuations in the Earth's magnetosheath was originally demon-
strated by spectral measurements (Rodriguez, 1979; Mangeney et al., 2006). At frequencies above 100 Hz, these
fluctuations are predominantly electrostatic and polarized parallel to the background magnetic field (Rodri-
guez, 1979; Mangeney et al., 2006). The high-resolution waveform measurements at a sampling frequency of
4 kHz aboard Geotail spacecraft showed that the broadband fluctuations correspond to electrostatic wave packets
and solitary waves with typically bipolar profiles (Kojima et al., 1997). The solitary waves had typical temporal
widths of about 1 ms and peak-to-peak electric field amplitudes within about 0.1 mV/m. Using electric field
measurements at a sampling frequency of 80 kHz aboard Cluster spacecraft, Pickett et al. (2003, 2005)
demonstrated the presence of solitary waves with even smaller temporal widths of 0.025-0.1 ms and peak-to-peak
amplitudes of 0.03—0.6 mV/m. Note that neither Kojima et al. (1997) nor Pickett et al. (2003, 2005) could
determine the velocity, spatial width, and polarity of the electrostatic potential of the solitary waves. The analysis
of polarity and other properties of solitary waves with temporal widths of less than 0.1 ms reported by Pickett
et al. (2003, 2005) is still infeasible at present. In turn, Graham et al. (2016) used Cluster electric field mea-
surements at 8 kHz sampling frequency and demonstrated that solitary waves with temporal widths of about 1 ms
have plasma frame speeds within a few hundred km/s, spatial widths of a few Debye lengths and positive polarity
of the electrostatic potential. The solitary waves were interpreted in terms of electron holes. Note, however, that
only a few tens of solitary waves were considered by Graham et al. (2016) in the Earth's magnetosheath.

Magnetospheric Multiscale spacecraft have recently provided unique three-dimensional electric field measure-
ments that allowed studying electrostatic solitary waves in the Earth's magnetosphere, including bow shock
(Vasko, Mozer, et al., 2018, 2020; Wang et al., 2020, 2021), magnetopause (Steinvall et al., 2019), inner
magnetosphere (Tong et al., 2018; Holmes, Ergun, Newman, Ahmadi, et al., 2018) and plasma sheet (Lotekar
et al., 2020; Norgren et al., 2020; Kamaletdinov et al., 2021). A study of a few tens of solitary waves in the Earth's
magnetosheath was carried out using multi-spacecraft interferometry (Holmes, Ergun, Newman, Wilder,
et al., 2018). By correlating seemingly similar waveforms observed aboard different Magnetospheric Multiscale
spacecraft, Holmes et al. (2018b) obtained solitary wave speeds around 1,000 km/s, spatial widths of a few
hundred Debye lengths, and negative polarity of the electrostatic potentials. These estimates are difficult to
explain by existing solitary wave theories and are also vastly different from solitary wave parameters previously
reported in the magnetosheath (Graham et al., 2016). The limited information about solitary waves in the Earth's
magnetosheath and inconsistencies between the previous studies have motivated our analysis.

In this paper, we present a detailed analysis of solitary waves observed aboard the Magnetospheric Multiscale in
the Earth's magnetosheath in the interval considered previously by Holmes et al. (2018b). Instead of multi-
spacecraft interferometry, we use single-spacecraft interferometry to estimate the speed and other properties of
645 solitary waves and reveal that all of them except 15 are actually Debye-scale structures of positive polarity
with plasma frame speeds of the order of 100 km/s. We argue that multi-spacecraft interferometry is not
applicable for the solitary waves because of their too-short spatial scales. We obtain a statistical distribution of the
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solitary wave parameters and demonstrate that these structures must be slow electron holes, whose origin, sta-
bility, and other peculiar properties are discussed.

2. Data and Case Studies

We consider Magnetospheric Multiscale (MMS) observations in the Earth's magnetosheath on 2 November 2016,
from 09:31:15 to 09:32:55 UT, when MMS spacecraft were on the dayside close to the magnetopause. We use
MMS measurements in burst mode: DC-coupled magnetic field at 128 S/s (samples per second) resolution
provided by Digital and Analog Fluxgate Magnetometers (Russell et al., 2016), AC-coupled electric field fluc-
tuations and voltage signals of three pairs of voltage-sensitive probes at 8,192 S/s resolution provided by Axial
Double Probe (Ergun et al., 2016) and Spin-Plane Double Probe (Lindqvist et al., 2016), magnetic field fluc-
tuations at 8,192 S/s resolution provided by the Search Coil Magnetometer (Le Contel et al., 2016), electron and
ion moments at 30 and 150 ms cadence provided by Fast Plasma Investigation instrument (Pollock et al., 2016).
The Hot Plasma Composition Analyzer measurements are used to determine the ion content (Young et al., 2016).
Voltage signals of the voltage-sensitive probes measured with respect to the spacecraft body are used to compute
the electric field. Two voltage-sensitive probes are mounted on 14.6 m axial antennas along the spacecraft spin
axis, while another four probes are mounted on 60 m antennas in the spacecraft spin plane. The voltage signals are
also used for interferometry analysis of the solitary waves, and the corresponding methodology is exhaustively
described in the previous study (Wang et al., 2021). Note that the spacecraft spin plane is essentially equivalent to
the ecliptic plane or the xy plane of the Geocentric Solar Ecliptic (GSE) coordinate system, while the spin axis is
parallel to the z-axis of that system.

Figure 1 overviews about 2 minutes of MMS4 observations in the Earth's magnetosheath. Note that other MMS
spacecraft were located within about 10 km of MMS4 and provided essentially identical overviews. Panels (a)—(c)
show that the magnetic field varied between 20 and 50 nT, the plasma density was between 5 and 40 cm ™, and the
plasma flow velocity was about 200-300 km/s. Panel (d) shows that ions were by a factor of 10 hotter than
electrons, T; ~# 0.3 — 1 keV and 7, = 20 — 50 eV. Ions were essentially protons since the density of helium and
oxygen ions were less than 1% of the proton density (Supporting Materials; SM). The power spectral density of
parallel electric field fluctuations in panel (e) demonstrates the presence of broadband electrostatic fluctuations up
to about the ion plasma frequency, f,,; # 0.3 — 1 kHz. The ratio between the total power spectral densities of
electric and magnetic field fluctuations in panel (f) shows that 6E/5B;>> ¢ above about 100 Hz (c is the speed of
light), which implies the broadband fluctuations are predominantly electrostatic in accordance with earlier
spectral measurements (Rodriguez, 1979; Mangeney et al., 2006). A visual inspection of electric field waveforms
reveals that the broadband fluctuations correspond particularly to electrostatic solitary waves exemplified in panel
(g). These solitary waves with typical temporal widths of 1 ms and predominantly parallel electric fields of a few
mV/m are similar to those reported previously by Kojima et al. (1997) and Graham et al. (2016). Note that the
train of solitary waves in Figure 1g was previously analyzed using multi-spacecraft interferometry (Holmes,
Ergun, Newman, Wilder, et al., 2018).

Figure 2 demonstrates single-spacecraft interferometry for the solitary wave highlighted in Figure 1g. Panels (a)—
(c) present voltage signals of the spin plane and axial probes high-pass filtered above 10 Hz to remove offsets.
Panel (d) presents the electric field computed using the voltage signals: E,, = 1.35 - (V, — V)/2l,,, E5, = 1.35 -
(V4 = V3)2l34 and Esg = 1.2 - (Vg — V5)/2ls¢, where [, = I3, = 60 m and /s = 14.6 m are spin plane and axial
antenna lengths, 1.35 and 1.2 are the optimal frequency response factors (Wang et al., 2021). Applying Maximum
Variance Analysis (Sonnerup & Scheible, 1998) to the electric field in panel (d), we obtain a unit maximum
variance vector, L ~ (—0.01, 0.39, 0.92), in the coordinate system related to the electric field antennas. Panel (e)
shows that the electric field component E; strongly dominates components perpendicular to L, which implies that
L gives the electric field polarization direction and also the propagation direction (ambiguous by 180° though),
provided that the solitary wave is locally planar and one-dimensional. Voltage signals V; and —V, and Vs and —V
exhibit the highest cross-correlation coefficients and the largest time delays, At = 0.39 ms and Atsg =~ —0.18 ms.
The voltage signals were up-sampled by a factor of 10 to increase the accuracy of the time delays. The up-
sampling procedure presumes the voltage signals are sufficiently smooth, which is justified by the smoothness
of the electric field measured at a higher resolution of 65,536 S/s (not shown here). Assuming local planar and
one-dimensional solitary wave, we use time delays between the pairs of opposing probes to obtain independent
estimates of the solitary wave velocity in the spacecraft frame, V, = Ll /At; (Vasko et al., 2020; Wang

gy
etal., 2021). Using the time delays between V; and —V, and V5 and —Vj, we obtain independent velocity estimates
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Figure 1. Overview of MMS4 burst mode measurements in the Earth's magnetosheath on 2 November 2016: (a) the magnetic
field, (b) electron and ion densities, (c) ion flow velocity, (d) ion and electron temperatures, (e) power spectral density of
parallel electric field fluctuations computed using Fast Fourier Transform with a 100 ms sliding window (ion plasma
frequency f,,; is indicated in the panel), (f) the ratio 5E,/c5B, between total power spectral densities of electric and magnetic
field fluctuations (c is the speed of light), (g) the electric field measured over about 100 ms demonstrating the train of
electrostatic solitary waves. All vector quantities are in the Geocentric Solar Ecliptic (GSE) coordinates.

of 60 and 68 km/s, whose consistency strongly indicates that the solitary wave was indeed locally planar and one-
dimensional. The positive value of the estimated velocity indicates that the solitary wave propagates parallel to
the chosen polarization direction L and almost anti-parallel (within about 10°) to the local magnetic field. The use
of the time delay between V, and —V, provides the speed estimate of only a few km/s, but these voltage signals
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Figure 2. Interferometry analysis of the solitary wave highlighted in Figure 1g: (a)—(c) voltage signals of spin plane (V,-V,)
and axial probes (Vs and V) measured with respect to spacecraft and high-pass filtered above 10 Hz to remove offsets; time
delays and correlation coefficients between the voltage signals of opposing probes are indicated in the panels; (d) the electric
field components in the coordinate system related to the electric field antennas: E, = 1.35 (V, — V)/120 m, E5, = 1.35
(V4= V3)/120 m, and E5 = 1.2 (Vg — V5)/29.2 m; (e) electric field components in the coordinate system LMN obtained by
applying Maximum Variance Analysis (Sonnerup & Scheible, 1998) to the electric field (E|,, Es,4, Es) in panel (d); (f) the
electrostatic potential, ¢ = fE, V. dt, where V, = 60 km/s is the solitary wave velocity in the spacecraft frame estimated using
the time delay between V; and —V/,. Panels (a)—(e) indicate the actual measurements at 8,192 S/s resolution by dots, while the
continuous solid curves correspond to spline interpolated data. The bottom axis shows the spatial coordinate V(¢ — f,,) along
the electric field polarization direction L, where ¢, corresponds to the middle between the electric field peaks.

were poorly correlated, and the solitary wave was barely propagating along this antenna (L, ~ — 0.01), which
makes the speed estimate highly uncertain (Wang et al., 2021). The revealed solitary wave velocity of about
60 km/s is consistent with the results of electric field interferometry (SM), which is another technique for
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Figure 3. Ion velocity distribution functions in the spacecraft frame collected over 150 ms around the solitary wave shown in Figure 2; note that the solitary wave
propagates almost along the axial antenna or, equivalently, almost along the z-axis in the GSE. The top panels present 2D reduced distributions, /VDF(V) dV, and
JVDE(V) dV,, where the GSE coordinates are used. The bottom panel presents a 1D distribution obtained by reducing the 3D distribution over two velocities

perpendicular to the solitary wave propagation direction, kg &~ (0.32, 0.23, 0.92). The vertical red line in the bottom panel corresponds to the solitary wave velocity in

the spacecraft frame.

estimating wave velocities (for example, Graham et al., 2016; Steinvall et al., 2022). Using solitary wave velocity
V, = 60 km/s, we compute the electrostatic potential ¢ = f'E, V dt and also translate temporal solitary wave
profiles into spatial ones. Panel (f) shows that the solitary wave has a positive peak of the electrostatic potential,
@y ~ 60 mV, and the parallel half-width that is the distance between electric field peaks of / ~ 29 m. In units of
local electron temperature and Debye length, we have epy/T, ~ 2 - 107> and I/A,, ~ 3.5.

Figures 3 and 4 present ion and electron velocity distribution functions (VDF) measured aboard MMS4 around
the solitary wave highlighted in Figure 1g. The upper panels demonstrate 2D reduced distributions, fVDF(V) dV,
and fVDF(V) dV,, while the bottom panels present 1D distributions F(V,) computed by reducing 3D VDFs over
two velocities perpendicular to the solitary wave propagation direction, k = L - sign (V,); the latter is basically
along the axial antenna (Figure 2d) that is essentially along the z-axis, kggg ~ (0.32, 0.23, 0.92). The spacecraft
potential was positive and around 3 V (not shown), but the electron fluxes below about 20 eV were contaminated
by secondary electrons and photoelectrons. The corresponding part of the electron distribution is cut out, while the
distribution above about 20 eV does not exhibit any signatures of electron beams. The ions have a quasi-
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Figure 4. Electron velocity distribution functions in the spacecraft frame collected over 30 ms around the solitary wave shown in Figure 2. The format of the figure is
identical to that of Figure 3. The electron distribution below about 20 eV is contaminated by photoelectrons and was cut out in both the upper and bottom panels.

Maxwellian distribution without any signature of beams as well. The drift between ions and electrons determined
by computing the local current density using the curlometer technique (for example, Chanteur, 1998) was within
one hundred km/s (SM). The solitary wave velocity is clearly shifted with respect to the peak of the 1D reduced
ion distribution. In accordance with that the plasma frame velocity of the solitary waveis Vi = V, —V;-L ~ 138
km/s, where both ion flow velocity V; and electric field polarization direction L are in the GSE coordinates. The
plasma frame speed is well below local electron thermal speed but comparable with ion thermal speed:

V* ~ 0.04 Vy, and V! ~ 0.6 Vyy, where Vg, = (2T,/m,)"? ~ 3,300 km/s and Vy; = (2T,/m,)"* ~ 240 km/s.

Similar single-spacecraft analysis of other solitary waves shown in Figure 1g revealed all of them have positive
polarity, parallel half-widths of about 30 m that is a few Debye lengths, and spacecraft frame velocities of about
60 km/s. Note that no distortion of spin plane electric field components was observed for the solitary waves in
Figure 1g, even though their spatial half-widths were less than the separation between spin plane probes (see the
analysis of such distortions in Wang et al., 2021). The distortions expected for these, as well as all other solitary
waves discussed in this study, were absent, because the solitary waves propagated almost along the axial antenna
that is at large angles to the spin plane (see details in Wang et al., 2021). The revealed solitary wave parameters are
drastically different from those (negative polarity, widths of about 1 km or a few hundred Debye lengths, and
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speeds of the order of 1,000 km/s) obtained via multi-spacecraft interferometry (Holmes, Ergun, Newman,
Wilder, et al., 2018). We believe the multi-spacecraft interferometry failed, because seemingly correlated
waveforms observed aboard different spacecraft actually corresponded to different solitary waves. This implies
that the spatial extent of the solitary waves in the plane perpendicular to the local magnetic field was smaller than
the spatial separation between MMS spacecraft of about 10 km. Note that the perpendicular extent of even 1 km
would not contradict local planarity of the solitary waves, since their parallel spatial half-widths were less than
100 m. All the solitary waves were associated with quasi-Maxwellian ion distributions and had plasma frame
velocities comparable with ion thermal speed and much smaller than electron thermal speed. In the next section,
we present the results of a similar analysis for a statistically representative data set of solitary waves collected in
the considered interval.

3. Statistical Results

We visually inspected electric field waveforms measured aboard four MMS spacecraft over the interval shown in
Figure 1 and collected more than 2,000 solitary waves with bipolar profiles and peak-to-peak temporal widths
exceeding 4 X 0.12 ms = 0.5 ms. The latter criterion ensures at least four points of electric field measurements
between the electric field peaks and, hence, a decent resolution of solitary wave waveform. For each solitary
wave, we computed (a) correlation coefficients and time delays between the voltage signals of opposing probes
and (b) maximum variance vector L along with intermediate and minimum variance vectors (M and N) and
A
with (a) at least one pair of the voltage signals having a correlation coefficient higher than 0.85 and corresponding

time delay larger than 0.06 ms and (b) A,/ (/12 + 2 )1/2

int ‘min

corresponding variances A4 and A.,;,. The interferometry could be performed only for 645 solitary waves

max> Aint
> 5 that is equivalent to E; > E,,, Ey and strictly
necessary to ensure local solitary wave planarity. The latter condition ensures that the solitary waves have a
perpendicular spatial extent of at least about five times larger than their parallel width, which is sufficient to
consider the solitary waves planar on the scale of spatial separation between voltage-sensitive probes (Section 5).
The collected solitary waves have peak-to-peak temporal widths and electric field amplitudes, respectively,
around 1 ms and 1 mV/m (SM). For each solitary wave, we computed velocities in spacecraft and plasma frames,
the amplitude of the electrostatic potential, spatial half-width, and associated particle distribution functions. We
revealed 15 solitary waves of negative polarity, but those were excluded from the present analysis (their speed and
spatial width were similar to those of the solitary waves of positive polarity), and in what follows, we focus on the
630 solitary waves of positive polarity.

Figure 5 presents the properties of the 630 solitary waves estimated by single-spacecraft interferometry. Panels (a)
and (b) present statistical distributions of spacecraft frame speeds and parallel half-widths of the solitary waves.
The solitary waves have plasma frame speeds typically within 300 km/s and parallel half-widths typically within
100 m; the corresponding median values are 130 km/s and 30 m. Panel (c) demonstrates that all the solitary waves
have positive polarity and amplitudes from 10 to 200 mV with a median value of about 40 mV. Panel (d) shows
that all the solitary waves propagate quasi-parallel to local magnetic field lines, typically within about 20°. The
normalized solitary wave amplitudes eg/T, and half-widths I/, in panel (¢) demonstrate that the solitary waves
have typical amplitudes within 0.01%—1% of local electron temperature and half-widths between about 1 and 10
Debye lengths. Note a moderate positive correlation between e@y/T, and I/A; solitary waves with larger am-
plitudes tend to have larger spatial widths.

Figure 6 presents 1D ion and electron distributions associated with each of the 630 solitary waves. These 1D
reduced distributions were computed similarly to those in Figures 3 and 4, but presented in a different way. First,
each 1D distribution F(V}) was normalized to its peak value and considered in the plasma frame with velocities
Vi — Vi normalized to the corresponding thermal speed, where V;, is the ion flow velocity along solitary wave
propagation direction in the spacecraft frame. Second, ion distributions with the peak at V, < V;, were reflected to
have the peak at V, > V.. If the ion distribution had to be reflected, the corresponding electron distribution and
solitary wave velocity V§ were reflected too. Both normalization and reflection were necessary to compute
averaged particle distributions and treat equally particle distributions corresponding to individual solitary waves
in the averaging process. The averaged ion distribution presented in panel (a) is clearly quasi-Maxwellian and
exhibits no signatures of beams. The averaged electron distribution also exhibits no signatures of beams at ve-
locities larger than about 0.2V;,. At smaller velocities, the electron distributions were contaminated by photo-
electrons and secondary electrons. The histograms in panels (a) and (b) present normalized plasma frame
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Figure 5. Panels (a)—(d) present distributions of various properties of the 630 solitary waves of positive polarity: (a) plasma
frame speeds | V5|, (b) parallel spatial half-widths /, (c) peak values ¢, of the electrostatic potential, (d) angles 6, between the
local magnetic field and solitary wave propagation direction or, equivalently, electric field polarization direction. Panel

(e) shows normalized solitary wave amplitudes eg/T, versus their normalized half-widths //4,,. The curves in panel

(e) correspond to theoretical inequality (B.2) between //A;, and eg,/T, that should be satisfied by electron holes (Appendix B:
Width-amplitude relation); the curves are shown for several typical solitary wave Mach numbers, M; = |V|/Vy;, and electron-
to-ion temperature ratio of 7,/T; = 0.1. Since all the solitary waves satisfy inequality (B.2), they can be, in principle, electron
holes. Panel (d) presents electron cyclotron frequency w,, versus wg, = (e(po/ melz)l/z, where the latter is the bounce frequency
of electrons trapped within positive potential with peak value ¢, and spatial half-width /. Electron holes stable to the transverse
instability should have wg, < @, (Muschietti et al., 2000; Hutchinson, 2018).

velocities of the solitary waves. The solitary waves have plasma frame speeds well below electron thermal speed
but comparable with typical velocities of the bulk of ions. For more than 75% of the solitary waves, we have
|Vi]<0.05 V7, and |V} |< V.

4. Theoretical Interpretation and Estimates

One of the types of electrostatic solitary waves in plasma are solitons, structures that can be described within fluid
approximation (Sagdeev, 1966; Lotko & Kennel, 1983; Lakhina et al., 2009). The solitary waves discussed in the
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Figure 6. One-dimensional reduced velocity distributions F(V,) of ions and electrons associated with the 630 solitary waves
of positive polarity; each velocity distribution was computed by reducing corresponding three-dimensional distribution over
two velocities perpendicular to solitary wave propagation direction k. Each reduced distribution F(V,) was normalized to its
peak value and translated into the plasma frame with velocities normalized to electron or ion thermal speed. In both panels,
V. 1s the ion flow velocity along the solitary wave propagation direction, V/, and V; are, respectively, electron and ion

I
thermal speeds. The black curves present ion and electron distributions obtained by averaging velocity distributions

corresponding to individual solitary waves (Section 3). The individual and averaged electron distributions are missing at
velocities smaller than about 0.2V, because of contamination by photoelectrons and secondary electrons at energies below
about 20 eV. The histograms present distributions of solitary wave velocities in the plasma frame normalized to ion and
electron thermal speeds.

previous section are highly unlikely to be any type of solitons. First, the width and amplitude of small-amplitude
solitons are strictly dependent as e/ T, < (Ap/ 1? (Sagdeev, 1966; Lotko & Kennel, 1983), while the observed
solitary waves tend to have larger amplitudes for larger spatial widths (Figure 5e). Second, theoretical analysis
shows that the Poisson equation with electron and ion response computed from fluid equations does not have
solutions that would correspond to the observed solitary waves (Appendix A: Fluid models). Note that in the latter
theoretical analysis, we assumed the electron distribution below about 20 eV to be Maxwellian (the electron and
ion densities match well after this extrapolation), while the electron distribution at these low energies is not
known. We believe that small-amplitude solitary waves (if corresponding solutions existed) would display
soliton-like scaling, e¢y/ T, x (Ap/ 1)?, even in the case of more complex electron distributions at the low energies
and this scaling would not be corroborated by observations. The only other interpretation is that the solitary waves
are electron holes that is purely kinetic structures, whose existence is due to a deficit of electrons trapped within
their positive potential (Roberts & Berk, 1967; Turikov, 1984; Schamel, 1986; Mozer et al., 2018).

The width and amplitude of electron holes must satisfy some inequality, ensuring the positiveness of the dis-
tribution function of trapped electrons (Turikov, 1984; Chen et al., 2004, 2005; Goldman et al., 2007). We
generalized the inequality previously derived by Chen et al. (2005) for the case of electron holes not steady in the
plasma frame (Appendix B: Width-amplitude relation). The corresponding inequality (B.2) states that l[/A, > S
(e@y/T,, M;, T,/T;) and depends on ion sound Mach number M; = |V} |/ Vy; and electron to ion temperature ratio
T,IT,. Theoretical curves l/A, = S (e@y/T,, M;, T,/T;) corresponding to the typical temperature ratio of 7,/T; = 0.1
and Mach numbers of M; = 0.5, 1 and 1.5 all show that the observed solitary waves satisfy inequality (Equa-
tion B2). Based on this analysis, we interpret the solitary waves in terms of electron holes. Note that stable
existence of electron holes is possible only when the bounce frequency of trapped electrons wg, = (e%/ m, 12)1/2
is below local electron cyclotron frequency w., = eB/m,c (Muschietti et al., 2000; Hutchinson, 2018). Figure 5f
shows that larger wp, occur at larger .., but the former is statistically below the latter. Thus, the observed solitary
waves are indeed stable to the transverse instability, which reinforces the interpretation of the solitary waves in
terms of electron holes.

The very existence of electron holes, whose plasma frame speed is comparable with ion thermal speed, is actually
surprising. According to numerical simulations and theory, in plasma with quasi-Maxwellian ions, an initially
slow electron hole will accelerate to velocities much larger than the ion thermal speed due to interaction with ions
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0.1 h—~———1 U I S S R R T T (Eliasson & Shukla, 2004; Hutchinson, 2021, 2023). Theory predicts that the
[ | velocity of a slow electron hole should grow exponentially, and the corre-
L ) Mean =0.55 ] sponding e-folding time can be estimated as follows
0.08 - Median =0.40
- T . 04 % 0 (1 +Ty/T)" (eo/T)) " 1/, (1
- L ]
= 0.06 .
kg [ | - ] where @, is electron plasma frequency (see Eq. (22) in Hutchinson, 2023).
= 3 E For the observed electron holes the e-folding time 74 is from a fraction to a
& 0.04 0 7] few seconds, and the median value is around 0.5s (Figure 7).
0.02 - 4 5. Discussion and Conclusion
i ’V ] In this paper, we presented a statistical analysis of electrostatic solitary waves
0+ L . { LT ?EE.l D,”_I"n." observed over about 2 minutes in the Earth's magnetosheath. Similar solitary
0 0.5 1 15 2 waves were previously reported in the Earth's magnetosheath (Kojima
T A(sec) et al., 1997; Pickett et al., 2003, 2005), but the latter studies could not reveal

their speed, spatial width, and amplitude of the electrostatic potential. Graham

Figure 7. The distribution of acceleration time scales (e-folding times) of the et al. (2016) and Holmes et al. (2018b) have recently analyzed a few tens of
630 slow electron holes that were computed using Equation 1. Note that the solitary waves in the Earth's magnetosheath but reported drastically different

acceleration of a slow electron hole occurs due to interaction with ions

(Hutchinson, 2021, 2023).

solitary wave properties. The inconsistency between the previous studies and
limited information about solitary waves in the Earth's magnetosheath in
general have motivated the present study.

We carried out single-spacecraft analysis for 645 solitary waves and found all of them except 15 to be structures of
positive polarity with parallel half-widths of 10-100 m and amplitudes of 10-200 mV, propagating quasi-parallel
to a local magnetic field with typical plasma frame velocities of the order of 100 km/s. These parallel half-widths
are between about 1 and 10 Debye lengths, while the amplitudes are within 0.01%—1% of local electron tem-
perature. All these estimates would not substantially change if we used thresholds higher than 0.85 and 0.06 ms
for respectively correlation coefficients and time delays between signals of voltage-sensitive probes. The revealed
properties are drastically different from those reported for the same solitary waves by Holmes et al. (2018), who
used multi-spacecraft interferometry (assuming a solitary wave is sequentially observed aboard four MMS
spacecraft) to estimate their velocities. The multi-spacecraft interferometry resulted in order of magnitude higher
velocities and negative polarity of the electrostatic potential. We believe multi-spacecraft interferometry fails
because the solitary waves have a perpendicular spatial extent well below MMS spacecraft separation of 10 km,
and electric field signals observed aboard different spacecraft do not correspond to the same solitary wave. Note
that the considered solitary waves could be considered planar on the scale of spatial separation between voltage-
sensitive probes since the perpendicular extent was required to be at least five times larger than the parallel width
and, hence, exceeded about 100 m. We demonstrated that the solitary waves must be electron holes, that is, purely
kinetic structures and, more specifically, slow electron holes, since their plasma frame velocity V; is comparable
with ion thermal speed and well below electron thermal speed, |V;|S Vy; and |V;|<0.05 V. Note that solitary
wave properties revealed in our analysis are similar to those of a few tens of solitary waves reported in the Earth's
magnetosheath by Graham et al. (2016).

Slow electron holes are expected to efficiently interact with ions, which generally prevents them from remaining
slow and accelerates them to velocities much higher than ion thermal speed (Eliasson & Shukla, 2004; Hutch-
inson, 2021, 2023). This acceleration process can only be avoided, when the distribution function of background
ions has a sufficiently deep local minimum, and the electron hole velocity is around that local minimum
(Hutchinson, 2021). Kamaletdinov et al. (2021) have recently shown that slow electron holes in the Earth's plasma
sheet are indeed associated with double-hump ion distribution functions and have their velocity around the local
minimum. In contrast, the slow electron holes in the Earth's magnetosheath are associated with quasi-Maxwellian
ion distributions and are expected to accelerate. We estimated the acceleration time scale to be on the order of one
second. Since all the observed electron holes are slow, their lifetime is expected not to significantly exceed the
acceleration time scale. This upper estimate on the lifetime does not contradict the lifetime of 1,000 w[jel observed
in numerical simulations (Oppenheim et al., 1999, 2001; Goldman et al., 1999), which is of the order of 10 ms in
the Earth's magnetosheath.
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Similar slow electron holes were previously observed in the Earth's bow shock (Vasko et al., 2020; Kamaletdinov,
Vasko, Artemyeyv, et al., 2022), magnetopause (Graham et al., 2015; Steinvall et al., 2019) and plasma sheet
(Norgren, André, Vaivads, & Khotyaintsev, 2015; Lotekar et al., 2020; Kamaletdinov et al., 2021). The origin of
slow electron holes observed in space plasma is puzzling. The slow electron holes in the Earth's magnetosheath
could be, in principle, produced by Buneman or ion-acoustic instability (Drake et al., 2003; Biichner &
Elkina, 2006; Che et al., 2010), but for typical electron to ion temperature ratio of 7,/T; ~ 0.1 both instabilities
would require the drift velocity between electrons and ions comparable to electron thermal speed (e.g.,
Mikhailovskii, 1975; Petkaki et al., 2003). In contrast, the observed drift velocity does not exceed a few hundred
km/s (SM), which is negligible compared to electron thermal speed. The slow electron holes can be, in principle,
produced locally by low-energy electron beams, whose distribution function cannot be observed because of the
contamination by photoelectrons and secondary electrons below about 20 eV. The alternative is that the slow
electron holes originate from a distant generation region; the lifetime of a second would imply the solitary waves
were observed within 10 to hundred kilometers of their generation region.

In conclusion, it is appropriate to make a few comments. First, the considered solitary waves have peak-to-peak
temporal widths of about 1 ms and, thus, are similar to solitary waves reported previously by Kojima
et al. (1997). Solitary waves with temporal widths less than 0.1 ms are also abundant in the Earth's magne-
tosheath (Pickett et al., 2003, 2005), but single-spacecraft interferometry is not feasible for them because
voltage signals aboard Magnetospheric Multiscale are only provided at 8,192 S/s resolution. Second, while the
interpretation of the solitary waves in terms of electron holes is the key result of this paper, even more
important is that these structures are slow and can resonantly interact with both electrons and the bulk of ions.
This implies that the solitary waves can potentially facilitate energy exchange between ions and electrons.
Finally, about 2% of the considered solitary waves (15 out of 645) had negative polarity of the electrostatic
potential and were excluded to focus on the analysis of the 630 slow electron holes. The occurrence of solitary
waves of negative polarity was negligible in the considered interval, but may be different in the Earth's
magnetosheath in general.

Appendix A: Fluid Models

In this section, we demonstrate that the observed solitary waves cannot be described within fluid approximation
with Maxwellian electrons. The electrostatic potential ¢ of a one-dimensional solitary wave must satisfy the
following Poisson equation

62(/1/0)62 = 4zge(n, — n;), (A1)

where n, and n; are electron and ion densities. Since the observed solitary waves have plasma frame speeds well
below the electron thermal speed, the electron response in fluid approximation (resonant electrons neglected) is
accurately described by the Boltzmann distribution (Sagdeev, 1966; Gurevich, 1968). In the case of a Maxwellian
distribution of background electrons we have n,/ny = exp(ep/T,) = 1 + ep/T, + (ep/T,)*/2 + ..., where the
asymptotic expansion is valid in a small-amplitude limit, e@/T, < 1. The computation of the ion response is more
involved, since the solitary wave speeds are smaller than or comparable with the ion thermal speed. The ion
response could be computed using the ion momentum equation but would depend on an ad-hoc ion polytrope
index. The alternative is to compute the ion response using the kinetic equation for the bulk of ions that are not
resonant with a solitary wave (Tran, 1979; Lotko & Kennel, 1983). This approach is equivalent to fluid
approximation, but automatically accounts for a proper polytrope index. For small-amplitude solitary waves, the
distribution function of non-resonant ions can be expanded as follows

m(V =V dv " 2 VoViav

Fi=R(V)+
=RV V—Vdv

e dRy, ¢* 1 d [ 1 dE)] (A2)

where F,(V) is the unperturbed ion distribution function, V is the solitary wave velocity in the plasma frame and

[V-=Viz o/ m;)"/? for non-resonant ions (Tran, 1979; Lotko & Kennel, 1983). In the case of a Maxwellian
distribution of background ions, the corresponding ion density is expanded as follows
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ni/ng = 1+ (eg/2T)) Z,(M;) + (e@/AT)) Z, (M) + ..., (A3)

where M; = V¥ (2T;/m;)""/? is the Mach number and Z,(&) = —2 exp(—&) /i exp(r*) dt is the real part of the
Fried-Conte plasma dispersion function (Tran, 1979; Lotko & Kennel, 1983). Normalizing the electrostatic

potential to 7, /e and the spatial scale to electron Debye length Ap = (Tg/ 4rm0e2)l/2, but keeping the original
notations, we rewrite the Poisson equation as follows

0’@/0x* = ap + b + ..., (A4)

with coefficients a and b dependent on the Mach number and electron-to-ion temperature ratio

T,
=1--°7Z.M), b=
a 2T, (M)

2
~(45) 2 on> (»3)
Since the observed solitary waves have small amplitudes, e@/T, < 1, we limit the analysis to the second-order
terms on the right-hand side of Equation A4. For typical electron to ion temperature ratios of 7,/7T; ~ 0.1, we
have both a (M,) ~ 1 and b (M;) = 1/2 independent of the Mach number (SM), which implies the absence of small-
amplitude solitary solutions for Equation A4. This analysis proves that the observed solitary waves cannot be
described within fluid approximation and, therefore, must be purely kinetic structures.

Appendix B: Width-Amplitude Relation

In contrast to solitons, whose amplitude and spatial width are strictly related (for example, Sagdeev, 1966; Lotko
& Kennel, 1983), the amplitude and spatial width of electron holes are only related by an inequality (for example,
Goldman et al., 2007; Hutchinson, 2017). The inequality is computed from the Poisson equation written in the
form of the integral equation for the distribution function of electrons trapped within an electron hole and results
from the positiveness of that distribution. The corresponding inequality obtained by neglecting the ion response
reads (Turikov, 1984; Chen et al., 2004, 2005)

P C w72 exp(—
=2 1/2W o :I//z) : (B1)
7= 72 (1 = erf(y'72)

where y = eg,/T, is a normalized amplitude, / is a spatial half-width, and C is a constant weakly dependent on the
model used for the electrostatic potential. For example, C =2 (4 In2 — 1) = 3.54 for ¢ = ¢, exp (—x*/2 I*) (Chen
et al., 2004, 2005), while for sech™2 and sech™ profiles we have respectively C ~ 3.46 and 3.5 (Turikov, 1984).
Note that Equation B1 was obtained by assuming a Maxwellian distribution of background electrons and also
electron hole speed well below electron thermal speed; both assumptions are valid for the electron holes in the
Earth's magnetosheath (Figure 6). Equation B1 was generalized by including the ion response that is applicable
only for electron holes, which are at rest in the plasma frame (Chen et al., 2004, 2005).

Since the observed electron holes are not at rest in the plasma frame (Figure 6), we need to include a proper ion
response. In the small-amplitude limit e/T, < 1, the ion response is accurately described by the first two terms on
the right-hand side of Equation A3. The standard computations (Turikov, 1984) result in the following inequality
taking into account the proper ion response

2 1/2(1 _ 1/2\\17!
ll—z > clLez oy + TV W) (1 e T (B2)
D i

T, w72 exp(=y)

where we will use C =2 (4 In 2 — 1). For low Mach numbers, M; < 1, this inequality reduces to the one obtained
by Chen et al. (2004, 2005). Note that at sufficiently small amplitudes, the right-hand side of Equation B2 is
dominated by the second term, and the inequality reduces to I/4,, = w'"* that is independent of the ion response,
which can be seen in Figure Se.

SHAIKH ET AL.

13 of 16

d ‘€ PT0T “T0P6691C

:sdny wouy papeoy

ASUADIT sUOWo)) dANEAI) d[qearjdde ayy £q pauraAod are sajone y() fash Jo sajni 10§ AIeIqi] auljuQ L3[IA| UO (SUOIIIPUOD-PUE-SULIA) W0 Ka[im  AIeIqijaut[uo,/:sdny) suonipuo)) pue swia ], ays 33§ *[$70Z/S0/70] uo Areiqry autjuQ K3[1p ‘Se[[eq - SeXa], JO ANSIdAIUN Aq 6S0TE0VIET0T/6T01 01/10p/wod Ka[im A1eiq]



. Y d N |
MMN\I
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics

10.1029/2023JA032059

Acknowledgments

The work of Z.S. and 1.V. was supported
by NASA Grant 80NSSC20K1325 and
National Science Foundation Grant
2026680. The work of I.V. was also
supported by NASA Grant
80NSSC22K1634. J.C.H. was supported
by the Los Alamos National Laboratory
(LANL) through its Center for Space and
Earth Science (CSES). CSES is funded by
LANL's Laboratory Directed Research and
Development (LDRD) program under
project number 20210528CR. LV. thanks
Rachel Wang for valuable comments. We
thank the MMS teams for the excellent
data.

Data Availability Statement

The MMS data used in this paper are publicly available at https://lasp.colorado.edu/mms/sdc/public/. The list of
all solitary waves (occurrence times and dates) considered in this paper is available at Shaikh et al. (2023).

References

Biichner, J., & Elkina, N. (2006). Anomalous resistivity of current-driven isothermal plasmas due to phase space structuring. Physics of Plasmas,
13(8), 082304. https://doi.org/10.1063/1.2209611

Cattell, C., Crumley, J., Dombeck, J., Wygant, J. R., & Mozer, F. S. (2002). Polar observations of solitary waves at the Earth’s magnetopause.
Geophysical Research Letters, 29(5), 1065. https://doi.org/10.1029/2001GL014046

Cattell, C., Dombeck, J., Wygant, J., Drake, J. F., Swisdak, M., Goldstein, M. L., et al. (2005). Cluster observations of electron holes in association
with magnetotail reconnection and comparison to simulations. Journal of Geophysical Research (Space Physics), 110(A1), A01211. https://
doi.org/10.1029/2004JA010519

Chanteur, G. (1998). Spatial interpolation for four spacecraft: Theory. In G. Paschmann & P. Daly (Eds.), Analysis methods for multi-spacecraft
data (Vol. 1, pp. 349-370). ISSI Scientific Reports Series.

Che, H., Drake, J. F., Swisdak, M., & Yoon, P. H. (2010). Electron holes and heating in the reconnection dissipation region. Geophysical Research
Letters, 37(11), L11105. https://doi.org/10.1029/2010GL043608

Chen, L.-J., Pickett, J., Kintner, P., Franz, J., & Gurnett, D. (2005). On the width-amplitude inequality of electron phase space holes. Journal of
Geophysical Research (Space Physics), 110(A9), A09211. https://doi.org/10.1029/2005JA011087

Chen, L.-J., Thouless, D. J., & Tang, J.-M. (2004). Bernstein Greene Kruskal solitary waves in three-dimensional magnetized plasma. Physical
Review E - Statistical Physics, Plasmas, Fluids, and Related Interdisciplinary Topics, 69(5), 055401. https://doi.org/10.1103/PhysRevE.69.
055401

Chu, F., Halekas, J. S., Cao, X., McFadden, J. P., Bonnell, J. W., & Glassmeier, K. H. (2021). Electrostatic waves and electron heating observed
over lunar crustal magnetic anomalies. Journal of Geophysical Research (Space Physics), 126(4), e28880. https://doi.org/10.1029/
2020JA028880

Drake, J. F., Swisdak, M., Cattell, C., Shay, M. A, Rogers, B. N., & Zeiler, A. (2003). Formation of electron holes and particle energization during
magnetic reconnection. Science, 299(5608), 873-877. https://doi.org/10.1126/science.1080333

Eliasson, B., & Shukla, P. K. (2004). Production of nonisothermal electrons and Langmuir waves because of colliding ion holes and trapping of
plasmons in an ion hole. Physical Review Letters, 92(9), 095006. https://doi.org/10.1103/PhysRevLett.92.095006

Ergun, R. E., Carlson, C. W., McFadden, J. P., Mozer, F. S., Delory, G. T., & Peria, W. (1998). FAST satellite observations of large-amplitude
solitary structures. Geophysical Research Letters, 25(12), 2041-2044. https://doi.org/10.1029/98GL00636

Ergun, R. E., Tucker, S., Westfall, J., Goodrich, K. A., Malaspina, D. M., & Summers, D. (2016). The axial double probe and fields signal
processing for the MMS mission. Space Science Reviews, 199(1-4), 167-188. https://doi.org/10.1007/s11214-014-0115-x

Franz, J. R., Kintner, P. M., Pickett, J. S., & Chen, L.-J. (2005). Properties of small-amplitude electron phase-space holes observed by Polar.
Journal of Geophysical Research (Space Physics), 110(A9), A09212. https://doi.org/10.1029/2005JA011095

Goldman, M. V., Newman, D. L., & Mangeney, A. (2007). Theory of weak bipolar fields and electron holes with applications to space plasmas.
Physical Review Letters, 99(14), 145002. https://doi.org/10.1103/PhysRevLett.99.145002

Goldman, M. V., Oppenheim, M. M., & Newman, D. L. (1999). Nonlinear two-stream instabilities as an explanation for auroral bipolar wave
structures. Geophysical Research Letters, 26(13), 1821-1824. https://doi.org/10.1029/1999GL900435

Graham, D. B., Khotyaintsev, Y. V., Vaivads, A., & André, M. (2015). Electrostatic solitary waves with distinct speeds associated with
asymmetric reconnection. Geophysical Research Letters, 42(2), 215-224. https://doi.org/10.1002/2014GL062538

Graham, D. B., Khotyaintsev, Y. V., Vaivads, A., & André, M. (2016). Electrostatic solitary waves and electrostatic waves at the magnetopause.
Journal of Geophysical Research (Space Physics), 121(4), 3069-3092. https://doi.org/10.1002/2015JA021527

Gurevich, A. V. (1968). Distribution of captured particles in a potential well in the absence of collisions. Soviet Journal of Experimental and
Theoretical Physics, 26, 575.

Gurnett, D. A. (1985). Plasma waves and instabilities (Vol. 35, pp. 207-224). Washington DC American Geophysical Union Geophysical
Monograph Series. https://doi.org/10.1029/GM035p0207

Gurnett, D. A., Anderson, R. R., Tsurutani, B. T., Smith, E. J., Paschmann, G., Haerendel, G., et al. (1979). Plasma wave turbulence at the
magnetopause: Observations from ISEE 1 and 2. Journal of Geophysical Research, 84(A12), 7043—7058. https://doi.org/10.1029/
JA084iA12p07043

Gurnett, D. A, Frank, L. A., & Lepping, R. P. (1976). Plasma waves in the distant magnetotail. Journal of Geophysical Research, 81(A34),
6059-6071. https://doi.org/10.1029/JA081i034p06059

Hansel, P. J., Wilder, F. D., Malaspina, D. M., Ergun, R. E., Ahmadi, N., Holmes, J. C., et al. (2021). Mapping MMS observations of solitary
waves in earth’s magnetic field. Journal of Geophysical Research (Space Physics), 126(12), €29389. https://doi.org/10.1029/2021JA029389

Hashimoto, K., Hashitani, M., Kasahara, Y., Omura, Y., Nishino, M. N., Saito, Y., et al. (2010). Electrostatic solitary waves associated with
magnetic anomalies and wake boundary of the Moon observed by KAGUYA. Geophysical Research Letters, 37(19), L19204. https://doi.org/
10.1029/2010GL044529

Holmes, J. C., Ergun, R. E., Newman, D. L., Ahmadi, N., Andersson, L., Le Contel, O., et al. (2018). Electron phase-space holes in three di-
mensions: Multispacecraft observations by magnetospheric Multiscale. Journal of Geophysical Research (Space Physics), 123(12),
9963-9978. https://doi.org/10.1029/2018JA025750

Holmes, J. C., Ergun, R. E., Newman, D. L., Wilder, F. D., Sturner, A. P., Goodrich, K. A., et al. (2018). Negative potential solitary structures in
the magnetosheath with large parallel width. Journal of Geophysical Research (Space Physics), 123(1), 132—145. https://doi.org/10.1002/
2017JA024890

Hutchinson, I. H. (2017). Electron holes in phase space: What they are and why they matter. Physics of Plasmas, 24(5), 055601. https://doi.org/10.
1063/1.4976854

Hutchinson, I. H. (2018). Kinematic mechanism of plasma electron hole transverse instability. Physical Review Letters, 120(20), 205101. https:/
doi.org/10.1103/PhysRevLett.120.205101

Hutchinson, I. H. (2021). How can slow plasma electron holes exist? Physical Review E - Statistical Physics, Plasmas, Fluids, and Related
Interdisciplinary Topics, 104(1), 015208. https://doi.org/10.1103/PhysRevE.104.015208

SHAIKH ET AL.

14 of 16

€ “vT0T ‘T0Y6691T

:sdny wouy papeoy

ASUADI SUOWILO)) 2A1EAX)) d[qearjdde ay) Aq pauIaA0d aIe Sa[dIe YO asn JO Sa[NI 10§ AIRIQIT AUI[UQ) AJ[IA\ UO (SUOHIPUOI-PUEB-SULIA)/W0d" Ad[ 1M’ AIeIqr[autuo//:sdyy) SUOHIpUO)) Pue SWId ] ay) 89S *[$70Z/S0/20] U0 Areiqry aurjuQ Ad[IA\ ‘Se[[E(] - SEXa ] JO ANSI2ATUN £q 6S0ZE0VIET0T/6TOT 01 /10p/w0d KM K.


https://lasp.colorado.edu/mms/sdc/public/
https://doi.org/10.1063/1.2209611
https://doi.org/10.1029/2001GL014046
https://doi.org/10.1029/2004JA010519
https://doi.org/10.1029/2004JA010519
https://doi.org/10.1029/2010GL043608
https://doi.org/10.1029/2005JA011087
https://doi.org/10.1103/PhysRevE.69.055401
https://doi.org/10.1103/PhysRevE.69.055401
https://doi.org/10.1029/2020JA028880
https://doi.org/10.1029/2020JA028880
https://doi.org/10.1126/science.1080333
https://doi.org/10.1103/PhysRevLett.92.095006
https://doi.org/10.1029/98GL00636
https://doi.org/10.1007/s11214-014-0115-x
https://doi.org/10.1029/2005JA011095
https://doi.org/10.1103/PhysRevLett.99.145002
https://doi.org/10.1029/1999GL900435
https://doi.org/10.1002/2014GL062538
https://doi.org/10.1002/2015JA021527
https://doi.org/10.1029/GM035p0207
https://doi.org/10.1029/JA084iA12p07043
https://doi.org/10.1029/JA084iA12p07043
https://doi.org/10.1029/JA081i034p06059
https://doi.org/10.1029/2021JA029389
https://doi.org/10.1029/2010GL044529
https://doi.org/10.1029/2010GL044529
https://doi.org/10.1029/2018JA025750
https://doi.org/10.1002/2017JA024890
https://doi.org/10.1002/2017JA024890
https://doi.org/10.1063/1.4976854
https://doi.org/10.1063/1.4976854
https://doi.org/10.1103/PhysRevLett.120.205101
https://doi.org/10.1103/PhysRevLett.120.205101
https://doi.org/10.1103/PhysRevE.104.015208

| . Yed J |
MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2023JA032059

Hutchinson, I. H. (2023). Ion hole equilibrium and dynamics in one dimension. Physics of Plasmas, 30(3), 032107. https://doi.org/10.1063/5.
0142790

Kamaletdinov, S. R., Hutchinson, I. H., Vasko, I. Y., Artemyev, A. V., Lotekar, A., & Mozer, F. (2021). Spacecraft observations and theoretical
understanding of slow electron holes. Physical Review Letters, 127(16), 165101. https://doi.org/10.1103/PhysRevLett.127.165101

Kamaletdinov, S. R., Vasko, I. Y., Artemyev, A. V., Wang, R., & Mozer, F. S. (2022). Quantifying electron scattering by electrostatic solitary
waves in the earth’s bow shock. Physics of Plasmas, 29(8), 082-301. https://doi.org/10.1063/5.0097611

Kamaletdinov, S. R., Vasko, I. Y., Wang, R., Artemyev, A. V., Yushkov, E. V., & Mozer, F. S. (2022). Slow electron holes in the Earth’s bow
shock. Physics of Plasmas, 29(9), 092303. https://doi.org/10.1063/5.0102289

Khotyaintsev, Y. V., Vaivads, A., André, M., Fujimoto, M., Retin0, A., & Owen, C. J. (2010). Observations of slow electron holes at a magnetic
reconnection site. Physical Review Letters, 105(16), 165002. https://doi.org/10.1103/PhysRevLett.105.165002

Kojima, H., Matsumoto, H., Chikuba, S., Horiyama, S., Ashour-Abdalla, M., & Anderson, R. R. (1997). Geotail waveform observations of
broadband/narrowband electrostatic noise in the distant tail. Journal of Geophysical Research, 102(A7), 14455. https://doi.org/10.1029/
97JA00684

Lakhina, G. S., Singh, S. V., Kakad, A. P., Goldstein, M. L., VifiAs, A. F., & Pickett, J. S. (2009). A mechanism for electrostatic solitary structures
in the Earth’s magnetosheath. Journal of Geophysical Research (Space Physics), 114(A9), A09212. https://doi.org/10.1029/2009JA014306

Le Contel, O., Leroy, P., Roux, A., Coillot, C., Alison, D., & Bouabdellah, A. (2016). The search-coil magnetometer for MMS. Space Science
Reviews, 199(1-4), 257-282. https://doi.org/10.1007/s11214-014-0096-9

Lindqvist, P.-A., Olsson, G., Torbert, R. B., King, B., Granoff, M., & Rau, D. (2016). The spin-plane double probe electric field instrument for
MMS. Space Science Reviews, 199(1-4), 137-165. https://doi.org/10.1007/s11214-014-0116-9

Lotekar, A., Vasko, I. Y., Mozer, F. S., Hutchinson, I., Artemyev, A. V., Bale, S. D., et al. (2020). Multisatellite mms analysis of electron holes in
the earth’s magnetotail: Origin, properties, velocity gap, and transverse instability. Journal of Geophysical Research: Space Physics, 125(9),
€2020JA028. https://doi.org/10.1029/2020JA028066

Lotko, W., & Kennel, C. F. (1983). Spiky ion acoustic waves in collisionless auroral plasma. Journal of Geophysical Research, 88(A1l), 381-394.
https://doi.org/10.1029/JA088iA01p00381

Malaspina, D. M., Andersson, L., Ergun, R. E., Wygant, J. R., Bonnell, J. W., Kletzing, C., et al. (2014). Nonlinear electric field structures in the
inner magnetosphere. Geophysical Research Letters, 41(16), 5693-5701. https://doi.org/10.1002/2014GL061109

Malaspina, D. M., & Hutchinson, I. H. (2019). Properties of electron phase space holes in the lunar plasma environment. Journal of Geophysical
Research (Space Physics), 124(7), 4994-5008. https://doi.org/10.1029/2019JA026857

Mangeney, A., Lacombe, C., Maksimovic, M., Samsonov, A. A., Cornilleau-Wehrlin, N., Harvey, C. C., et al. (2006). Cluster observations in the
magnetosheath - Part 1: Anisotropies of the wave vector distribution of the turbulence at electron scales. Annales Geophysicae, 24(12),
3507-3521. https://doi.org/10.5194/angeo-24-3507-2006

Mangeney, A., Salem, C., Lacombe, C., Bougeret, J. L., Perche, C., Manning, R., et al. (1999). WIND observations of coherent electrostatic waves
in the solar wind. Annales Geophysicae, 17(3), 307-320. https://doi.org/10.1007/s00585-999-0307-y

Matsumoto, H., Kojima, H., Miyatake, T., Omura, Y., Okada, M., Nagano, I., & Tsutsui, M. (1994). Electrotastic solitary waves (ESW) in the
magnetotail: BEN wave forms observed by GEOTAIL. Geophysical Research Letters, 21(25), 2915-2918. https://doi.org/10.1029/94GL01284

Mikhailovskii, A. B. (1975). Plasma instability theory. Volume 1 - Instabilities in a homogeneous plasma/2nd revised and enlarged edition.
Moscow Atomizdat, 9-24.

Mozer, F. S., Agapitov, O. V., Artemyev, A., Drake, J. F., Krasnoselskikh, V., Lejosne, S., & Vasko, I. (2015). Time domain structures: What and
where they are, what they do, and how they are made. Geophysical Research Letters, 42(10), 3627-3638. https://doi.org/10.1002/
2015GL063946

Mozer, F. S., Agapitov, O. V., Giles, B., & Vasko, L. (2018). Direct observation of electron distributions inside millisecond duration electron holes.
Physical Review Letters, 121(13), 135102. https://doi.org/10.1103/PhysRevLett.121.135102

Mozer, F. S., Bonnell, J. W., Hanson, E. L. M., Gasque, L. C., & Vasko, I. Y. (2021). Nonlinear ion-acoustic waves, ion holes, and electron holes
in the near-sun solar wind. The Astrophysical Journal, 911(2), 89. https://doi.org/10.3847/1538-4357/abed52

Muschietti, L., Ergun, R. E., Roth, I., & Carlson, C. W. (1999). Phase-space electron holes along magnetic field lines. Geophysical Research
Letters, 26(8), 1093—-1096. https://doi.org/10.1029/1999GL900207

Muschietti, L., & Roth, I. (2008). Ion two-stream instabilities in the auroral acceleration zone. Journal of Geophysical Research (Space Physics),
113(A8), A08201. https://doi.org/10.1029/2007JA013005

Muschietti, L., Roth, I, Carlson, C. W., & Ergun, R. E. (2000). Transverse instability of magnetized electron holes. Physical Review Letters, 85(1),
94-97. https://doi.org/10.1103/PhysRevLett.85.94

Narita, Y., Plaschke, F., & Voros, Z. (2021). The magnetosheath. In R. Maggiolo, N. André, H. Hasegawa (Eds.), Magnetospheres in the solar
system (Vol. 2, p. 137). https://doi.org/10.1002/9781119815624.ch9

Norgren, C., André, M., Graham, D. B., Khotyaintsev, Y. V., & Vaivads, A. (2015). Slow electron holes in multicomponent plasmas. Geophysical
Research Letters, 42(18), 7264-7272. https://doi.org/10.1002/2015GL065390

Norgren, C., André, M., Vaivads, A., & Khotyaintsev, Y. V. (2015). Slow electron phase space holes: Magnetotail observations. Geophysical
Research Letters, 42(6), 1654—1661. https://doi.org/10.1002/2015GL063218

Norgren, C., Hesse, M., Graham, D. B., Khotyaintsev, Y. V., Tenfjord, P., Vaivads, A., et al. (2020). Electron acceleration and thermalization at
magnetotail separatrices. Journal of Geophysical Research (Space Physics), 125(4), e27440. https://doi.org/10.1029/2019JA027440

Omura, Y., Matsumoto, H., Miyake, T., & Kojima, H. (1996). Electron beam instabilities as generation mechanism of electrostatic solitary waves
in the magnetotail. Journal of Geophysical Research, 101(A2), 2685-2698. https://doi.org/10.1029/95JA03145

Oppenheim, M., Newman, D. L., & Goldman, M. V. (1999). Evolution of electron phase-space holes in a 2D magnetized plasma. Physical Review
Letters, 83(12), 2344-2347. https://doi.org/10.1103/PhysRevLett.83.2344

Oppenheim, M. M., Vetoulis, G., Newman, D. L., & Goldman, M. V. (2001). Evolution of electron phase-space holes in 3D. Geophysical
Research Letters, 28(9), 1891-1894. https://doi.org/10.1029/2000GL012383

Perri, S., Perrone, D., Roberts, O., Settino, A., Yordanova, E., Sorriso-Valvo, L., et al. (2021). Nature of electrostatic fluctuations in the terrestrial
magnetosheath. The Astrophysical Journal, 919(2), 75. https://doi.org/10.3847/1538-4357/ac13a2

Petkaki, P., Watt, C. E. J., Horne, R. B., & Freeman, M. P. (2003). Anomalous resistivity in non-Maxwellian plasmas. Journal of Geophysical
Research (Space Physics), 108(A12), 1442. https://doi.org/10.1029/2003JA010092

Pickett, J. S. (2021). A review of electrostatic solitary wave Research from the cluster mission. Journal of Geophysical Research (Space Physics),
126(9), €29548. https://doi.org/10.1029/2021JA029548

Pickett, J. S., Chen, L. J., Kahler, S. W., Santolik, O., Goldstein, M. L., Lavraud, B., et al. (2005). On the generation of solitary waves observed by
Cluster in the near-Earth magnetosheath. Nonlinear Processes in Geophysics, 12(2), 181-193. https://doi.org/10.5194/npg-12-181-2005

SHAIKH ET AL.

15 of 16

€ “vT0T ‘T0Y6691T

:sdny wouy papeoy

ASUADI SUOWILO)) 2A1EAX)) d[qearjdde ay) Aq pauIaA0d aIe Sa[dIe YO asn JO Sa[NI 10§ AIRIQIT AUI[UQ) AJ[IA\ UO (SUOHIPUOI-PUEB-SULIA)/W0d" Ad[ 1M’ AIeIqr[autuo//:sdyy) SUOHIpUO)) Pue SWId ] ay) 89S *[$70Z/S0/20] U0 Areiqry aurjuQ Ad[IA\ ‘Se[[E(] - SEXa ] JO ANSI2ATUN £q 6S0ZE0VIET0T/6TOT 01 /10p/w0d KM K.


https://doi.org/10.1063/5.0142790
https://doi.org/10.1063/5.0142790
https://doi.org/10.1103/PhysRevLett.127.165101
https://doi.org/10.1063/5.0097611
https://doi.org/10.1063/5.0102289
https://doi.org/10.1103/PhysRevLett.105.165002
https://doi.org/10.1029/97JA00684
https://doi.org/10.1029/97JA00684
https://doi.org/10.1029/2009JA014306
https://doi.org/10.1007/s11214-014-0096-9
https://doi.org/10.1007/s11214-014-0116-9
https://doi.org/10.1029/2020JA028066
https://doi.org/10.1029/JA088iA01p00381
https://doi.org/10.1002/2014GL061109
https://doi.org/10.1029/2019JA026857
https://doi.org/10.5194/angeo-24-3507-2006
https://doi.org/10.1007/s00585-999-0307-y
https://doi.org/10.1029/94GL01284
https://doi.org/10.1002/2015GL063946
https://doi.org/10.1002/2015GL063946
https://doi.org/10.1103/PhysRevLett.121.135102
https://doi.org/10.3847/1538-4357/abed52
https://doi.org/10.1029/1999GL900207
https://doi.org/10.1029/2007JA013005
https://doi.org/10.1103/PhysRevLett.85.94
https://doi.org/10.1002/9781119815624.ch9
https://doi.org/10.1002/2015GL065390
https://doi.org/10.1002/2015GL063218
https://doi.org/10.1029/2019JA027440
https://doi.org/10.1029/95JA03145
https://doi.org/10.1103/PhysRevLett.83.2344
https://doi.org/10.1029/2000GL012383
https://doi.org/10.3847/1538-4357/ac13a2
https://doi.org/10.1029/2003JA010092
https://doi.org/10.1029/2021JA029548
https://doi.org/10.5194/npg-12-181-2005

| . Yed J |
MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2023JA032059

Pickett, J. S., Menietti, J. D., Gurnett, D. A., Tsurutani, B., Kintner, P. M., Klatt, E., & Balogh, A. (2003). Solitary potential structures observed in
the magnetosheath by the Cluster spacecraft. Nonlinear Processes in Geophysics, 10(1/2), 3—11. https://doi.org/10.5194/npg-10-3-2003

Pollock, C., Moore, T., Jacques, A., Burch, J., Gliese, U., & Saito, Y. (2016). Fast plasma investigation for magnetospheric Multiscale. Space
Science Reviews, 199(1-4), 331-406. https://doi.org/10.1007/s11214-016-0245-4

Roberts, K. V., & Berk, H. L. (1967). Nonlinear evolution of a two-stream instability. Physical Review Letters, 19(6), 297-300. https://doi.org/10.
1103/PhysRevLett.19.297

Rodriguez, P. (1979). Magnetosheath electrostatic turbulence. Journal of Geophysical Research, 84(A3), 917-930. https://doi.org/10.1029/
JA084iA03p00917

Russell, C. T., Anderson, B. J., Baumjohann, W., Bromund, K. R., Dearborn, D., & Fischer, D. (2016). The magnetospheric Multiscale Mag-
netometers. Space Science Reviews, 199(1-4), 189-256. https://doi.org/10.1007/s11214-014-0057-3

Sagdeev, R. Z. (1966). Cooperative phenomena and shock waves in collisionless plasmas. Reviews of plasma physics, 4, 23.

Schamel, H. (1986). Electron holes, ion holes and double layers. Electrostatic phase space structures in theory and experiment Physics Reports,
140(3), 161-191. https://doi.org/10.1016/0370-1573(86)90043-8

Shaikh, Z. 1., Vasko, 1. Y., Hutchinson, I. H., Kamaletdinov, S. R., Holmes, J. C., Newman, D. L., & Mozer, F. S. (2023). List of slow electron
holes for ”slow electron holes in the earth’s magnetosheath” [Dataset]. Zenodo.https://zenodo.org/record/8317584

Shen, Y., Vasko, I. Y., Artemyev, A., Malaspina, D. M., Chu, X., Angelopoulos, V., & Zhang, X.-J. (2021). Realistic electron diffusion rates and
lifetimes due to scattering by electron holes. Journal of Geophysical Research (Space Physics), 126(9), ¢29380. https://doi.org/10.1029/
2021JA029380

Sonnerup, B. U. O., & Scheible, M. (1998). Minimum and maximum variance analysis. In G. Paschmann & P. Daly (Eds.), Analysis methods for
multi-spacecraft data (Vol. 1, pp. 185-220). ISSI Scientific Reports Series.

Steinvall, K., Khotyaintsev, Y. V., & Graham, D. B. (2022). On the applicability of single-spacecraft interferometry methods using electric field
probes. Journal of Geophysical Research (Space Physics), 127(3), €30143. https://doi.org/10.1029/2021JA030143

Steinvall, K., Khotyaintsev, Y. V., Graham, D. B., Vaivads, A., Lindqvist, P. A., Russell, C. T., & Burch, J. L. (2019). Multispacecraft analysis of
electron holes. Geophysical Research Letters, 46(1), 55-63. https://doi.org/10.1029/2018GL080757

Temerin, M., Cerny, K., Lotko, W., & Mozer, F. S. (1982). Observations of double layers and solitary waves in the auroral plasma. Physical
Review Letters, 48(17), 1175-1179. https://doi.org/10.1103/PhysRevLett.48.1175

Tong, Y., Vasko, 1., Mozer, F. S., Bale, S. D., Roth, 1., & Artemyev, A. V. (2018). Simultaneous multispacecraft probing of electron phase space
holes. Geophysical Research Letters, 45(21), 513-519. https://doi.org/10.1029/2018GL079044

Tran, M. Q. (1979). Ion acoustic solitons in a plasma: A review of their experimental properties and related theories. Physica Scripta, 20(3-4),
317-327. https://doi.org/10.1088/0031-8949/20/3-4/004

Turikov, V. A. (1984). Electron phase space holes as localized BGK solutions. Physica Scripta, 30(1), 73-77. https://doi.org/10.1088/0031-8949/
30/1/015

Vasko, I. Y., Agapitov, O. V., Mozer, F. S., Artemyev, A. V., Drake, J. F., & Kuzichev, I. V. (2017). Electron holes in the outer radiation belt:
Characteristics and their role in electron energization. Journal of Geophysical Research (Space Physics), 122(1), 120-135. https://doi.org/10.
1002/2016JA023083

Vasko, I. Y., Agapitov, O. V., Mozer, F. S., Artemyev, A. V., Krasnoselskikh, V. V., & Bonnell, J. W. (2017). Diffusive scattering of electrons by
electron holes around injection fronts. Journal of Geophysical Research (Space Physics), 122(3), 3163-3182. https://doi.org/10.1002/
2016JA023337

Vasko, I. Y., Krasnoselskikh, V. V., Mozer, F. S., & Artemyev, A. V. (2018). Scattering by the broadband electrostatic turbulence in the space
plasma. Physics of Plasmas, 25(7), 072903. https://doi.org/10.1063/1.5039687

Vasko, I. Y., Mozer, F. S., Krasnoselskikh, V. V., Artemyev, A. V., Agapitov, O. V., Bale, S. D., et al. (2018). Solitary waves across supercritical
quasi-perpendicular shocks. Geophysical Research Letters, 45(12), 5809-5817. https://doi.org/10.1029/2018GL077835

Vasko, I. Y., Wang, R., Mozer, F. S, Bale, S. D., & Artemyev, A. V. (2020). On the nature and origin of bipolar electrostatic structures in the
Earth’s bow shock. Frontiers in Physics, 8, 156. https://doi.org/10.3389/fphy.2020.00156

Wang, R., Vasko, I. Y., Artemyev, A. V., Holley, L. C., Kamaletdinov, S. R., Lotekar, A., & Mozer, F. S. (2022). Multisatellite observations of ion
holes in the earth’s plasma sheet. Geophysical Research Letters, 49(8), €97919. https://doi.org/10.1029/2022GL097919

Wang, R., Vasko, I. Y., Mozer, F. S., Bale, S. D., Artemyev, A. V., Bonnell, J. W, et al. (2020). Electrostatic turbulence and debye-scale structures
in collisionless shocks. The Astrophysical Journal Letters, 889(1), L9. https://doi.org/10.3847/2041-8213/ab6582

Wang, R., Vasko, I. Y., Mozer, F. S., Bale, S. D., Kuzichev, I. V., Artemyev, A. V., et al. (2021). Electrostatic solitary waves in the earth’s bow
shock: Nature, properties, lifetimes, and origin. Journal of Geophysical Research (Space Physics), 126(7), €29357. https://doi.org/10.1029/
2021JA029357

Williams, J. D., Chen, L. J., Kurth, W. S., Gurnett, D. A., Dougherty, M. K., & Rymer, A. M. (2005). Electrostatic solitary structures associated
with the November 10, 2003, interplanetary shock at 8.7 AU. Geophysical Research Letters, 32(17), L17103. https://doi.org/10.1029/
2005GL023079

Wilson, L, Cattell, C. A., Kellogg, P. J., Goetz, K., Kersten, K., Kasper, J. C., et al. (2010). Large-amplitude electrostatic waves observed at a
supercritical interplanetary shock. Journal of Geophysical Research (Space Physics), 115(A12), A12104. https://doi.org/10.1029/
2010JA015332

Wilson, L. B., III, Cattell, C., Kellogg, P. J., MacGregor, K., Goetz, K., Kersten, L., et al. (2007). Waves in interplanetary shocks: A wind/
WAVES study. Physical Review Letters, 99(4), 041101. https://doi.org/10.1103/PhysRevLett.99.041101

Young, D. T., Burch, J. L., Gomez, R. G., De Los Santos, A., Miller, G. P., Wilson, P., et al. (2016). Hot plasma composition analyzer for the
magnetospheric Multiscale mission. Space Science Reviews, 199(1-4), 407—470. https://doi.org/10.1007/s11214-014-0119-6

Yu, X., Lu, Q., Wang, R., Huang, K., Gao, X., & Wang, S. (2021). MMS observations of broadband electrostatic waves in electron diffusion
region of magnetotail reconnection. Journal of Geophysical Research (Space Physics), 126(3), €28882. https://doi.org/10.1029/2020JA028882

SHAIKH ET AL.

16 of 16

€ “vT0T ‘T0Y6691T

:sdny wouy papeoy

ASUADI SUOWILO)) 2A1EAX)) d[qearjdde ay) Aq pauIaA0d aIe Sa[dIe YO asn JO Sa[NI 10§ AIRIQIT AUI[UQ) AJ[IA\ UO (SUOHIPUOI-PUEB-SULIA)/W0d" Ad[ 1M’ AIeIqr[autuo//:sdyy) SUOHIpUO)) Pue SWId ] ay) 89S *[$70Z/S0/20] U0 Areiqry aurjuQ Ad[IA\ ‘Se[[E(] - SEXa ] JO ANSI2ATUN £q 6S0ZE0VIET0T/6TOT 01 /10p/w0d KM K.


https://doi.org/10.5194/npg-10-3-2003
https://doi.org/10.1007/s11214-016-0245-4
https://doi.org/10.1103/PhysRevLett.19.297
https://doi.org/10.1103/PhysRevLett.19.297
https://doi.org/10.1029/JA084iA03p00917
https://doi.org/10.1029/JA084iA03p00917
https://doi.org/10.1007/s11214-014-0057-3
https://doi.org/10.1016/0370-1573(86)90043-8
https://zenodo.org/record/8317584
https://doi.org/10.1029/2021JA029380
https://doi.org/10.1029/2021JA029380
https://doi.org/10.1029/2021JA030143
https://doi.org/10.1029/2018GL080757
https://doi.org/10.1103/PhysRevLett.48.1175
https://doi.org/10.1029/2018GL079044
https://doi.org/10.1088/0031-8949/20/3-4/004
https://doi.org/10.1088/0031-8949/30/1/015
https://doi.org/10.1088/0031-8949/30/1/015
https://doi.org/10.1002/2016JA023083
https://doi.org/10.1002/2016JA023083
https://doi.org/10.1002/2016JA023337
https://doi.org/10.1002/2016JA023337
https://doi.org/10.1063/1.5039687
https://doi.org/10.1029/2018GL077835
https://doi.org/10.3389/fphy.2020.00156
https://doi.org/10.1029/2022GL097919
https://doi.org/10.3847/2041-8213/ab6582
https://doi.org/10.1029/2021JA029357
https://doi.org/10.1029/2021JA029357
https://doi.org/10.1029/2005GL023079
https://doi.org/10.1029/2005GL023079
https://doi.org/10.1029/2010JA015332
https://doi.org/10.1029/2010JA015332
https://doi.org/10.1103/PhysRevLett.99.041101
https://doi.org/10.1007/s11214-014-0119-6
https://doi.org/10.1029/2020JA028882

	description
	Slow Electron Holes in the Earth's Magnetosheath
	1. Introduction
	2. Data and Case Studies
	3. Statistical Results
	4. Theoretical Interpretation and Estimates
	5. Discussion and Conclusion
	Data Availability Statement



