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Abstract We present a series of electron holes observed simultaneously on four Magnetospheric
Multiscale spacecraft in the plasma sheet boundary layer. The multispacecraft probing shows that the
electron holes propagated quasi-parallel to the local magnetic field with velocities of a few thousand
kilometers per second with parallel spatial scales of a few kilometers (a few Debye lengths). The
simultaneous multispacecraft probing allows analyzing the 3-D configuration of the electron holes. We
estimate the electric field gradients and charge densities associated with the electrons holes. The electric
fields are fit to simple 3-D electron hole models to estimate their perpendicular scales and demonstrate
that the electron holes were generally not axially symmetric with respect to the local magnetic field. We
emphasize that most of the electron holes had a complicated structure not reproduced by the simple
models widely used in single-spacecraft studies.

Plain Language Summary We present the first measurement of electron holes (electrostatic
solitary waves) by four Magnetospheric Multiscale spacecraft simultaneously. Such observation has allowed
us to directly measure the charge density and to address the 3-D structure of these electron holes both for
the first time. The analysis of 3-D configuration of the electron holes can be valuable for analysis of electron
holes observed in space plasmas.

1. Introduction

Electron phase space holes (EHs) are electrostatic solitary waves (ESWs) with a bipolar parallel electric field,
whose existence is due to phase space density deficit of electrons trapped by the bipolar electric field (e.g.,
review by Schamel, 1986). Simulations suggest that EHs are formed in a nonlinear stage of various streaming
instabilities and can be stable for thousands of plasma periods (e.g., Omura et al., 1996). They were originally
observed in the plasma sheet boundary layer (Matsumoto et al., 1994) and later in reconnecting current sheets
(Cattell et al., 2005; Graham et al., 2016), auroral region (Ergun et al., 1998; Mozer et al., 1997), inner magne-
tosphere (Malaspina et al., 2015; Mozer et al., 2015), flow braking region (Ergun et al., 2015), and many other
regions of the near-Earth space (e.g., Pickett et al., 2004, 2008). Similar EHs were reproduced in laboratory
plasma experiments (e.g., Fox et al., 2008). Numerical simulations and theoretical analyses showed that EHs
can efficiently scatter electrons, thereby contributing to anomalous dissipation processes (e.g., Drake et al.,
2003; Vasko et al.,, 2018).

EHs in the auroral region (Ergun et al, 1998; Franz et al., 2000), inner magnetosphere (Malaspina et al.,
2018; Vasko et al, 2017), and flow braking region (Ergun et al., 2015) exhibit noticeable perpendicu-
lar electric fields with essentially unipolar profiles. The perpendicular electric fields indicate that EHs are
intrinsically three-dimensional structures localized in directions perpendicular to the local magnetic field.
Single-spacecraft measurements showed that the perpendicular and parallel spatial scales of EHs statistically
satisfy the gyrokinetic scaling relation (Franz et al.,, 2000): d, /d; ~ (1 + a)z/wz)”2 where @, and w, are elec-
tron plasma and cyclotron frequencies. The laboratory experiments reported EHs with 5|m|Iar perpendicular
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Figure 1. MMS observations on 27 September 2016 around 01:19:00 UT: (a) direct current-coupled magnetic field
measured aboard MMS#4 in the geocentric solar magnetospheric coordinate system; B, is an estimate of the magnetic
field in the lobes; (b) current density parallel to the magnetic field and magnitude of the current density perpendicular
to the magnetic field; (c) magnitude of alternating current-coupled electric field measured by MMS#4. Highlighted
intervals indicate observations of electrostatic solitary waves. Two of the intervals are expanded in Figure 2 for further
analysis. MMS = Magnetospheric Multiscale. FGM = Fluxgate Magnetometer; EDP=Electric Field Double Probes.

and parallel spatial scales in the regime w, > o, indicating that the gyrokinetic scaling relation may not be
universal (Fox et al., 2008).

Most of EH studies have been limited to single-spacecraft crossings through intrinsically three-dimensional
structures. In this Letter we present a series of EHs observed simultaneously at four Magnetospheric Multi-
scale (MMS) spacecraft in the plasma sheet boundary layer. The simultaneous multispacecraft probing allows
analysis, for the first time, of the 3-D configuration of EHs.

2. Observations

We consider MMS measurements on 27 September 2016 around 01:19:00 UT. The spacecraft were located in
the plasma sheet boundary layer at rggy, ~ (—2.6,9.8,0.6) R on field lines mapping to the southern auroral
zone. The separation between the spacecraft was a few kilometers during the considered time interval. We use
measurements of the direct current-coupled magnetic field (128 samples per second) provided by Digital and
Analogue Fluxgate Magnetometers (Russell et al., 2016), alternating current-coupled electric field (8,192 sam-
ples per second) provided by Axial Double Probe (Ergun et al.,, 2016), and Spin-Plane Double Probe (Lindqvist
et al,, 2016), electron and ion moments provided by the Fast Plasma Instrument (Pollock et al., 2016). The
electric fields are presented in the field-aligned coordinate system (x, y, and z) with the z axis along the local
magnetic field, the x axis in the plane of a dipole magnetic field line, and the y axis generally in the westward
direction.

Figure 1 provides a global context for the intense electric field fluctuations that we analyze in detail. Figure 1a
presents the quasi-static magnetic field B in the geocentric solar magnetospheric (GSM) coordinate system
measured aboard MMS#4 for a few minutes around 01:19:00 UT and the magnetic field B, in the lobes com-
puted using the vertical pressure balance, B} = B? + 87zn,(T, + T,), where n, is the electron density and T,
and T, are electron and ion temperatures (not shown). We use four-spacecraft measurements to compute
the current density by the curlometer technique (e.g., Chanteur, 2000) and determine current densities par-
allel and perpendicular to the magnetic field. Figures 1a and 1b show that the spacecraft were in the plasma
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Figure 2. The expanded view of a few hundred millisecond intervals highlighted in Figure 1: (a) parallel and (b, c)
perpendicular electric fields measured aboard MMS#4; (d) the charge density estimate p = V - E/4x computed using
electric fields measured at four MMS spacecraft; and (e) parameter |V - E|/|V X E| indicating a general consistency with
the electrostatic nature of the solitary waves. The highlighted solitary waves (A)-(D) are presented in Figure 4.
MMS = Magnetospheric Multiscale.
sheet boundary layer (B ~ B;) and became closer to the neutral sheet after 01:19:20 and 01:19:50 UT as |B, |
decreased. The decreases of |B,| were associated with up to 300-nA/m? parallel currents, indicating (along
with reversed plasma flows that are not shown) temporal variations of the magnetic field configuration in the
plasma sheet. Figure 1c presents electric field fluctuations with amplitudes up to 200 mV/m observed around
the intense parallel current regions, although there was no strict correlation between the current density and
electric field intensity. Series of ESWs were observed during the three highlighted intervals. The rather noisy
low-frequency electric field complicates analysis of ESW for the middle interval, and therefore, we focus on the
two other highlighted intervals characterized by the following background plasma parameters:n, < 0.1cm=3,
T, ~1keV,and o, /w. ~1-2.
Figure 2 covers a few hundred milliseconds around the two highlighted time intervals. Figures 2a-2c present
the electric fields measured aboard MMS#4 in the field-aligned coordinate system and show that the elec-
tric field fluctuations are produced by solitary waves with bipolar parallel and mostly unipolar perpendicular
electric fields. The solitary waves are associated with ~10-pT magnetic field fluctuations (not shown), which is
why they are ESW (6E > ¢5B). The perpendicular magnetic field fluctuations appear due to the Lorentz trans-
formation (Andersson et al., 2009) and provide the ESW velocity estimates of a few thousand kilometers per
second. Remarkably, the ESW are observed simultaneously at four MMS spacecraft (shown below). We use
multispacecraft interferometry, that is, analysis of time lags between observations of the same ESW at differ-
ent spacecraft, to estimate the ESW velocity and direction of propagation. The ESWs propagate with velocities
3,000-10,000 km/s antiparallel to B within about 10° (see the supporting information [SI] for details). It would
be difficult to estimate the ESW velocities using the interferometry between voltage-sensitive probes sepa-
rated by about 120-m antennas because the ESWs propagate too fast for the time lags between the probes
to be determined reliably.
The electron phase space density measured during the ESW observation (see the SI) shows that there is a
plateau in the phase space density of electrons with ~180° pitch angles in the energy range 100-1,000 eV
(that is 6,000—20,000 km/s in terms of electron velocities). The fact that these energies correspond to the
TONGET AL. 11,515
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Figure 3. The schematic of an electron phase space hole (EH; red arrows
indicate electric fields) and spacecraft crossings (dashed lines) due to
quasi-parallel propagation of the EH with respect to the magnetic field. EHs
are structures with a positive electrostatic potential localized in directions
parallel and perpendicular to a local magnetic field. The plus/minus signs
indicate the charge density: the EH is effectively a positively charged cloud
screened by a negatively charged cloud.

Simultaneous probing of EH at four MMS spacecraft allows estimating
electric field gradients VE,, VE,, and VE, by assuming that they are uni-
form over the MMS tetrahedron (the method is similar to the curlometer
technique; see, e.g., Chanteur, 2000). The combinations of the gradients are
used to compute V -E and V X E. The charge density estimate p = V-E/4x
presented in Figure 2d shows that the EHs are associated with either tripo-
lar (- + -) charge densities expected for one-dimensional EHs or purely
negative charge densities (see, e.g., EHs A-E). These charge densities cor-
respond to different crossings of the four MMS spacecraft through the
intrinsically three-dimensional EHs. The tripolar/negative charge densities
correspond to crossings near/far from the EH center (Figure 3). Figure 2e
shows that |V - E|/|V X E| ~3-5 within EHs that is generally consistent with the electrostatic nature of these
structures. The analysis by Robert et al. (1998) of the accuracy of the curlometer technique suggests that
|V - E|/|V X E| correlates with the accuracy of V - E estimate only statistically. Therefore, the accuracy of the
charge density estimates is difficult to evaluate, but we stress that these estimates are consistent with those
derived from the model used to fit the observed electric fields (shown below).

Figure 4 presents expanded views of EHs (A)-(D) and demonstrates that EHs are observed simultaneously at
four MMS spacecraft. The velocities computed using the multispacecraft interferometry are indicated in the
panels. The typical parallel scale of EH is computed as d; = v,, - At/2, where v, is the EH velocity and At is
the time lag between observing minimum and maximum of E, (At is averaged over the four spacecraft). The
parallel scales of EHs are indicated in the panels. Because the Debye length and electron thermal gyroradius
are both about 1 km, the parallel scales of EHs are just a few Debye lengths or a few electron thermal gyroradii.
The typical electric field amplitudes are about 100 mV/m, so the amplitudes of the maximum electrostatic
potential along the spacecraft crossings are a few hundred volts.

3. Three-Dimensional Electron Hole Configuration

The theory does not pose significant restrictions on the 3-D distribution of the electrostatic potential of EHs
(e.g., Chen et al., 2005). In single-spacecraft studies, EHs are often assumed axially symmetric with respect to
a local magnetic field (e.g., Chen et al., 2005; Vasko et al., 2017). Statistical arguments have been invoked to
estimate perpendicular scales of EHs based on numerous single-spacecraft crossings (Franz et al., 2000). The
multispacecraft probing allows analyzing the 3-D configuration of EHs.

The axial symmetry of EHs (A)-(D) is tested by fitting the observed electric fields to a model distribution of
the electrostatic potential:

D1, t) = Dy exp [—(z — vt /2dﬂ "HR), R?=x?/d.

min +yl2/d M

max’
X' '=(x=xp)cosy + (y —yg)siny, y =—(x—X,)siny + (y — y,) COsSy

where v, and d| have been evaluated, @, is the peak amplitude of the electrostatic potential, x, and y, deter-
mine the position of the EH center, angle y determines the orientation of minor and major axes of the elliptic
cross section with respect to the field-aligned coordinates, and d,,,;, and d,,,,, are perpendicular scales corre-
sponding to the minor and major axes. We have tried to fit the observed electric fields to various models and
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Figure 4. The simultaneous measurements of electron phase space holes (A)-(D) at four MMS spacecraft: (a)-(c) the
electric field in the field-aligned coordinate system and (d) the charge density computed using the electric field
measurements at four spacecraft (solid) and the charge density computed using the electric fields at four spacecraft
according to the best fit model distribution (equation (1); dashed). The bottom panels present observed and best fit
model electric fields (cyan and magenta arrows) in the plane perpendicular to the magnetic field, where E, = 0. The
equipotential contours (in unit of volts) of the best fit model are shown, and the best fit parameters d;n, dmayx and @
are indicated. The field-aligned coordinate system is used in the bottom panels. MMS = Magnetospheric Multiscale.
found the best fit to be provided by the Gaussian model, H = exp(—=R?/2). Originally, we have used the axi-
ally symmetric model with four parameters (@, X,, ¥, and d,i, = dmax) @and found that the fitting procedure
converges to a global minimum. Then we have used the nonaxially symmetric model with six free parameters
and searched for the best fit parameters around this global minimum (see the Sl for details).
The bottom panels of Figure 4 present the observed and best fit model electric fields in the plane perpendic-
ular to the magnetic field, where E, = 0. The spacecraft positions and electric fields are in the field-aligned
coordinate system with the origin in the EH center (x, and y,). Also shown are the best fit parameters and
equipotential curves of the model electrostatic potential. The electric field of EHs (B) and (D) is satisfactorily
TONG ET AL. 11,517
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fitted to almost axially symmetric models with d,.,;,, and d,,,,, different by a factor of less than 1.3. On the other
hand, EHs (A) and (C) are clearly non axially symmetric, because d,,;, and d,,,, differ by a factor of 2 to 3. The
perpendicular scales are larger than the parallel scales by a factor of 2 to 3 in agreement with the gyrokinetic
scaling relation d, /d; ~ (1 + wﬁ/w?)”z, where w, ~1-2 .. The amplitudes of the electrostatic potentials
are 250-750V, which is quite comparable to ~1-keV electron temperature.

min

min

Figure 4d presents the charge densities computed using the technique similar to the curlometer technique
(see the previous section) using the electric fields observed at four spacecraft and those given by the best fit
models. These charge densities are in satisfactory agreement. The best fit models also reproduce the observed
electric fields (see SI). On the time scales of the fast EHs, ions are essentially immobile, so the estimated charge
densities are due to electron density deficiencies. Figure 4d indicates that the electron density deficiencies
may reach values of ~ 1072 cm~3, which is about 10% of the background electron density.

We note that the analysis of the 3-D configuration of EHs requires simultaneous observations of the electric
fields at four spacecraft with sufficiently high signal-to-noise ratio. EHs (A)-(D) are good examples satisfying
this criterion. We could not fit the electric fields of EH (E) to the 3-D model, because the electric fields observed
at two of the spacecraft were too small (these spacecraft probed the EH rather far from the EH center). We
have also failed to model many other EHs from the two selected intervals. Quite often, the EH velocities had
large uncertainties that may have been due to either EH evolution during propagation from one spacecraft
to another and/or complicated 3-D configurations different from the simple model (1).

4, Discussion and Conclusions

We have presented observations of EHs observed simultaneously at four MMS spacecraft in a region with
intense parallel currents and fast plasma flows in the plasma sheet boundary layer. Similar EHs associated with
intense parallel currents in the plasma sheet boundary layer have been recently reported by Le Contel et al.
(2017), but the spacecraft separation of about 50 km did not allow simultaneous observations of the EHs at
four MMS spacecraft. We have used multispacecraft interferometry to estimate the EH velocities and direction
of propagation. Previous multispacecraft interferometry analyses have been restricted to two spacecraft and
required assumptions on the direction of EH propagation (Norgren et al., 2015; Pickett et al., 2008). Using the
multispacecraft interferometry we have found that the EHs propagate quasi-parallel to the magnetic field with
velocities of a few thousands of kilometers per second and have parallel spatial scales of a few Debye lengths.

Multispacecraft probing has allowed analysis, for the first time, of the 3-D configuration of the EHs. We
have estimated the charge densities associated with the EHs to find that they are consistent with the
three-dimensional EH configuration: EH is effectively a positively charged cloud screened by a negatively
charged cloud. For several of the EHs we have demonstrated that their 3-D configuration is adequately
described by Gaussian distributions with elliptic cross section and two perpendicular scales that can differ by
as much as a factor of 3. Thus, in contrast to the assumption often invoked in single-spacecraft studies (e.g.,
Chen et al., 2005; Le Contel et al., 2017; Vasko et al., 2017), the EHs are generally not axially symmetric. EHs
exhibitd,,./d, ~2-3andd,,,/d, ~1-2thatisin satisfactory agreement with the gyrokinetic scaling relation
(Franz et al., 2000) predicting d, /d; ~1.4-2.2forw, ~1-2 w,.

In this letter we have presented detailed analysis of the 3-D configuration only for several EHs. In many other
cases from the selected intervals, analyses have shown that EHs can evolve either in the course of propagation
from one spacecraft to another and/or the 3-D configuration of the EHs is more complicated than that given
by a simple Gaussian model. For these EHs we could not obtain a reliable estimate of velocity and could not
infer the 3-D configuration. The approach presented in this letter will be valuable for analyses of properties of
EHs observed in space plasmas.
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