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Spacecraft Observations and Theoretical Understanding of Slow Electron Holes
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We present Magnetospheric Multiscale observations showing large numbers of slow electron holes with
speeds clustered near the local minimum of double-humped velocity distribution functions of background
ions. Theoretical computations show that slow electron holes can avoid the acceleration that otherwise
prevents their remaining slow only under these same circumstances. Although the origin of the slow
electron holes is still elusive, the agreement between observation and theory about the conditions for their

existence is remarkable.
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Multisatellite space observations of electron holes,
Debye-scale electrostatic solitary waves of Bernstein-
Green-Kruskal type [1-5], have firmly established that
these structures can have speeds comparable to local ion
thermal velocity [6—10]. This is actually surprising, because
theory and simulations indicate that the interaction of such
slow electron holes with ions normally prevents their
speeds remaining at or below the ion thermal velocity
[11-13]. The close attention to these nonlinear structures,
which are observed in reconnection current sheets [6,7],
plasma sheet [8,9], and collisionless shocks [10,14,15],
arises in part because they might cause electron acceler-
ation [16-19] and anomalous plasma resistivity [20-24].
Although the origin of these structures in space plasma is
still elusive, in this Letter we resolve the problem of
existence of slow electron holes. We show experimentally
that slow electron holes move at speeds near the local
minimum of a double-humped background ion velocity
distribution, and this is just what is required, according to
recent theory [25], to prevent the self-acceleration observed
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in simulations. This is a remarkable example of how the
properties of Debye-scale structures are controlled by the
kinetic features of the ion distribution function.

The experimental results are based on analysis of slow
electron holes observed aboard four Magnetospheric
Multiscale (MMS) spacecraft [26] in a particular interval
in the Earth’s plasma sheet. Importantly, the presented
interval is not exceptional. The results are supported by a
statistical analysis of slow electron holes collected in
several other intervals in the Earth’s plasma sheet (see
Supplemental Material [27], which includes Ref. [28]).

Figure 1 presents MMS1 measurements over about a
3 min interval on August 4, 2017, when the MMS space-
craft were located at about 20 Earth radii from the Earth in
the plasma sheet. Panels (a)-(c) show that the magnetic
field of about 30 nT was relatively stable and directed
toward the Earth, the plasma density was around
1.25 cm™3, and the ion flow velocity stayed within
200 km/s. The electron and ion temperatures were, respec-
tively, around 500 eV and 5 keV, though the ion velocity

© 2021 American Physical Society
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FIG. 1. Magnetospheric Multiscale observations in the Earth’s
plasma sheet on August 4, 2017 around 09:00:00 UT. We present
measurements of MMS1, while other MMS spacecraft, being
located within 10 kilometers of MMS1, provide identical over-
views. Panels (a)—(c) present three components of the magnetic
field measured at 128 samples/s by the flux gate magnetometer
[29], electron density available at 30 ms cadence, and three ion
bulk velocity components available at 150 ms cadence. The
electron and ion parameters are moments of electron and ion
velocity distribution functions measured at respectively 30 and
150 ms cadence by the fast plasma investigation instrument [30].
The magnetic field and ion bulk velocities are presented in the
geocentric solar ecliptic (GSE) coordinate system with the x axis
toward the Earth, the z axis perpendicular to the ecliptic plane and
the y axis completing the right-hand coordinate system. Panel
(d) presents the fast Fourier transform spectrum of the parallel
electric field E| measured at 8192 samples/s resolution by the
axial and spin-plane double probes [31,32]. The local proton
plasma frequency f,; is indicated in the spectrum. Panel
(e) presents a close view of the parallel electric field waveform
over about 200 ms. The analysis of the highlighted solitary wave
is presented in Fig. 2.

distribution function was not Maxwellian (see below). Note
that ions were essentially protons, because densities of
oxygen and helium ions were negligible, less than 1% of
the plasma density. The spectrum of parallel electric field
fluctuations in panel (d) shows the presence of broadband
wave power between about 10 Hz and 1 kHz, around the
local proton plasma frequency, f,; ~# 250 Hz. The electric
field waveforms measured continuously at 8192 samples/s
resolution showed that the broadband wave power corre-
sponds to electrostatic solitary waves with bipolar parallel
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FIG. 2. Multisatellite analysis of the solitary wave (highlighted
in Fig. 1) observed sequentially on four MMS spacecraft. Panel
(a) presents parallel electric field £ measured aboard each MMS
spacecraft. The spatial separations between MMS spacecraft
along the local magnetic field are presented above panel (a).
The spatial separations between MMS spacecraft in the plane
perpendicular to the local magnetic field were within 10 km (not
shown). The time delay between observations of the solitary wave
on a pair of spacecraft and the known distance between that pair
of spacecraft along the magnetic field allow estimating the
solitary wave velocity in the spacecraft frame by the two-
spacecraft interferometry. The three velocity estimates corre-
sponding to MMS1-MMS2, MMS1-MMS3, and MMS1-MMS4
are —760, —695, and —705 km/s; the averaged velocity value is
Vesw & —720 km/s. The negative velocity indicates propagation
antiparallel to the local magnetic field. Panel (b) presents
electrostatic potentials corresponding to E| observed aboard

each MMS spacecraft, which were computed as ¢ = [ E | Veswdt.

electric fields. The waveform of the parallel electric field E
in panel (e) exemplifies solitary waves observed over the
entire interval. The perpendicular electric fields of the
solitary waves were about ten times smaller than parallel
electric field amplitudes (not shown). Using the previously
described methodology [9], in this interval we collected
750 solitary waves observed sequentially on four MMS
spacecraft.

Figure 2 presents one of the solitary waves observed on
four MMS spacecraft in order of MMS3-MMS4-MMS1-
MMS2. According to spatial separations between MMS
spacecraft, this order is consistent with propagation anti-
parallel to the local magnetic field. Using the spatial
separation between a pair of MMS spacecraft along the
magnetic field, we can estimate the solitary wave speed in
the spacecraft frame by the two-spacecraft interferometry.
The speed estimates obtained by the interferometry between
MMSI1 and other MMS spacecraft are 760, 695, and
705 km/s. The consistency of the different velocity
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FIG. 3. The ion velocity distribution functions (VDF) measured
at 150 ms cadence aboard MMS1 around the moment closest to
the occurrence of the solitary wave shown in Fig. 2. Panel
(a) presents the ion VDF in dependence on velocities parallel and
perpendicular to the local magnetic field, while panel (b) presents
reduced ion VDF computed as [ VDF(V,V )27V dV,. The
reduced ion VDF is fitted to a combination of beam and core
populations described by drifting Maxwell distributions. The best
fit models and the best fit parameters (density, drift velocity, and
temperature) are presented in panel (b).

estimates is a strong indication that various MMS spacecraft
indeed observe the same solitary wave. On a timescale of
about 20 ms that it takes to propagate from MMS3 to
MMS?2, the solitary wave speed deviates from its averaged
value of 720 km/s by less than a few percent. This is a strong
indication of stable solitary wave propagation on a timescale
of atleast a few inverse of f ;. The knowledge of the solitary

[em” (cm/s) "]

wave speed allows translating the peak-to-peak temporal
width of E|| into spatial width of about 3 km that is about 20
Debye lengths. Panel (b) presents the electrostatic potentials
corresponding to £} observed aboard each MMS spacecraft,
Q= f E| Vg, dt, where Ve, = =720 km/s is the averaged
velocity of the solitary wave. The solitary wave is of positive
polarity with amplitude of about 10 V that is a few percent of
the local electron temperature. Note that the speed of the
solitary wave in the plasma frame is not very different from
the speed in the spacecraft frame, because ion flow velocity
parallel to the local magnetic field was around —10 km/s
[Fig. 1(c)].

The results of similar interferometry analysis for all 750
solitary waves are summarized below (see Supplemental
Material [27] for details). The solitary waves are of positive
polarity with amplitudes below 0.1 of local electron
temperature and spatial widths from a few to a few tens
of Debye lengths. Positive correlation observed between
the amplitudes and spatial scales of the solitary waves is
consistent with electron holes [5] and opposite to expect-
ations for ion-acoustic solitons [33]. In both spacecraft and
plasma frame, the solitary waves have velocities around
—700 km/s that is on the order of the ion thermal velocity
and around a few percent of the electron thermal velocity.
Based on the revealed properties, we interpret the solitary
waves in terms of slow electron holes.

Figure 3 presents ion velocity distribution function
(VDF) observed aboard MMSI1 around the moment
closest to observations of the solitary wave in Fig. 2.
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FIG. 4. Panel (a) presents the reduced ion velocity distribution function at 150 ms cadence computed using ion distribution functions
measured aboard MMS 1. Panel (b) presents velocities Ve, and Vi, corresponding respectively to the local maximum (ion beam) and
local minimum of the reduced ion VDEF. Superimposed in panel (b) are velocities V., of all 750 solitary waves observed on four MMS
spacecraft in the considered interval. Panel (c) presents the analysis of potential correlations of Vi, versus Ve, and V ;) versus V.
All the velocities are in the spacecraft frame. The errors bars of V., in panels (b) and (c) are determined by minimum and maximum
values among the three velocity estimates used to compute the averaged value V., (Fig. 2).
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Panel (a) presents the VDF in dependence on (V,V ),
while panel (b) demonstrates a reduced distribution func-
tion computed as [ VDF(V/,V )22V dV . The ion VDF
consists of at least two beamlike populations, which is
typical of the Earth’s plasma sheet [34,35]. The reduced ion
VDF can be fairly well fitted to beam and core Maxwell
populations. The ion core population with temperature of
1.7 keV constitutes about 75% of the total ion density,
while the ion beam with temperature around 0.5 keV and
velocity around —1120 km/s constitutes about 18% of the
total ion density. The other 7% of the ion density is
contributed by the wings of the reduced ion VDF, not
described by the core and beam populations. The best fit
ion parameters indicated in panel (b) are typical of the
entire interval. The electron VDF is relatively well
described by a drifting Maxwell distribution with temper-
ature of 475 eV, drift velocity smaller than one percent of
the electron thermal velocity and density consistent with
the total ion density of about 1.25 cm™ within a few
percent (Supplemental Material [27]). It is noteworthy that
the electron population is several times colder than the ion
core population in the entire interval.

Figure 4 shows that a double-humped reduced ion VDF
is persistent through the entire interval. The ion beam
propagates antiparallel to the local magnetic field, that is in
the same direction as the solitary waves. Panel (b) presents
temporal evolution of velocities of the local maximum (ion
beam) and local minimum of the reduced ion VDFE
Intriguingly, the superimposed velocities of the electron
holes are closely clustered around local minimums of the
ion distribution functions. Panel (c) strengthens that point
by demonstrating that the electron hole velocities are
correlated with the velocity of the local minimum and
not correlated with the ion beam velocity. Importantly, the
considered electron holes are not exceptional. We inspected
more than 1000 slow electron holes collected in several
other intervals in the Earth’s plasma sheet. The results of
the statistical analysis are presented in the Supplemental
Material [27]. We found that, as for the interval presented in
detail here, slow electron holes are associated with double-
humped ion distribution functions and have velocities
around the local minimums of these ion distribution
functions. Thus, MMS observations show that slow elec-
tron holes in the plasma sheet are very strongly correlated
with the presence of a double-humped ion distribution
function.

In simulations, electron holes started with zero velocity
relative to a Maxwellian ion distribution are observed to
accelerate up to speeds greatly exceeding the ion thermal
velocity [11-13]. This self-acceleration is attributed to
repulsion of the electron hole from a developing depression
in the ion density. The theoretical challenge is therefore to
understand how slow electron holes can persist with
velocities comparable to the bulk of the ion VDF. New
theory has recently shown that they cannot unless the ion
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FIG. 5. Results of velocity stability calculations for a slow

electron hole typical of the presented interval (amplitude of
10 V and spatial scale of 3 km). The electron hole velocity v, is
a free parameter in the calculations. Panel (a) presents ion
distribution functions (in scaled units) consisting of two
Maxwellian beams with temperatures and relative densities
equivalent to those observed by MMS [Fig. 3(b)], but with
various velocity separations between the ion beams. Using
recent theory [25], for each ion distribution function we
computed force F acting on the electron hole and variation
of this force 6F/6x (scaled units), when the electron hole is
shifted by dx with respect to the ion density perturbation that it
causes. Panels (b) and (c) show the computed F and 6F/8x
depending on electron hole velocity »,. The stable electron hole
propagation is possible if and only if ¥ =0 and §F/éx < 0.
Bold black line in panel (a) is the ion distribution function
marginally stable for the electron hole self-acceleration, while
corresponding F and 6F/6x depending on v, are shown by
black solid lines in panels (b) and (c). Ion distributions with this
deep a local minimum or deeper are stable, shallower are
unstable to self-acceleration of the electron hole.

VDF is double humped and their velocity lies within the
local minimum of the ion distribution [25]. The effect of
this strongly nonthermal ion distribution is to reverse the
sign of the ion density perturbation caused by the positive
potential, so that the electron hole is no longer repelled but
attracted by the ion perturbation it causes.
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The stabilizing effect of the local ion distribution mini-
mum has been analyzed quantitatively for a wide range of
distribution shapes [25]. The approach is to suppose that
the ion density perturbation caused by the electron hole
potential is unchanged by the self-acceleration instability,
because the ion timescale is relatively long. The electron
hole-accelerating force can therefore be calculated for any
potential shape shifted laterally by ox relative to the ion
density it would cause. If this force F is such as to enhance
the shift, 6F /6x > 0, self-acceleration occurs. Otherwise, it
does not and a slow electron hole can persist. Note that one
must also determine the equilibrium velocity at which the
total force F is zero.

Figure 5 presents results of velocity stability calculations
for a slow electron hole typical of the considered interval.
We assumed a slow electron hole with amplitude of 10 V
and spatial scale of 3 km, though specific values of these
parameters do not affect the results presented below, when
they are in the ranges found in the observations. The one-
dimensional ion distribution f(v) is represented by two
Maxwellian beams whose temperatures and relative den-
sities coincide with those of the observed reduced ion VDF
[Fig. 3(b)]. The free parameters in the calculations are
velocity separation between the ion beams and electron
hole velocity v;,. For convenience, theoretical analysis was
done in the reference frame, where velocities of the two ion
beams are equal and opposite. Panel (a) presents ion
distribution functions corresponding to various ion beam
separations. For each of these ion distributions we com-
puted force F and 6F/éx depending on electron hole
velocity v;,. The results of the calculations in panels (b)
and (c) show that stable electron hole propagation, F' = 0
and 6F/6x <0, is possible for ion beam separations
exceeding about 800 km/s and only for electron holes
with velocities around the local minimums. The marginal
distribution to achieve stable electron hole propagation and
avoid self-acceleration is refined by iteration and indicated
in panel (a). Distributions with this deep a local minimum
or deeper are stable, shallower are unstable to self-accel-
eration of the electron hole. For the observed reduced ion
VDF in Fig. 3(b) the separation between the ion beams
exceeds 900 km/s and, hence, a local minimum is deep
enough to satisfy stability of electron holes with velocities
around the local minimum.

In conclusion, electron holes propagating with velocities
much larger than ion thermal velocity have previously been
widely observed in laboratory experiments [36,37] and
various regions of near-Earth space [38—42]. On the
contrary, slow electron holes have only recently been
unambiguously identified in space plasma, and the very
existence of these solitary waves has been theoretically
puzzling. In this Letter we have presented multisatellite
Magnetospheric Multiscale observations showing slow
electron holes have velocities lying in the local minimum
of double-humped ion velocity distribution functions.

Theoretical analysis shows that, whatever is the origin of
these structures, this configuration is necessary for the
electron holes to remain slow by avoiding the self-
acceleration caused by interaction with ions. Note that
detailed kinetic calculations show that the plasma in the
presented interval is linearly stable to electrostatic waves of
ion-acoustic and Buneman type, because electrons are
much colder than ions. Therefore, the origin of the slow
electron holes still remains a puzzle.
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