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First Measurements of Electrons and Waves inside an Electrostatic Solitary Wave
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Electrostatic solitary wave (ESW)—a Debye-scale structure in space plasmas—was believed to
accelerate electrons. However, such a belief is still unverified in spacecraft observations, because the
ESW usually moves fast in spacecraft frame and its interior has never been directly explored. Here, we
report the first measurements of an ESW’s interior, by the Magnetospheric Multiscale mission located in a
magnetotail reconnection jet. We find that this ESW has a parallel scale of 5Ap, (Debye length), a superslow
speed (99 km/s) in spacecraft frame, a longtime duration (250 ms), and a potential drop e@q/kT, ~ 5%.
Inside the ESW, surprisingly, there is no electron acceleration, no clear change of electron distribution
functions, but there exist strong electrostatic electron cyclotron waves. Our observations challenge the
conventional belief that ESWs are efficient at particle acceleration.
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The electrostatic solitary wave (ESW), sometimes
referred to as electron phase space hole, is characterized
by a bipolar variation of parallel electric fields associated
with the potential drop [1-4] and is known as a conse-
quence of electron depletion. Such a structure is typically
generated by field-aligned streaming instabilities, such as
the Buneman instability [5-9] and two-stream instability
[3.10,11]. It exists ubiquitously in space plasmas, including
the plasma sheet [7,8,12—15], auroral region [14,16-19],
magnetopause [20,21], magnetosheath [22], bow shock
[23,24], reconnection sites [7,25], and the solar wind [26];
also, it can exist in laboratory plasmas [27-29].

Although the ESW has been widely studied, previous
spacecraft observations primarily focused on its scale
and its interaction with ambient electrons. For example,
Franz et al. [30] found that the ESW has a scale on the
order of Debye length; Steinvall ef al. [31] computed the
perpendicular scale of the ESW by using multispacecraft
data; Mozer et al. [32] presented the electron spectra and
pitch angle distributions on a millisecond timescale around
the ESW. Khotyaintsev et al. [7], Mozer et al. [33], and
Vasko et al. [34] suggested electron acceleration around the
ESW. These observations have made a substantial step
forward in understanding the dynamics of ESWs. However,
they are not sufficient, because electron distribution func-
tions and waves inside the ESW have never been observed
directly, due to the low resolution of spacecraft measure-
ments (usually 4 s for particle data) and short-time duration
of the ESW (usually several milliseconds) in previous
studies. As a result, so far, there have been only computer
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simulations [27,35-37] and laboratory experiments
[28,38] investigating the particle and wave dynamics inside
the ESW.

To completely understand the dynamics of the ESW,
revealing the electron distribution functions and waves by
spacecraft measurements inside the ESW is necessary. To do
so, the motion speed of the ESW must be slow in the
spacecraft frame—to make sure that the spacecraft stay long
enough inside the ESW, and also, the particle measurements
must have high resolution—to make sure that the spacecraft
collect enough data points inside the ESW. Being aware
of these two issues, we aim to report the first measurements
of electron distribution functions and waves inside the
ESW in this Letter. We use data from the Magnetospheric
Multiscale (MMS) mission [39], because this mission
provides particle data with a resolution up to 30 ms
(electrons) or 150 ms (ions), readily meeting our require-
ments. Specifically, the instruments used are the Fast Plasma
Investigation [40], the Flux Gate Magnetometer [41], the
Search Coil Magnetometer [42], the Electric Double Probe
(EDP) [43], and the Axial Double Probe [44].

Fortunately, we find a superslow ESW in the Earth’s
magnetotail. This structure was detected by MMS on
17 July 2017 at about 07:53:05 UT, when the four
MMS spacecraft were located at [—18.14 —7.30 0.64] Rg
in GSM coordinates [Figs. 1(a) and 1(b)], with interspacecraft
separations of 20 km [Figs. 2(a) and 2(b)]. Figures 1(c)-1(i)
present an overview of the event, with the magnetic field
shown in panel (c), electron density in panel (d), ion velocity
shown in panel (e), electron temperature shown in panel (f),
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electron flux in panel (g), ion flux in panel (h), and the parallel
electric field shown in panel (i). Before 07:52:52 UT, MMS
observed a weak magnetic field [|B| < 3 nT, Fig. 1(c)], a
high plasma density [Ne > 0.2 cm~, Fig. 1(d)], and a large
plasma f (not shown), meaning that it was located in the
magnetotail plasma sheet [45]. Around 07:52:56 UT, MMS
detected a sudden increase of magnetic field from Bz ~ 2 nT
to Bz~ 10 nT [Fig. 1(c)], a significant drop of plasma
density from Ne~0.25cm™ to Ne~0.13cm™ [Fig. 1(d)],
a slight increase of electron temperature from Te = 2 keV to
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FIG. 1. An ESW observed by MMS1 on 17 July 2017. (a),
(b) The MMS locations in X-Z and X-Y planes in GSM
coordinates. (c) Magnetic field. (d) Plasma density. (e) Ion bulk
flow velocities. (f) The electron temperature in parallel and
perpendicular directions. (g) The differential energy fluxes of
electrons. (h) The differential energy fluxes of ions. (i) Parallel
electric field. The gray shade between the two black dotted lines
highlights the ESW structure.

Te ~ 2.5 keV [Fig. 1(f)], and a gradual increase of ion flow
speed from Vi~ 400 km/s to Vi~ 800 km/s [Fig. 1(e)].
Such an abrupt change, from 07:52:55 to 07:52:59 UT, can be
identified as a dipolarization front (DF) [46—52]. The duration
of such DF (4 s) is consistent with previous statistics [53].
Behind the DF, from 07:53:00 to 07:53:15 UT, MMS detected
a strong magnetic field [|B| ~ 15 nT, see Fig. 1(c)], low
plasma density [Ne < 0.12 cm™3, see Fig. 1(d)], large flow
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FIG. 2. Properties of the ESW. (a),(b) The MMS configuration
in (a) the X-Z and (b) X-Y planes in GSM coordinates. (c) The
magnetic field Bz components. (d) Parallel electric field.
(e) Electrostatic potential. (f) The multispacecraft timing analysis
of the ESW speed. (g)—(i) The MMS1 measurements of electron
density, electron temperature, and omnidirectional electron
fluxes. (j) A schematic of the ESW in the X-Y plane, with the
red arrows denoting the electric fields and the plus and minus
signs representing the charge.
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velocity [Vi = 800 km/s, see Fig. 1(e)], and high electron
temperature [Te =~ 3.5 keV, see Fig. 1(f)]. Such ion flow
associated with a strong magnetic field can be identified
as a reconnection jet [54-56] or dipolarizing flux buddle
(DFB) [57].

Inside the reconnection jet, MMS observed a bipolar
variation of parallel electric fields, from —18 mV/m to
+18 mV/m, near the flow-velocity peak at 07:53:05.8 UT
[see the vertical shade in Fig. 1(i)]. Since the magnetic field
at that time (07:53:05.8 UT) is primarily in Xggy and Y goum
directions [see the vertical shade in Fig. 1(c)], this electric
field should be primarily along the Xggyv and Ygom
directions, and thus it was measured primarily by the
EDP instrument [43]. We examine the raw data in the
spacecraft-fixed coordinates (not shown) and find that both
the EDP and Axial Double Probe [44] instruments captured
this bipolar variation of E|, indicating that the bipolar
variation in this event is real, but not instrumental noise.
Moreover, all of the four MMS spacecraft detected this
signature, making us very confident that the bipolar
variation is a real structure.

Figure 2 presents the details of this structure during
07:53:05.667-07:53:05.967 UT. As can be seen, the
structure was sequentially detected by MMSI1, MMS3,
MMS4, and MMS?2 [Fig. 2(d)]. It produces an electrostatic

—
Q
~

potential, ¢ = — [ Ejvendt, up to 100 V [Fig. 2(e)], and
thus it is an ESW structure. We use the multispacecraft
timing method [Fig. 2(f)] to estimate the drift speed of
this ESW as Viggw = 99*[—0.77 — 0.64 — 0.04] km/s
(GSM coordinates) in the spacecraft frame. Such speed
is superslow, compared with the local Alfven velocity
(V4 =953 km/s) and electron thermal velocity (V=
20000 km/s). However, when transferred to the plasma-
rest frame (Vi= 800 km/s), this speed changes to
Ve ®# 20000 km/s, which is comparable to the local
Alfvén velocity and larger than the drift speeds reported
in previous studies [8,58]. We estimate the parallel scale of
this ESW as L = 0.5t Vggw ~ 5 km ~ 5 4p. (Ap. ~ 1 km
is the Debye length), where ¢ ~ 100 ms is the time duration
between the minimum and maximum parallel electric fields
[see Fig. 2(d)]. Such parallel scale (54p,) is consistent with
previous statistics [30], where a parallel scale <104p, was
suggested for most ESWs. Since the ESW was sequentially
detected by four MMS spacecraft, it should have
perpendicular scale (L ) larger than 20 km, the interspace-
craft separation of MMS. We can estimate the perpendicular
scale by using the gyrokinetic scaling relation [59], L | /L~

(14 0% /0k)">~7, where w,~1.96x10%rad/s is the
plasma frequency and . ~ 2.57 x 103 rad/s is the electron
cyclotron frequency. In this way, we obtain the perpendicular
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FIG. 3. Electron and ion distribution functions. (a) The electron distribution functions inside (B, C, D, E, F', G) and outside (A, H) the

ESW, with the black lines denoting contours of the phase space density. At the center of each panel, the white spot indicates no data,
because those electrons are beyond the measurement range (<6.52 eV) of the Fast Plasma Investigation instrument. (b) The parallel
electric field. (c) The parallel phase space density of electrons. (d) The ion distribution functions inside (/) and outside (/) the ESW.
Here, the perpendicular plane is defined as (Vg.p, Vpx(exs))> and the parallel plane is defined as (Vg.g, Vp)-
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scale of the ESW as 351p.. Figure 2(j) illustrates this
ESW in the perpendicular plane, with its shape derived
from the double-Gaussian potential model [8,60—64],
o(z.r) = %e—zz/zLHZe—ﬂ/zLHZ.

Since the drift speed of this ESW is superslow in the
spacecraft frame, MMSI1 stayed for about 250 ms inside the
ESW [from 07:53:05.65 to 07:53:05.90 UT, see Fig. 2(d)].
This provides a very good opportunity to explore electron
dynamics inside the ESW, particularly when considering
that the data resolution of electron measurements is 30 ms.
Figure 3(a) presents the electron distribution functions
(measured by MMS1) inside and around this ESW, with
the first row showing the distribution in the perpendicular
plane (Veyp, Vpx(exp)) and the second row showing the
distribution in the parallel plane (Vg.p, V). Specifically,
two snapshots outside the ESW [A and H, see Fig. 3(b)]
and six snapshots inside the ESW [B—G, see Fig. 3(b)] are
considered. During the whole interval, MMS1 observed
gyrotropic distribution in the perpendicular plane [Fig. 3(a),
first row] and rolling-pin distribution [65,66] in the parallel
plane [Fig. 3(a), second row]. Such gyrotropic distribution
is expected, because during this interval the magnetic field
has no reversal. The rolling-pin distribution, showing pitch
angles primarily at 0°, 90°, and 180°, appears quite often
behind the DF [65,66]. Interestingly, the electron distribu-
tion functions inside and outside the ESW are very similar
(in both parallel and perpendicular planes) (see the quanti-
tative comparison in Supplemental Material S1 [67]),
meaning that the ESW had negligible effects on the
distribution function, or in other words, it did not change
the electron dynamics considerably. In fact, inside the
ESW, the electron density [Fig. 2(g)], electron temperature
[Fig. 2(h)], and omnidirectional electron fluxes [Fig. 2(i)]
are all not changed, meaning that there is no electron
acceleration and heating in this event. Such observation
does not support previous studies [7,21,32,68], where
strong electron acceleration was speculated inside the ESW.

Actually, if the acceleration occurs, it should change
the parallel velocity of the trapped electrons (<100 eV),
because the ESW in this event produces an electrostatic
potential of 100 V in the parallel direction [see Fig. 2(e)].
However, we examine the parallel and antiparallel phase
space density of the 10-100 eV electrons (2000-
6000 km/s) and find no clear change inside the ESW
[see Fig. 3(c)]. This strongly confirms that the electron
acceleration and heating do not occur in this event. Notice
that the zebra stripes in Fig. 3(c) indicate the spacecraft
potential in this event (10 eV or equivalently 2000 km/s),
below which photoelectron contaminations may exist
and spacecraft measurements of electrons in such range
(<2000 km/s) are not reliable.

We can also examine whether the ESW interacts with
ions. Figure 3(d) presents the ion distribution functions
inside and outside the ESW (measured by MMS1), in the
same format as Fig. 3(a). As can be seen, the distribution

functions inside (J) and outside (/) the ESW are quite
similar [Fig. 3(d)], meaning that there is no significant
interaction between ions and the ESW. This does not
support previous studies [18], where strong ion heating
was speculated.

We further investigate wave emissions inside the ESW.
Figure 4 presents a wave spectrogram of the parallel electric
field (b), perpendicular electric field (c), and magnetic
field (d). As can be seen, inside the ESW, strong wave
emissions are found in both the parallel and perpendicular
electric fields from 300 to 700 Hz [Figs. 4(b) and 4(c)], but
not found in the magnetic field [Fig. 4(d)]. We apply a
bandpass filter to obtain the waveform data of the electric
and magnetic field in the frequency range of 300-700 Hz
(not shown), and then estimate the phase speed of the
waves as |6E’l/5Bﬂ| ~ 5 x 10° km/s. Such speed is much

larger than the local Alfvén speed, meaning that these
waves are electrostatic. Interestingly, in the parallel electric
field [Fig. 4(b)] the wave appears in the outer part of the
ESW, while in the perpendicular electric field [Fig. 4(c)]
the wave appears in the central part of the ESW. Since the
frequency of these waves is near the electron gyrofrequency
(fce» red line), we can identify them as the electrostatic
electron cyclotron waves [69]. Such waves theoretically

MMS1

65 70 75  07:5305.80 .85 90
2017-07-17 UTC

FIG. 4. The wave spectrum. (a) Perpendicular electric fields and
parallel electric fields observed by MMSI1. (b)—(d) The wave
spectrum of the parallel electric field, perpendicular electric field,
and magnetic field. The red solid line denotes the electron
gyrofrequency.
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can scatter electrons to change the distribution function
[70,71]. However, in this event, the distribution function
had no clear change [Fig. 3(a)], probably because wave-
particle interactions are weak. In fact, we cannot find such
waves at high harmonics of the electron gyrofrequency
[Figs. 4(b) and 4(c)], suggesting that the wave-particle
interactions are indeed weak.

In summary, we observe an ESW in the magnetotail
reconnection jet, and investigate the electron distribution
functions and wave emissions inside this ESW. We find
strong electron cyclotron waves inside the ESW, but find no
electron acceleration and heating there. Although there have
been some previous studies [7,32] discussing the ESW’s
interior, directly showing distribution functions and wave
emissions inside the ESW, to our knowledge, is the first time.
The amplitude (18 mV/m) and motion speed (900 km/s in
the plasma-rest frame) of ESW in this event are similar to
those reported in previous studies [8,58], meaning that this
event can be a good representative of ESWs in space and
probably the new findings in this event can appear in other
ESWs. Indeed, we find three other events on the same day
(17 July 2017), showing no electron acceleration and
electron heating inside the ESWs (see Supplemental
Material S2 [67]), supporting our conclusions very well.
In this sense, our observations may challenge the conven-
tional belief that ESWs are efficient at particle acceleration.
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