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Abstract. We analyse two ion scale dipolarization fronts associated with

field-aligned currents detected by the Magnetospheric Multiscale mission dur-
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ing a large substorm on August 10, 2016. The first event corresponds to a

fast dawnward flow with an anti-parallel current and could be generated by

the wake of a previous fast earthward flow. It is associated with intense lower-

hybrid drift waves detected at the front and propagating dawnward with a

perpendicular phase speed close to the electric drift and the ion thermal ve-

locity. The second event corresponds to a flow reversal: from southwward/dawnward

to northward/duskward associated with a parallel current consistent with

a brief expansion of the plasma sheet before the front crossing, and with a

smaller lower-hybrid drift wave activity. Electromagnetic electron phase-space

holes are detected near these low-frequency drift waves during both events.
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The drift waves could accelerate electrons parallel to the magnetic field and

produce the parallel electron drift needed to generate the electron holes. Yet,

we cannot rule out the possibility that the drift waves are produced by the

anti-parallel current associated with the fast flows, leaving the source for the

electron holes unexplained.

Keypoints:

• Dipolarization fronts associated with field-aligned currents are observed

at the plasma sheet edge with a few ion inertial length scale

• Intense lower-hybrid drift waves are detected at the front and can ac-

celerate electrons parallel to B

• Electromagnetic electron phase-space holes are detected near the lower-

hybrid drift waves and could be a latter by-product of these
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1. Introduction

Magnetospheric substorms participate in a global cycle of energy circulation during

which, starting from the Sun, the energy is transported by the solar wind until reach-

ing the Earth’s magnetosphere. There, energy, mass and magnetic flux enter into the

Earth’s magnetosphere by different processes (magnetic reconnection, Kelvin-Helmholtz

instability, pressure pulse, ...) and are accumulated mostly in the magnetotail leading to

the formation of a thin current sheet. Triggered by solar wind perturbations or becoming

spontaneously unstable, the magnetotail suddenly releases the stored energy as the mag-

netic configuration changes from tail-like (stretched) to more dipolar-like configuration (or

in other words operating a large scale dipolarization). Particles are accelerated parallel

and perpendicular to the magnetic field producing the polar auroras and increasing the

ring current. Thus energy and precipitated particles are finally injected into the iono-

sphere and contribute to the global Earth’s atmosphere/ionosphere energy balance [e. g.,

Kennel , 1995]. A large dynamic current system (substorm current wedge, SCW) is also

established [McPherron et al., 1973] associated with this change of magnetic configuration

and with fast plasma transport along the magnetotail in both directions. Despite intensive

investigations, the mechanism of the substorm onset is still a matter of debate. A fair and

consensual statement is that some substorms can be triggered by mid-tail reconnection

[e.g., Birn and Hesse, 1991; Scholer and Otto, 1991; Baker et al., 1996; Angelopoulos et al.,

2008b] while others require near-earth tail current disruption mechanisms [e.g., Lui et al.,

1991; Roux et al., 1991; Lui et al., 2008; Liu et al., 2012]. Intermittent fast plasma trans-

port or ”bursty bulk flow” can be associated with substorm activity or also occur during
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quiet conditions although less frequently [Baumjohann et al., 1990; Angelopoulos et al.,

1992]. These transient and localized flows contribute for a significant part to the energy,

plasma and magnetic flux transport in the magnetotail [Angelopoulos et al., 1992]. They

are also associated with a sharp transient increase of the normal component of the mag-

netotail, called dipolarization front (DF), and preceded frequently by a smaller negative

variation [Ohtani et al., 2004; Runov et al., 2009]. Their mechanism of formation is also

strongly investigated, notably by numerical simulations. Sitnov et al. [2009] showed in a

full-particle simulation with open boundaries that they could appear in the outflow region

before the steady reconnection is established. On the other hand, it has been suggested

that they could be produced by the ballooning/interchange instability [Nakamura et al.,

2002; Pritchett et al., 2014]. DFs have been extensively studied close to the magnetic

equator where the plasma pressure and perpendicular current are dominant and β, the

ratio between plasma pressure and magnetic pressure, can be much larger than 1 [e.g.,

Runov et al., 2009; Sergeev et al., 2009; Fu et al., 2012; Schmid et al., 2011]. Various

types of electrostatic and electromagnetic waves have been detected in association with

DF and found to be able to accelerate or diffuse particles. Intense whistler wave emissions

are reported behind the DF in the pile-up region [Khotyaintsev et al., 2011; Viberg et al.,

2014] and are shown to vary at the ion time scale [Breuillard et al., 2016]. Lower-hybrid

drift (LHD) waves and electrostatic electron cyclotron harmonic waves are also detected

at and after the front respectively [Sergeev et al., 2009; Zhou et al., 2009; Khotyaintsev

et al., 2011; Divin et al., 2015]. Finally, DFs and fast flows provide favourable conditions

to the generation of both electromagnetic [Andersson et al., 2009] and electrostatic soli-

tary waves [Kojima et al., 1994; Cattell et al., 2005; Khotyaintsev et al., 2010; Deng et al.,
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2010; Wang et al., 2014] which could also play a role in the acceleration and dissipation

processes. Based on the large data set provided by a constellation of satellites including

the five THEMIS probes, Angelopoulos et al. [2013] suggested that DF could be the major

contributors to the total energy dissipation during the substorm process. Indeed, during

their propagation through the magnetotail they generate a thin current sheet around the

vicinity of the magnetic equator with a thickness of the order of the electron skin depth

and could produce a significant dissipation j · E > 0. Furthermore, their motion through

the magnetotail induced a local current system very similar to the large scale SCW [Cao

et al., 2010; Liu et al., 2013; Palin et al., 2015]. Other investigations, notably by numerical

simulations, suggested that an important dissipation could also occur out of equator due

to the associated field-aligned currents [e.g., Birn and Hesse, 2005; Pritchett et al., 2014].

Therefore, the study of DF deserves to be extended to the regions farther from the mag-

netic equator where the influence of the field-aligned currents can be more important and

introduce different mechanisms and instabilities. In this study, we analyse two DF-like

signatures associated with fast flow, field-aligned currents and various plasma waves de-

tected by the Magnetospheric Multiscale (MMS) mission [Burch et al., 2016] while MMS

was located out of the magnetotail equator in the southern hemisphere. The data set and

overview of the event are described in section 2. DF structures and plasma waves are

detailed in sections 3, 4 and 5. Results are discussed in section 6.

2. Data and event overview

2.1. Data

The present study is based on measurements of the comprehensive instrument suite of

the MMS mission [Burch et al., 2016; Torbert et al., 2016]. Magnetic field measurements
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are provided by the Flux Gate Magnetometers (FGM) with a sample rate of 128 samples

per second (S/s) in burst mode and 16 S/s in fast survey mode [Russell et al., 2016]. Three-

dimensional quasi-static and high-frequency electric field measurements are performed by

the Electric Double Probes (EDP) with 8192 S/s in burst mode and 32 S/s in fast survey

mode [Lindqvist et al., 2016; Ergun et al., 2016]. The Search-Coil Magnetometer (SCM)

ensures the three-dimensional measurement of the high-frequency magnetic fluctuations

with same sampling rates in burst and survey modes as EDP [Le Contel et al., 2016].

Electric and magnetic waveforms are digitized by the Digital Signal Processing (DSP)

unit which also provides onboard spectra up to 8 kHz in magnetic and 256 kHz in electric

every 8 s in fast survey mode [Ergun et al., 2016]. The Fast Plasma Instrument measures

the three-dimensional electron and ion distribution functions from 10 eV to 30 keV every

30 ms for electrons and every 150 ms for ions in burst mode, 4.5 s for both species in fast

survey mode [Pollock et al., 2016]. Proton distribution functions and moments are also

provided by the Hot Plasma Composition Analyzer with a time resolution of 10 s [Young

et al., 2016]. Energetic particle measurements from 25 to 600 keV for electrons and from

45 to 600 keV for ions are provided by the Energetic Particle Detectors (EPD) instrument

suite [Mauk et al., 2016] which consists of two different instruments: the Energetic Ion

spectrometer [Mauk et al., 2016] and the Fly’s Eye Energetic Particle Spectrometers [Blake

et al., 2016]. Time resolution of electron FEEPS measurements is 0.3 s in burst mode and

2.5 s in survey mode. Ion EIS and FEEPS measurements are produced at 2.5 s (1/8 of

the spin period). In the next sections, burst mode data are used except for the overview

for which mostly survey mode data are displayed.
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2.2. Event overview

On August 10th, 2016 MMS was located at [-7.0, 2.3, 0.5] Earth radii (RE) in the geo-

centric solar ecliptic coordinate system (GSE) around 10:00 UT; this location corresponds

to the pre-midnight sector of the near-Earth magnetotail. Two large substorms occurred

around 08:00 and 10:00 UT as indicated by the auroral electrojet index which reached

about 1300 and 1200 nT respectively (courtesy of Kyoto World data Center for Geomag-

netism, http://wdc.kugi.kyotou.ac.jp/ae provisional/201608/index 20160810.html). The

configuration of the tetrahedron is shown in Figure 1 with an average distance between

satellites of about 55 km. Figure 2 displays an overview of the large scale dipolarization

event associated with the substorm expansion phase based on survey data recorded by

MMS3. Panel (a) indicates that MMS was located in the southern hemisphere and away

from the central plasma sheet as Bx ∼ −100 nT. On panel (b) the elevation angle defined

by θelev = arctan(Bz/
√
B2

x +B2
y) increases from 25 up to 45◦ consistent with a large scale

change of the magnetic field configuration from a stretched magnetotail to a more dipo-

lar configuration: a large scale dipolarization. Associated with this change, electron and

ion differential fluxes (panels c-g) as well as electron density (panel h) and temperatures

(panel i) increase due to the sudden entry from the edge of the plasma sheet into the the

hotter central plasma sheet. A fast dawnward flow (vi,y ∼ −400 km/s) followed by a fast

earthward and duskward flow (vi,x ∼ vi,y ∼ +300 km/s) are detected after 1001 UT (panel

j). Note that here burst ion FPI velocity data have been used after a specific treatment

and time averaged at 4.5 s to match the time resolution of electron moments in survey

mode. Indeed, the ion spectrogram indicate that measurements are perturbed by pene-

trating energetic electrons (see Figure 2f after 1001 UT) which induce false counts at low
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energy. This background noise has been removed in order to recover ion moments that

match HPCA H+ moments (Figure 2g). The background noise calculation is based on

the assumption that the (five) lowest energy channels should not measure any particles.

On the other hand, it is expected that the background counts does not depend on the

energy. Thus, the average counts are calculated for these low-energy channels, and then

this constant count is removed from all energy channels for each data sampling (150 ms).

Through this dipolarization event, large field-aligned current signatures can be seen un-

til 1009 UT on panel (k). Electric field fluctuations above 40 kHz associated with the

auroral kilometric radiation (AKR) are detected from 0950 to 1009 UT on panel (l); the

magnetic counterpart is missed as the sampling rate is limited to 8 kHz (panel m). The

AKR already detected before the local onset around 1001 UT is probably associated with

the first substorm and produced by the corresponding auroral electron precipitations [e.

g., Pritchett and Strangeway , 1985; Ergun et al., 1998; Strangeway et al., 1998]; it indi-

cates that the magnetosphere is very perturbed and has never reached a relatively quiet

steady state during the whole period. At lower frequencies, strong electric and magnetic

field fluctuations are detected up to the electron gyrofrequency fce = eB/(me2π) (repre-

sented by the white line around 3 kHz) after the dipolarization begins. Note that most

intense magnetic fluctuations (panel m) are measured below the lower-hybrid frequency

fLH ∼
√

fcefci (dashed line around ∼ 80 Hz).

Based on a multi-mission study including GOES, THEMIS, Van Allen Probes, Geotail

and MMS satellites as well as ground-based measurements Nakamura et al. [2017] carried

out a large-scale study of this substorm event. In particular, they showed that four

field-aligned current (FAC) signatures were detected accompanied by dipolarization fronts
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(increase of Bz or of the elevation angle) at 1001:22, 1001:43, 1002:41 and 1003:01 UT.

The first FAC was flowing in the direction anti-parallel to B and towards the ionosphere

while the last three were directed parallel and flowing out from the ionosphere (upward

field-aligned current). The four FAC signatures were associated with strong dawn-to-

dusk electric fields (> 10 mV/m) and large variations of the azimuthal velocity (dawn-

dusk direction) as we have already noted on panel (j). In the following sections we will

analyse in detail and at smaller scales the first two events associated with a reversal of

the azimuthal (∼ vy) plasma velocity.

3. Dipolarization front like signatures

DF have been mostly observed close to the magnetic equator (Bx ∼ 0) by the previous

missions; the sharp increase of the Bz component often preceded by a small decrease are

the dominant variations reported during DF crossings [e. g., Ohtani et al., 2004; Runov

et al., 2009]. In the present events, the MMS satellites are located far from the equator at

the edge of the plasma sheet. In such conditions, the Bz variation cannot be sufficient to

indicate the dipolarization of the fast moving plasma sheet flux tubes as the Bx component

is dominant and can strongly vary too. The elevation angle shown in Figure 2a allows us

to confirm that the Bz increase is effectively related to the dipolarization of the magnetic

field lines. For the sake of simplicity, only the Bz variations will be shown hereafter.

Figure 3 shows in burst mode the first two dipolarization front-like signatures as indi-

cated by the two successive increases of the Bz component (panel a). These signatures

are also associated with two successive increases of the electron density (panel b) as the

MMS4 satellite enters more deeply into the central plasma sheet. The first DF is as-

sociated with a field-aligned current reversal from anti-parallel (towards the ionosphere
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or downward) to parallel (towards the tail or upward from the ionosphere) whereas the

second is mainly related to a large parallel current (panel c). These currents are mainly

carried by electron parallel velocities as we can see on panel (g). The first DF is associated

with a fast dawnward plasma flow as both ions and electrons have large vy,i ∼ −400 km/s

and vy,e ∼ −1500 km/s (panels e and g). The second event corresponds to an earthward

vx,i ∼ +100 km/s, duskward vy,i ∼ +200 km/s and northward vz,i ∼ +200 km/s flow

preceded by a short duration tailward (vx,i,e < 0), dawnward (vy,i,e < 0) and southward

(vz,i,e < 0) flow consistent with a brief expansion of the plasma sheet before the DF cross-

ing. Electron velocities are much larger and are responsible for the large measured currents

as mentioned before. Note that in Figure 3, ion and electron moments (in burst mode)

have been time-averaged at 300 ms in order to reduce the noise on the FPI measurement

(in addition to the specific treatment applied to ion moment described in the previous

section) due to the low density (low count) condition at the edge of the plasma sheet.

Still, ion velocities are probably underestimated due to the fact that in the plasma sheet a

part of the ion distribution function is above the upper limit energy (30 keV) of FPI. Both

events are accompanied by ion (panel d) and electron (panel f) dispersionless injections

although they are not always time-aligned. For the first event, the maximum energy of

injected ion is about 150 keV (dark blue line) and 300 keV (yellow/orange lines) for the

second. For both events, electrons are injected up to the maximum energy ∼ 500 keV

suggesting a more efficient mechanism of acceleration and confirming the existence of high

fluxes of penetrating energetic electrons mentioned in section 2. Comparison between the

electric drift velocity (E×B)/B2 and particle velocities perpendicular to B shows that for

both events electrons are moving with the magnetic field lines while ions can be decoupled
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at the front. Indeed, although parallel currents are dominant, perpendicular currents just

at the front are sufficient to produce a significant Hall field able to decouple the ions.

Furthermore, it indicates that the front thickness should be of the order of the ion skin

depth di = c/ωpi (ωpi =
√
e2n0/miε0 being the ion plasma frequency). This is confirmed

by the estimation of the Hall field j × B obtained from curl of B (not shown). Discrep-

ancies between electric drift and electron perpendicular velocity along x and z around

1001:28 UT are not significant as the FPI error bar on ve is about 500 km/s at this time

[Gershman et al., 2015]. On the other hand, discrepancies between electric drift and ion

perpendicular velocity are mostly real as the FPI error bars on vi are always smaller than

250 km/s. Considering that the front crossing lasts about 1 s for the first event (3 s for

second) due to the fast dawnward motion in the y direction, a rough estimate of the front

thickness as well as the scale of the density gradient is about 1500 km or 2di for the first

event (with v⊥y,e ∼ −1500 km/s and n∼ 0.12 cm−3) and also ∼ 1500 km for the second

event (with v⊥x,e ∼ v⊥z,e ∼ −500 km/s). Based on a timing analysis, Nakamura et al.

[2017] gave more precise estimates of the current sheet thickness associated with these

DFs and found 1310 km and 710 km, respectively. Therefore, the spatial scale of these

fronts crossed out of equator are about the ion inertial length, similar to those calculated

closer to the magnetic equator by previous missions [e.g., Runov et al., 2009; Zhou et al.,

2009; Deng et al., 2010; Khotyaintsev et al., 2011].

Figure 4 shows in detail the first DF (from MMS4 data) associated with an increase

of the Bz component (panel a), a decrease of the magnitude of the magnetic field while

the density increases as expected for a pressure balance between magnetic pressure and

plasma thermal pressure in the plasma sheet. Electric (panel d) and magnetic (panel
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e) waveforms are plotted in magnetic field-aligned (MFA) coordinates with the zMFA

axis (red curve) directed along the background magnetic field defined as a 0.03 s time-

average of B, xMFA (blue curve) given by −zMFA × yGSE and yMFA = zMFA × xMFA

(green curve). Waveforms have been band-pass filtered between 32 Hz and 4 kHz. The

perpendicular electric component (green) is dominant and reaches ±200 mV/m whereas

the parallel (red) magnetic component reaches ±0.2 nT. Fourier spectra of the electric

and magnetic fluctuations are calculated with 256 points, a hanning window and without

time overlapping (panels f and g). While electric fluctuations can be broad band up to

fce, magnetic fluctuations are mainly below the lower hybrid frequency as already noted

in Figure 1. On panel (h) a reversal of the parallel component of the Poynting vector

occurs; the first part of the fluctuations propagates parallel to B and towards the tail

whereas the second part propagates earthward towards the ionosphere. Associated with

these fluctuations, a sudden increase of the parallel electron temperature is measured

(panel i) as well as an anti-parallel current up to -100 nA.m−2 (panel j). Finally, from the

last three panels (k-m) showing electron energy–time spectrograms parallel, perpendicular

and anti-parallel to B, an excess of parallel fluxes is measured, consistent with the peak

of the anti-parallel current.

Figure 5 shows the same observations recorded on MMS3 during the second DF cross-

ing. Same increase of the Bz component (panel a), decrease of B (panel b) and increase

of the electron density (panel c) are measured as for the first event. Four enhance-

ments of the wave activity are detected around 1001:41.500, 1001:43.500, 1001:46.000 and

1001:48.000 UT (panels d and e). However, only the first enhancement corresponding to

the largest and longest duration perpendicular electric field fluctuations (∼ ±50mV/m)
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is accompanied by a clear positive parallel component of the Poynting vector (panel h)

and an increase of the parallel electron temperature (panel i). While the second and third

enhancements are associated with large positive parallel currents (∼ 100 nA.m−2, panel

j), the first correspond to a small anti-parallel current (∼ −25 nA.m−2) and the fourth to

a field aligned current reversal (∼ +25/− 25 nA.m−2). Finally, the electron energy–time

spectrograms (panels k-m) show that the first enhancement of the wave activity associated

with the increase of the parallel electron temperature is also associated with an excess of

parallel fluxes.

In the next section, the electric and magnetic fluctuations with frequencies below and

near fLH are analysed in detail.

4. Lower-hybrid waves

Adopting the method developed by Norgren et al. [2012]; Divin et al. [2015] for analysing

plasma waves with fci � f ∼ fLH � fce (with 2πfLH = ωpi/
√

1 + ω2
pe/ω

2
ce), we assume that

only electrons are magnetized. Therefore the wave perpendicular current can be obtained

from the electron electric drift as −en0(δE × B0)/B2
0 assuming that ions are stationary

at this short time scale. Then from the Ampère’s law and assuming a quasi-electrostatic

field δE⊥ ∼ ik⊥δφ, we obtain the following estimate of the electrostatic potential δφ =

B0δB‖/(en0µ0). On the other hand, the electrostatic potential can be directly obtained by

the integration of the perpendicular electric field (which is the dominant component) along

the direction of the propagation δφ =
∫
δE⊥ · v⊥,phdt where v⊥,ph is the perpendicular

phase speed. Then we proceed in two steps: (i) the direction of propagation is found

by doing cross-correlations between the two estimates of the electrostatic potential for

different angles of propagation (in the plane perpendicular to B), (ii) the amplitude is
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determined by fitting the amplitude of the two potentials. Note that the average frequency

of the fluctuations is also determined from the two nearest extremas of the correlation

coefficient.

Figure 6 shows the results of this analysis for the 4 satellites between 1001:27.400

and 100128.800 UT. Best correlation rates are obtained from δE⊥ (black curve) and

δB‖ (red curve) waveforms band-pass filtered around the estimated fLH ∼ 60 Hz from

32 to 300 Hz and limited between 1001:27.850 and 100128.250 UT. These fluctuations

are associated with density and parallel temperature jumps; MMS3 being the first to

measure these jumps as well as the electrostatic potential fluctuations. Table 1 shows that

frequency (∼ 54.6− 68.3 Hz), phase speed (∼ −1217.6 to −1091.3 km/s), perpendicular

wavelength λ⊥ (∼ 17 − 20 km) estimates are very close for all satellites. To summarize,

these fluctuations have frequencies close to fLH , are propagating perpendicular to B mostly

towards the dawn with a phase speed about -1150 km/s, a fraction of the electric drift,

and with k⊥ρe ∼ 0.5. Note that for such a large k⊥, a strong Doppler-shift effect is

expected (k⊥v⊥,i ∼ ωLH) resulting in broader band spectra already noted by Huba et al.

[1978] for distant magnetotail conditions. The ratio between the electrostatic potential

and the electron temperature between 0.22 and 0.36 indicates that these fluctuations are

sufficiently powerful to modify the electron distribution function.

During the detection of these fluctuations, electrons are frozen-in and drifting dawn-

ward at about -1500 km/s in the spacecraft frame while ions have a velocity of -

400 km/s (Figure 3, panels d, e, g). For both species, we can write in the space-

craft frame vy,j = vE,y + vdia,j for j = i, e where vE denotes the electric drift and

vdia,j = −Tj/(mjωcj)∇[(lnn0Tj)] is the diamagnetic drift. Yet, from data vy,e ∼ vE,y
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so electron diamagnetic velocity can be neglected (Te ¡Ti) and vE,y ∼ vth,i (vth,i is the

ion thermal velocity and for Ti ∼ 7 keV, vth,i ∼ 1200 km/s). For ions, vy,i = vE,y + vdia,i

leading to vdia,i = vy,i − vE,y ∼ vth,i ∼ 1100 km/s; with vdia,i ∼ vth,i, the density gradient

length scale is about the ion Larmor radius. In the limit vy,i � vE,y, we would have

vdia,i ∼ −vE,y. However, the ion diamagnetic velocity could be overestimated as vy,i is

probably underestimated due to the fact that in the plasma sheet a part of the ion distri-

bution function is above the upper limit energy (30 keV) of FPI. Neglecting this possible

effect, the electron-ion drift velocity between ion and electrons is about 1100 km/s and

corresponds to the ion diamagnetic drift due to the ion pressure gradient and is also close

to the electric drift vE,y.

Based on a linear kinetic theory Davidson and Gladd [1975] demonstrated that for

vE,y ∼ vth,i, k‖ = 0 (flute-like perturbation), Te/Ti=0.2 and βe = 0.04, the maximum

growth rate of the lower-hybrid drift instability is about 0.2ωLH for k⊥ρe(Ti/Te)
1/2 ∼ 1

and vph = ω/k⊥ ∼ 0.5vE,y (see their Figure 2 for more details); these plasma conditions

are very similar as those of this event (corresponding to Te/Ti ∼ 0.4, βe ∼ 0.01).

Table 2 summarizes the wave properties during the largest and longest duration electric

field fluctuations associated with the sharp increases of the parallel electron temperature

and density; these waves were detected around 1001:41.100 UT, just before the second DF

crossing (see Figure5d, e, i). As the electric field amplitudes are smaller and the waveform

is less monochromatic than for event 1, correlation rates are quite smaller (∼ 0.6 instead

of ∼ 0.9). Another probable reason which is investigated in the next section, is the fact

that smaller scale solitary structures are now superposed to the LHD waves. Despite

these differences, frequencies (from 45 to 68 Hz), perpendicular phase speeds (from -770
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to -551 km/s) and wavelengths (from 8 to 14.7 km) are quite similar as for the first event.

The electron velocity in the y direction on MMS3 is still equal to the electric drift and

about - 1000 km/s while ion velocity is only ∼ −250 km/s leading to an electron-ion

drift about ∼ 750 km/s (see Figure 3i). Consistently, the estimated perpendicular phase

speed is also smaller than for event 1 and close to this electron-ion drift velocity. Note

that for these fluctuations, the ratio between the electrostatic potential and the electron

temperature is ∼ 0.05 therefore much smaller than for the first event although a sudden

increase of the parallel electron temperature is also measured.

All these properties allow us to identify these fluctuations as lower-hybrid drift waves

produced by the LHD instability which has its maximum growth rate in such conditions

and propagate at a phase speed close to vE,y ∼ vth,i.

Finally, on Figure 4d, e we can see that these LHD waves are followed by electromagnetic

solitary structures while for the second event on Figure 5d, e same solitary signatures are

detected before and during the LHD wave emission. The next section is dedicated to the

analysis of these solitary structures.

5. Electromagnetic electron space-phase holes

Figure 7a-d displays the three components and the magnitude of the magnetic field

obtained from the merged product between FGM and SCM data about 500 ms after the

LHD wave emission associated with the first DF. This data set has been obtained by

merging FGM and SCM data in a common sensor frame and taking into account the

frequency response of each instrument [Fischer et al., 2016].

This merged product allows us to identify a train of solitary magnetic structures while

keeping the information about the location of the satellites from the DC part of the
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magnetic field (∼ Bx), some of them being detected by different satellites at the same

time, others being only detected by one satellite. For instance, at 1001:28.566 UT a

bump of about 0.2 nT in the magnetic field is detected by MMS1, MMS3 and MMS4

but missed by MMS2 while large bumps between 100128.620 and 100128.640 are only

detected by MMS3. Note that from the DC magnetic field measurement, we can see that

MMS2 measures a quite different magnetic field than the others due to its separation in y

(Figure 1) which indicates that both DF and solitary structures are relatively localized in

the y direction and that the solitary waves propagate along the magnetic field lines mostly

in the (x, z) plane. Figure 7e shows the parallel electric field obtained by using DC-coupled

EDP data at 8192 S/s and the survey magnetic field data; the bipolar signatures are well

above the measurement uncertainty, which is about ±8 mV/m during this period, and are

time-aligned with the magnetic solitary field perturbations. An important point is that

all large bipolar signatures correspond to positive then negative polarity. This suggests

that they are produced by a positive charge excess or in others words, an electron space-

phase hole (denoted EH hereafter), which would propagate along the magnetic field in

the tailward direction and from the same source region. We can rule out the alternative

interpretation also consistent with a positive charge excess, an ion packet, since having

an ion scale larger than the MMS satellite separation (∼ 55 < ρi ∼ 100 km), it would

be detected by the four spacecraft at the same time. Finally, it is worth noting that

the amplitude of the bipolar signatures as well as those of the magnetic field bumps

which are only detected by MMS3 after 1001:28.620 UT decrease with the decrease of

the background magnetic field (see panels d and e) suggesting that a relaxation process

is on-going.
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Such electromagnetic solitary structures with the same polarity were already detected

by one probe of the THEMIS mission in very similar conditions. Indeed, their detection

was associated with the crossing of a fast earthward (∼ 1000 km/s) and dawnward (∼

−800 km/s) flow while THEMIS A was located in the edge of the plasma sheet in the

southern hemisphere [Andersson et al., 2009; Tao et al., 2011]. Figure 7f-g shows the

electric drift measured in the spacecraft frame. Panel (g) reminds that these structures

are detected during a fast background dawnward flow at ∼ −1200 km/s but indicates that

the perpendicular electric field of the solitary structures is strong enough to modify locally

the electric drift. In order to study in detail the internal structure of these electromagnetic

solitary waves, we zoom in on the single structure detected by three MMS satellites at

1001:28.566-567 UT (Figure 8).

Now, the magnetic and electric waveforms have been band-pass filtered between 32 Hz

and 4 kHz and moved into the magnetic field-aligned coordinate system (panels a-f) and

the electric drift (δE × B2
0/B

2
0) is calculated with the two perpendicular components of

the band-pass filtered electric field and the background magnetic field (panels g, h). The

structure is detected at the same time by MMS4 and MMS3 then 1.0 ms later by MMS1

which, taking into account of the MMS configuration, gives a velocity ∼ 45× 103 − 55×

103 km/s in the tailward direction; such a velocity is of the same order (1.2-1.5) of the

electron thermal velocity vth,e ∼ 37 × 103km/s (for Te ∼ 4 keV) and 0.15 − 0.18 the

speed of light c. We can also estimate the velocity of these structures from the Lorentz

transformation [Andersson et al., 2009] which yields (assuming that the perpendicular

magnetic components vanish in the rest frame) to:

δBy =
vEH

c2
δEx
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δBx = −vEH

c2
δEy

(1)

and gives vEH = c2δBy/δEx ∼ 67.5 × 103 km/s with δBy = −0.12 nT and δEx =

−160 mV/m (positive vEH means parallel to B0 and towards -xGSE) from MMS1 measure-

ments; the second equation gives vEH = −c2δBx/δEy ∼ +100× 103 with δBx = −0.1 nT

and δEy = 90 mV/m. This large value compared with the previous estimations is likely

due to the fact we have neglected the perpendicular magnetic components in the rest

frame which can lead to an overestimation of vEH as described by Tao et al. [2011].

Considering only the first two estimates, both observational and theoretical values give

vEH ∼ 1.2−1.8vth,e ∼ 0.15−0.22c which is very similar to the values found by Andersson

et al. [2009] or Tao et al. [2011]. Note that this EH signature has also been recorded in

high-speed burst mode (with 16384 S/s for SCM and 65384 S/s for EDP) and the same

amplitudes were measured (not shown), indicating that the structure is already well sam-

pled in burst mode. Yet, some interferences are present at high-frequency which makes

burst mode data preferable. Next, the parallel length scale of the electron hole L‖ can be

easily estimated as vEH × dt ∼ 45− 60 km (dt being the duration of the bipolar signature

∼ 1 ms) very close to the mean value of 68 km found by Tao et al. [2011]; this value is

about 33-44λDe (where λDe ∼ 1.35 km for n0 ∼ 0.12 and Te ∼ 4 keV). The perpendicu-

lar scale L⊥ must be smaller than 55 km since MMS2 missed the electron hole therefore

L⊥ ≤ L‖. This latter conclusion is consistent with those drawn by Andersson et al. [2009]

based on the fact that the perpendicular electric field components were larger than the

amplitude of the bipolar parallel electric field. However, here we observe both cases as

MMS3 and MMS4 have larger parallel electric field than perpendicular whereas it is the
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opposite on MMS1. We cannot determine if this difference is due to the time evolution or

to a different trajectory through the electron hole. Yet, we can assume that if a spacecraft

crosses the electron hole close to its symmetry axis it would measure a larger parallel elec-

tric field than a perpendicular electric field whereas the opposite would be expected if it

crosses the structure only at the edges as noted by Andersson et al. [2009]. On the other

hand, for these electromagnetic structures, by symmetry the largest perturbation of δB‖

is expected for the satellite the closest to the central axis. Therefore, we can assume that

MMS4, which measures the largest δB‖, is the closest to the central axis; it measures also

a parallel electric component two times larger than the perpendicular component. At the

same time, MMS3 measures a smaller δB‖ and a larger δEy consistent with a location

farther from the central axis. Neglecting a possible time variation, signatures on MMS1

are also consistent with a crossing farther from the central axis. Furthermore, we can note

that MMS4 and MMS1 have the same negative polarity for δBx and δBy whereas MMS3

has the opposite polarity (¿0) suggesting that they are located at opposite positions with

regard to the central axis. The same remark can be made about the perpendicular elec-

tric component, MMS1 and MMS4 having negative polarity for δEx and positive for δEy

whereas MMS3 measures the opposite polarities. All these observations are consistent

with a cylindrically symmetric potential structure [Andersson et al., 2009; Tao et al.,

2011; Treumann and Baumjohann, 2012].

The electron Larmor radius being of the same order of λDe and the time scale of the

structure (1 ms) being longer than the electron gyroperiod, the assumption that electrons

can be magnetized inside the electron hole is realistic. Indeed, electromagnetic electron

space-phase holes have been modelled by assuming that the δB‖ perturbation was induced
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by a current from δE ×B0 drift of electrons passing through the solitary structure [Tao

et al., 2011] or trapped in it [Treumann and Baumjohann, 2012] while ions were assumed

stationary. We can estimate the current produced by the electron drift plotted on Fig-

ure 8g, h, we get δJy ∼ −en0(δE × B0)y/B
2
0 ∼ 25 nA/m2 which is a quite significant

current compared with the large-scale perpendicular current shown in Figure 3c. Tao

et al. [2011] computed the parallel magnetic field perturbation along the axis induced by

the electron electric drift and obtained δB‖ = en0µ0V0/B0g(l⊥/l‖) where V0 is the electro-

static potential on the central axis and g(l⊥/l‖) is a shape factor depending on the ratio

l⊥/l‖. Taking n0 = 0.12 p.cm−3, V0 ∼ 1.1 kV (with E‖ ∼ 130 mV/m and L‖ ∼ 55 km,

B0 = 120 nT and g=0.7 (assuming l⊥ ∼ l‖), we obtain δB‖ ∼ 0.15 nT which is quite

close to measured value of 0.19 nT (Figure 8c). All estimated values are summarized in

Table 3.

For the second event (see Figure 5d, e), a train of electromagnetic EHs with relatively

smaller amplitudes (δE‖±50 mV/m and δB‖ ≤ 0.05 nT) is detected before the LHD waves.

However, Figure 9 shows (with the same format as Figure 8) a clear electromagnetic EH

signature detected around 1001:40.929 UT, about 150 ms before the LHD waves associated

with the second DF and 12 s after the LHD waves associated with the first DF. Unipolar

δB‖ up to 0.06 nT (panel c) and bipolar δE‖ up to ±90 mV/m (panel f) are measured

by MMS3 and MMS4 while only bipolar δE‖ can be identified on MMS1 and none clear

signatures are measured by MMS2. Based on the same analysis as for the first event, we

can estimate the EH velocity from the delay between MMS3 and MMS1 signatures as well

as from the Lorentz transformation. Considering a delay of 1.55 ms between the center

of the bipolar signatures between MMS3 and MMS1, we obtain vEH ∼ 35 × 103 km/s,
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still in the tailward direction and corresponding to 0.94vth,e for Te ∼ 4 keV and 0.11c.

Then, the parallel length scale is also estimated ∼ 77 km as well as the electrostatic

potential V0 ∼ 1.1 kV and the unipolar component δB‖ ∼ 0.06 nT (with E‖ ∼ 90 mV/m,

B0 = 122 nT, and n0 = 0.05 p.cm−3). These different results are summarized in Table 3.

A last and interesting electromagnetic EH structure is shown on Figure 10. It is detected

only by the two satellites MMS3 and MMS4 around 1001:41.399 UT and is superposed to

the LHD waves; its properties are also given in Table 3. It is worth noting that MMS3

measures three successive bipolar δE‖ as well as unipolar δB‖ with progressively growing

amplitudes. The period is about 1.56 ms corresponding to f ∼ 640 Hz∼ 0.22fpe ∼ 0.19fce;

the time scale of the amplitude growth is ∼ f/3 ∼ 0.07fpe. This temporal evolution would

be consistent with a local instability, a bump-on-tail type, satisfying γ < ωr (γ being the

growth rate and ωr the real frequency) in a weakly magnetized regime (fce ∼ fpe) as

investigated by Umeda et al. [2004]. Furthermore, as MMS4 only detects the last EH

signature (and not the first signatures with smaller amplitudes), it shows that the spatial

scale of the EHs grows on this time scale.

6. Discussion

In the present study, we have shown two DF like signatures associated with fast plasma

flows and field-aligned current signatures detected during the expansion phase of a large

substorm [see also Nakamura et al., 2017]. The first event corresponds to a fast dawnward

flow and anti-parallel current which could be associated with a vortex structure generated

by the wake of a previous fast earthward plasma flow [Sergeev et al., 2003]. The second

event is more classic and corresponds to a fast earthward and duskward plasma flow

and a parallel current consistent with a localized substorm current wedge-like signature
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(”wedgelet”) expected to be associated with such a fast earthward flow [Cao et al., 2010;

Liu et al., 2013; Palin et al., 2015; Nakamura et al., 2017]. This second event is preceded

by a southward/dawnward plasma flow consistent with a brief expansion of the plasma

sheet generated by the arrival of the fast earthward/duskward flow. Plasma waves have

been displayed in detail for both events.

For the first event, intense electric fluctuations ( δE⊥ ∼ ±200 mV/m) with frequency

close to fLH were detected in association with an ion scale density gradient (∼ 2di) and

propagating dawnward with a phase speed close to the electric drift and the ion thermal

velocity. These fluctuations have been identified as LHD waves in section 4. Their am-

plitudes are larger than those associated with LHD waves (∼ ±50 mV/m) detected at

DF crossed near the equator [Sergeev et al., 2009; Zhou et al., 2009; Divin et al., 2015];

this characteristic is likely related to the present low-β plasma conditions ( βi ∼ 0.04 and

βe ∼ 0.01) as finite β is known to have a stabilizing effect on LHD instability [Davidson

and Gladd , 1975]. About 0.5 s after the detection of LHD waves, a train of electromag-

netic solitary waves with a 1 ms time scale and amplitudes up to δE‖ ∼ 130 mV/m

and δB‖ ∼ 0.2 nT were detected propagating in the tailward direction. They have been

identified as electromagnetic electron phase-space holes in section 5.

The second DF event was also accompanied by same types of plasma waves. LHD

waves have much smaller amplitudes (δE⊥ ∼ ±50 mV/m) and also propagate dawnward

with a smaller perpendicular phase speed but still close the electric drift and the ion

thermal velocity. A train of electromagnetic EHs is detected with the same polarity

as for the first event so still moving tailward. Most of these solitary structures have

relatively smaller amplitudes (δE‖ ∼ ±50 mV/m and δB‖ ≤ 0.05 nT) although one
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structure reaches ∼ ±90 mV/m and δB‖ ≤ 0.06 nT) . This train occurs ∼ 150 ms

before the LHD waves and ∼ 12 s after the LHD waves associated with the first DF.

Finally, a large amplitude electromagnetic EH (δE‖ ∼ ±90 mV/m) possibly produced by

a linearly growing instability is also detected during the LHD wave emission. Note that

large amplitude LHD waves associated with electrostatic EHs detected near separatrices

during a magnetotail reconnection event have been also reported [Cattell et al., 2005].

To simplify, EH can be generated by two categories of mechanisms: (i) electron-electron

beam instabilities with two or more components [e.g., Omura et al., 1996; Umeda et al.,

2002, 2004; Wu et al., 2011], and (ii) current-driven like Buneman instabilities [see Che

et al., 2010; Tao et al., 2011; Treumann and Baumjohann, 2012, and references therein].

The Buneman mode propagates parallel to B0 with a phase speed vB < vd (vd = vi − ve

being the ion-electron drift velocity). The fluid-like nature of this instability requires

that vd > vth,e [e. g., Treumann and Baumjohann, 2012]. However, we showed that

these electromagnetic EHs were propagating towards the tail and would require a strong

anti-parallel current (with vd > vth,e) to be driven by the Buneman instability; a current

signature which is not measured. Indeed, the anti-parallel current associated with the

first event is about -100 nA.m−2 which corresponds to vd ∼ vth,i much smaller than vth,e.

Furthermore, it is also difficult to consider that the measured anti-parallel current results

from the initial evolution of the Buneman instability which would have reduced a stronger

initial current. Indeed, the electrons which carry the current are moving towards the tail

and therefore could not have been produced in a possible tailward reconnection region.

On the other hand, Cairns and McMillan [2005]; Krasnoselskikh et al. [1985]; Hsia

et al. [1979] showed that assuming a finite k‖ � k⊥, LH waves can accelerate electrons in
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the direction parallel to B, with the Cherenkov resonant velocity given by v‖ = ω/k‖ =

(mi/me)
1/2ω/k⊥. Using the value of ω/k⊥ estimated in section 4 for the first event, we

obtain the resonant velocity vres ∼ 1.35vth,e corresponding to a resonant energy ∼ 6.8 keV,

a parallel wavelength ∼ 718 km and a wave angle ∼ 88.7◦.

Figure 11a, b shows again for reference the electron density and the LHD electrostatic

potential fluctuations associated with the first event and measured by MMS1. The parallel

electric field calculated by using the DC-coupled EDP data and the survey magnetic field

and its associated error bars as well as the band-pass filtered parallel electric in MFA frame

are plotted in Figure 11c, d. Ion differential fluxes parallel, perpendicular and anti-parallel

to B are shown in Figure 11e-g. Only some energies have been plotted: the magenta line

corresponds to the energy channel closest to the resonant energy then we have also se-

lected 7 channels below the resonant energy and all channels above except the last two

channels which have been plotted with solid black and brown lines for reference. Also,

the two lowest energy channels above the spacecraft potential have been plotted in dotted

lines (black and brown). We can see that a sudden increase of the fluxes in the parallel

direction occurs for the energy channels around the resonant energy but not for low ener-

gies. Therefore this increase could be produced by the wave-particle interaction between

these energetic electrons and the LHD waves which have significant parallel electric field

component shown in Figure 11c, d. This would also be consistent with sudden increase of

the parallel electron temperature shown in figure 6d. Furthermore, the resonant velocity

being 1.35vth,e, this interaction could be responsible for the generation of parallel electron

beams or parallel electron drifts able to destabilize bump-on-tail type or current-driven

instabilities (like Buneman) and make the formation of tailward propagating EH possible.
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The self-consistent kinetic description of this interaction is out of the scope of this

paper. However, we have to point out some puzzling characteristics. As we can see in

figure 11e-g, electrons seem to be only accelerated in the direction parallel to B while

we would expect that the acceleration occurs in both directions. Furthermore, we have

noticed in figure 4h that the Poynting vector of the LHD waves changes sign in the middle

of the emission; a property that should modify the wave-particle interaction and then the

electron acceleration. Finally, figure 6b indicates that the LHD fluctuations are also

associated with strong anti-parallel currents which should be taken into account in a full

self-consistent kinetic description of the interaction.

McMillan and Cairns [2006] developed such a self-consistent kinetic theory taking into

account strong parallel current carried by electrons in the low-β limit in order to apply

both the electrostatic and homogeneous plasma approximations. It is interesting to note

that assuming a parallel electron drift about 5vth,e they found a maximum growth rate

for ω = 0.9ωLH , a quasi-perpendicular propagation with a wave angle ∼ 88.7◦ and a

perpendicular phase speed ω/k⊥ ∼ 3.6vth,i (using the center-of-mass frame where ions

are at rest) with k = 0.25ωLH/vth,i. Such values are very close to those estimated from

our observations (ω ∼ ωLH , quasi-perpendicular propagation) although our estimated

phase speed is much smaller ∼ vth,i and we have k = 1.27ωLH/vth,i so a much smaller

perpendicular wave length. Furthermore, the measured parallel electron drift, associated

with the anti-parallel current, is much smaller ∼ vth,i than those assumed by McMillan

and Cairns [2006].

However, based on 3D electromagnetic PIC simulations in strongly magnetized plasmas

(fce � fpe), Che et al. [2009, 2010] showed that these (quasi-perpendicular) LHD waves
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generated by large electron parallel drifts (> vth,e) and with a high parallel phase speed are

able to generate fast moving electrostatic EHs. On the other hand, in the same strongly

magnetized regime and from 2D electrostatic PIC simulations Miyake et al. [2000] also

pointed out that as the parallel phase speed of EHs can be of the same order of the

parallel phase speed of the LHD waves (having a finite k‖), EHs can radiate LHD waves

by a wave-wave coupling process. Furthermore, a linear kinetic study of the bump-on-tail

instability in weakly magnetized regime (fce ∼ fpe) showed that electron beam modes

have the maximum growth rate (γ ∼ 2πfpe/10) for a purely parallel propagation while

LHD waves with one order of magnitude smaller growth rate are found at perpendicular

propagation [Umeda et al., 2002]. Based on 2D electrostatic as well as electromagnetic

PIC simulations, they showed that EHs are generated first by the bump-on-tail mode and

then radiate LHD waves later [Umeda et al., 2002, 2004].

In the present observations, LHD waves are observed at large scale by the four satellites

(see Figure 6). It does not seem to be consistent with a generation by small scale EHs.

On the contrary, we suggest that LHD waves (generated by ion scale density gradients)

accelerate electrons in the direction parallel to the magnetic field leading to a bump on

the tail of the distribution function near the resonant energy (∼ 1.35vth,e). Then, EHs

could be formed via a bump-on-tail type instability or directly by a wave-wave coupling

process. Thus, electromagnetic EH signatures shown in Figure10 could be formed by a

bump-on-tail type instability satisfying γ ∼ 0.07(2πfpe) < ωr ∼ 0.2(2πfpe)) as shown by

Umeda et al. [2004].

Finally, despite of all this evidence regarding LHD wave/EH coupling, we cannot rule

out the possibility that the jump of the parallel electron temperature is just caused by
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the sudden crossing of a hot plasma associated with the fast dawnward flow and the

strong anti-parallel current and not due to a local wave-particle interaction. In such an

interpretation LHD waves would be just a by-product of the fast flow propagation and

its associated substorm current wedge-like system. Still, the questions related to how

these tailward moving electrons are accelerated and how much these LHD waves could

participate in the energy dissipation of the flow have to be addressed.

This discussion shows a need to develop a self-consistent kinetic theory of LHD instabil-

ity for these specific plasma conditions (fast flow i.e. large electric drift vE, large parallel

current i.e. large vd‖ = v‖,i − v‖,e, together with sharp density gradient i.e. large diamag-

netic drift vdia which can or not cancel the electric drift) with both electron-ion parallel

and perpendicular drift velocities of the order of the ion thermal velocity. Such a theory

would improve our understanding of the source of the LHD waves. Numerical full-particle

simulations in weakly magnetized regime (fce ∼ fpe) would be also needed to study the

non linear regime of this instability and its possible link to the formation of electromag-

netic EHs. These developments should be accompanied by detailed investigations based

on numerous DF events detected during the current phase 2b of the MMS mission.

7. Conclusions

We reported on MMS observations recorded during the expansion phase of a substorm

on August 10th, 2016 while the constellation was located out of the magnetic equator,

at the edge of the plasma sheet and in the southern hemisphere. Two DF like signa-

tures associated with fast flows, field-aligned currents and ion scale density gradients were

analysed. Ions were found to be decoupled from the magnetic field at the DF due to

their diamagnetic drift velocity of the same order of the electric drift. The first event
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corresponds to a fast dawnward flow and anti-parallel current which could be related to a

vortex-like signature induced by the wake of a previous fast earthward flow. The second

event, more classic, corresponds to a fast earthward and duskward flow and a parallel cur-

rent consistent with a substorm current wedge-like (so called ”wedgelet”) current system.

Yet, it is preceded by a southward/dawnward flow consistent with a brief expansion of

the plasma sheet before the DF arrival.

Plasma waves were investigated in detail for both events. Perpendicular electric field

fluctuations near the fronts were identified as LHD waves propagating dawnward in a

direction quasi-perpendicular to B with a phase speed close to the electric drift and the

ion thermal velocity vth,i. Amplitudes and phase speed are larger for the first DF than for

the second. Sharp increases of the parallel electron temperature and of the parallel electron

fluxes are measured in association with these waves. Electromagnetic EHs propagating

tailward along the magnetic field were detected ∼ 500 ms after the LHD waves for the

first event while for the second event, a train of EHs was identified ∼ 150 ms before the

LHD waves. Furthermore, a large amplitude electromagnetic EH, preceded by linearly

growing oscillations, was detected during the LHD wave emission of the second event.

All analysed electromagnetic EH signatures were found to have an internal structure and

properties consistent with a cylindrically symmetric potential structure of previous models

[Andersson et al., 2009; Tao et al., 2011]. We suggested and showed some evidence that

assuming a finite k‖, LHD waves, generated by ion scale density gradients, could accelerate

electrons parallel to B and generate parallel electron drifts larger than the electron thermal

velocity vth,e. In a weakly magnetized regime (fce ∼ fpe), such large parallel drifts can lead

to the formation of electromagnetic EHs by triggering a bump-on-tail instability [Umeda
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et al., 2004]. Another possibility is that electromagnetic EHs are directly generated by

wave-wave coupling with the LHD waves due to the property that the parallel speed phase

of LHD waves (∼ 1.35vth,e) is of the same order of the estimated EH parallel speed [Miyake

et al., 2000; Umeda et al., 2002]. Furthermore, the fact that the maximum growth rate

of LHD waves is for k⊥ρe ∼ 1 suggests that EHs would be formed with a perpendicular

scale equivalent to the electron Larmor radius and then would grow by coalescence in

the non linear regime to reach a larger scale as observed [Umeda et al., 2004]. Note that

the 30 ms time resolution of the electron distribution functions delivered by FPI is a

priori not sufficient to follow the EH dynamics (1 ms time scale) and to allows us to

distinguish between different formation mechanisms. Thus, the required careful analysis

of the electron distribution functions associated with these EHs will be carried out in a

future work. Note also that the train of electromagnetic EHs detected before the LHD

waves associated with the second DF could be generated by the LHD waves of the first

DF. Indeed, in weakly magnetized regime (fce ∼ fpe), EHs are not made unstable by

electrostatic whistler waves as in strongly magnetized regime [Goldman et al., 1999]. Yet,

it would require a quite long stability period of these electromagnetic EHs (∼ 12 s ∼ a few

hundred of thousands of (2πfpe)
−1) compared with results obtained by simulations which,

so far, have only shown that they can persist for a time longer than several thousands of

(2πfpe)
−1 [Umeda et al., 2004; Wu et al., 2011].

Finally, the present study cannot rule out the possibility that the parallel electron

anisotropy can only be due to the crossing of the field-aligned current system associated

with the fast dawnward flow; LHD waves being in such a case a by-product due to field-

aligned and/or density gradient free energy sources carried by the fast flow but still able
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to participate in the local dissipation process. For such an interpretation, the origin

of the accelerated electrons parallel to the magnetic field able to generate EH remains

unknown. More theoretical as well as observational investigations are needed to clarify

these mechanisms associated with DF structure crossed out of equator. The present MMS

phase 2b (”Maha phase”) in the magnetotail will provide numerous new DF events which

should allow us to shed light on these multiscale kinetic processes.
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Table 1. Properties of the electrostatic potential fluctuations for event 1 between 1001:27.850

and 100128.250 UT
satellite f (Hz) fLH (Hz) v⊥,ph (km/s) in GSE λ⊥ (km) k⊥ρe δφ/Te Cor. rate
MMS1 64.0 54.9 1147.1×[-0.051,-0.998, -0.032] 17.9 0.50 0.22 0.96
MMS2 54.6 54.8 1091.3×[-0.010,-0.998,-0.046] 20.0 0.44 0.25 0.94
MMS3 64.1 55.8 1217.6×[0.029,-0.996,0.084] 19.0 0.48 0.23 0.93
MMS4 68.3 55.6 1144.9×[0.039,-0.992,0.118] 16.8 0.54 0.36 0.96
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Table 2. Properties of the electrostatic potential fluctuations for event 2 between 1001:41.200

and 100141.500 UT for all spacecraft but MMS3 between 1001:41.150 and 1001:41.300 UT.

satellite f (Hz) fLH (Hz) v⊥,ph (km/s) in GSE λ⊥ (km) k⊥ρe δφ/Te Cor. Rate
MMS1 68.3 60.0 551.6×[0.068,-0.972,0.219] 8.1 1.33 0.05 0.61
MMS2 45.0 59.7 491.4×[-0.254,-0.889,-0.378] 10.9 0.96 0.04 0.72
MMS3 46.5 60.2 682.9×[-0.193,-0.944,-0.265] 14.7 0.73 0.05 0.66
MMS4 59.4 60.5 770.4×[-0.024,-0.997,0.053] 13.0 0.83 0.06 0.63
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Table 3. Properties of the electromagnetic electron phase-space holes associated with the first

and second DF. EH velocities (vEH = −c2δBx/δEy = c2δBy/δEx) and parallel length scales are

given in 103 km/s and km respectively. Potential V0 is given in kV and δB‖ in nT.

Time −c2δBx/δEy c2δBy/δEx vEH,31 vEH/vth,e vEH/c L‖ V0 δB‖,meas δB‖,calc
1001:28.566 67.5 100.0 45-55 1.2-1.8 0.15-0.22 45-60 1.1 0.19 0.15
1001:40.929 25.7 27.0 35 0.7-0.94 0.09-0.11 58-77 1.1 0.06 0.06
1001:41.399 112.5 56.2 ? 1.5 0.19 88 1.3 0.10 0.15
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Figure 1. MMS configuration.
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Figure 2. Overview of MMS3 observations on August 10, 2016 between 0950 and 1015 UT.(a) Three
components and magnitude of the magnetic field, (b) elevation angle, (c,d) energetic (EIS) and thermal
(FPI) electron energy spectrograms (superposed black line corresponds to the spacecraft potential below
which photo–electrons are detected), (e,f) energetic (EIS) and thermal (FPI) ion energy spectrograms,
(g) thermal (FPI) ion energy spectrograms after subtracting background noise, (h) electron density,(i)
parallel (red) and perpendicular (black) electron temperatures, (j) three components of the bulk veloc-
ity,(k) parallel (red), perpendicular (green) and total (black) currents, (l,m) electric and magnetic field
power spectral densities. White lines indicate fce the electron gyrofrequency, fce/2 and fce/10. Dashed
line indicates the lower-hybrid frequency ∼

√
fcefci.
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Figure 3. First two dipolarization-like signatures detected by MMS4 between 1001:25 and
1001:55 UT. (a) Bz component in GSE, (b) electron density, (c) 300 ms time-averaged parallel (red),
perpendicular (green) and total (black) currents, (d) energetic ion differential fluxes from FEEPS
for selected keV energies [58,77,95,114, 133,154,178,205,237,273,314,364,420,484,559] (e) 300 ms time-
averaged ion bulk velocities, (f) energetic electron differential fluxes from FEEPS for selected keV
energies [32,51,70,88,106,124,146,170,199,233,272,318,372,435,508], (g) 300 ms time-averaged electron
bulk velocities (h-j) comparison along x, y and z between 300 ms time-averaged (E ×B)/B2, ion and
electron perpendicular velocities.
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Figure 4. First dipolarization front like signature detected by MMS4 between 1001:27.0 and
100131.0 UT.(a) Bz component in GSE, (b) magnitude of B, (c) electron density, (d,e) electric and
magnetic waveforms in a magnetic-field aligned coordinate band-pass filtered between 32 Hz and 4 kHz
(black and green lines are perpendicular components, red is parallel component), (f,e) omni-directional
electric and magnetic power spectral densities,(h) parallel to B component of the Poynting vector,
(i) parallel (red) and perpendicular (black) electron temperatures, (j) parallel (red), perpendicular
(green) and total (black) currents, (k-m) parallel, perpendicular and anti-parallel energy spectrograms
of electrons.
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Figure 5. Second dipolarization front like signature detected by MMS3 between 1001:40.0 and

100151.0 UT. Same legend as Figure 4.
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Figure 6. First dipolarization front like signature between 1001:27.400 and 100128.800 UT. From
the four satellites: (a) Bz component in GSE, (b) parallel current, (c) electron density, electron parallel
temperature, (e-h) electrostatic potential obtained from δB‖ (red) and from δE⊥ (black) for MMS1,
MMS2, MMS3 and MMS4 respectively.
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Figure 7. Electromagnetic phase-space holes associated with the first dipolarization front like signa-
ture between 1001:28.550 and 100128.680 UT. From the four satellites in GSE: (a-d) three components
and magnitude of the magnetic field obtained from the merging of FGM and SCM data, (e) parallel
electric field, (f-h) three components of the electric drift velocity (E×B)/B2.
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Figure 8. Single electromagnetic phase-space holes detected between 1001:28.563 and
1001:28.570 UT. From the four satellites in magnetic field-aligned coordinates and band-pass filtered
between 32 Hz and 4 kHz: (a-c) three components of the magnetic field, (d-f) three components of the
electric field, (g-i) two components of the electric drift velocity (δE×B0)/B2

0 in the two perpendicular
directions of the MFA frame.
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Figure 9. Single electromagnetic phase-space holes detected between 1001:40.925 and 100140.934 UT.
Same legends as the Figure 9.
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Figure 10. Single electromagnetic phase-space holes detected between 1001:41.394 and
1001:41.404 UT. Same legends as the Figure 10.
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Figure 11. MMS1 measurements between 1001:27.800 and 1001:28.500 UT.Panel (a) electron
density, (b) electrostatic potential obtained from δB‖ (red) and from δE⊥ (black), (c) parallel electric
field calculated by using the DC-coupled EDP data and the survey magnetic field and its associated
error bars, (d) band-pass filtered parallel electric in MFA frame, (e-g) FPI ion differential fluxes parallel,
perpendicular and anti-parallel to B (see text for more details).
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