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Abstract Two case studies of ultra-low frequency (ULF) wave–electron interac-
tion are presented. In both cases, the eastward propagating Alfvén wave with strong
poloidal component was generated via drift resonance with energetic electrons, but
the generation mechanisms were different: kinetic instability in one case and alter-
nating current caused by movement of the electron cloud in the other. In the first
case, the Van Allen Probe data were examined. The poloidal Alfvén wave was found
simultaneouslywith 38 keV electrons injected intomagnetosphere during a substorm
onset. It was found that the wave was generated through an instability caused by the
strong radial inhomogeneity of electron density (the gradient instability). In the sec-
ond case, the wave was found in the MMS spacecraft data. The wave also was in
the drift resonance with the particles, but the conditions for plasma instability were
not satisfied. In this case, we arrive at a conclusion that the wave was apparently
generated through the moving source mechanism, that is, by an alternating current
created by a drifting substorm-injected electron cloud.
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1 Introduction

Ultra-low frequency (ULF) waves are regularly observed in the magnetosphere.
Waves with high azimuthal wavenumbers .m are known to interact with energetic
particles in the magnetosphere [1]. Two generation mechanisms of the high-.m ULF
waves were suggested. The first one involves resonance with energetic particle pop-
ulation resulting in energy transfer from particles to wave and kinetic instability
developing [2, 3]. The other supposes generation by an azimuthally drifting particle
cloud (moving source) as proposed in [4, 5]. Within this concept substorm-injected
particles represent an alternating current, which can be a source for Alfvén waves
[6, 7].
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Signatures ofULFwaves–particle interactions are found in the spacecraft data, and
a large bodyof evidence ondrift and drift-bounce resonancewith energetic particles is
accumulated. Inmost observational casesULFwaves interact withwestward-drifting
protons. Recent observational data gave evidences for both generation mechanisms
by protons: instability [8–11] and moving source [12]. The drift resonance with
electrons can be experienced by eastward propagating waves. However, such wave
represents no more that 10% of events [13, 14]. Therefore, wave interactions with
electrons have been studied less. To our knowledge, the process of wave generation
by energetic electrons have not been observed yet.

In this paper, we examine two observational cases to show two different wave
generationmechanisms associatedwith substorm-injected electrons. In thefirst case a
wavewas generated by a gradient instability. In the second case the plasma instability
condition was not satisfied, although the drift resonance was also confirmed. The
probable generation mechanism in this case can apparently be described by the
moving source theory.

2 Data Analysis

2.1 Case 1. The ULF Wave Generation by an Electron Cloud
Spatial Gradient

A Pc4 ULF wave was registered in the prenoon magnetosphere at a distance of about
6 .RE from the Earth on 27 October 2012 by Van Allen Probes A. The wave had a
duration of 45min and an amplitude of 0.7 nT. Its frequency was 10 mHz. The wave
had a mixed polarization: the amplitudes of the poloidal (radial) .br and toroidal
(azimuthal) .ba components differed slightly. We used the 4 s data from the Electric
and Magnetic Field Instrument Suite for and Integrated Science (EMFISIS) [15] and
the 11s data from the Electric Fields and Waves (EFW) instrument [16] to study
oscillations in the electric field. To study oscillations in electron fluxes, 11 s data
from the Magnetic Electron Ion Spectrometer (MagEIS) instrument were used [17].
The ULF wave was observed outside the plasmasphere on the background of the
recovery phase of a substorm (.Kp = 10, .Dst = −20 nT). The event was preceded
by a number of substorms. One of the substorms was registered .∼70min before the
start of the event (onset time 0314UT), with the AL index reaching .∼−150 nT. It
is likely that this substorm was a source of energetic electrons responsible for the
generating the observed ULF wave.

The MagIES instrument registered the electron cloud at a time of the wave obser-
vation (Fig. 1).We found resonant oscillations coinciding in frequencywith the oscil-
lations in the electric field (Fig. 2). The noticeable modulations were at two energy
channels, 38 and 58 keV, with the at the energy of 38 keV. The maximum ampli-
tude was recorded for the particles with 90.◦ pitch angles which corresponds to the
fundamental (symmetrical relative to the equator) harmonic of the wave and the
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Fig. 1 The spectrogram of the electron differential flux .J for energies .ε from 38 to 60 keV and
pitch angle.α = 90◦

Fig. 2 The relative electron flux oscillations.δJ/J for different energies (blue), where.δJ and.J are
perturbed and unperturbed fluxes, respectively, and the azimuthal component of the electric field
.Ea (red), filtered in Pc4 range. One can see the null phase shift between.Ea and.δJ/J oscillations
for the 38 keV flux, which corresponds to the drift resonance. The phase shift between.Ea and.δJ/J
oscillations for the 58 keV flux is 5.◦

drift resonance [3, 18]. Moreover, the phase shift between azimuthal component of
electric field (.Ea) and the 38 keV electron modulation was close to zero. We also
calculated the phase shift between.Ea and the 58 keV electron flux modulations. It is
5.◦, which means that the 58 kev electrons are ahead of the observed wave. Therefore,
we conclude that the energy 38 keV is the resonant one.
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There are three standard ways to calculate the azimuthal wavenumber.m. The first
is to calculate the phase shift between the magnetic field oscillations at two or more
satellites. The second one is the method of gyrophases. The third way is to infer .m
from the drift resonance condition [19]. In our case we were able to use the third
way.

The drift resonance condition is

.ω − mωd = 0, (1)

where .ω is the wave frequency, .m is the azimuthal wave number, and .ωd is the
angular frequency of the particle magnetic drift averaged over the bounce period.
Based on (1), the azimuthal wavenumber was of the order of 110–115. That is, it was
an azimuthally small-scale wave moving eastward. The azimuthal wavelength .λa is
approximately 2200km km, i.e. about .0.3RE .

In order the amplitude of thewave to increase, i.e. to transfer energy from particles
to the wave, it is necessary to have an unstable distribution of particles in energy
(inverse energy distribution function) or in space (the presence of a sharp radial
gradient of the distribution function) [20]. For the instability to develop, it is necessary
the condition to be met

.Q̂F =
[
∂F

∂ε
+ m

ω

c

qBeq L

∂F

∂L

]
εres

> 0. (2)

Here .F is the distribution function, .ε is the particle energy, .q is the particle charge,
.c is the speed of light, .Beq is the magnetic field at the geomagnetic equator, .L
is the McIlvaine parameter used as the radial coordinate, and .εres is the resonant
energy. Condition (2) will be satisfied either at.∂F/∂ε > 0 or at.∂F/∂L < 0. In our
case, the second inequality is satisfied. This means that the wave must be generated
by the spatial gradient instability. The condition .∂F/∂L < 0 is met. The electron
distribution had a negative spatial gradient from 0400UT to 0427UT. This implies
that the radial gradient instability resulted in generating the wave. We should note
that the radial gradient is calculated using a single spacecraft data.We assume that the
azimuthal displacement of the satellite is small compared to the radial one. Temporal
variations are also not taken into account.

We suggest that the wave was generated by a steep radial gradient in the electron
number density caused by the electron injection into the magnetosphere during a
substorm. Using the electron flux data and the AL index data, we determined the
location of the substorm that was a source for the electron cloud. The estimation
shows that the substorm onset occurred at 0314UT. It was localized at about 00
MLT.
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2.2 Case 2. The ULF Wave Generation by an Electron Cloud
as a Moving Source

The Magnetospheric Multiscale (MMS) Mission is a constellation of four closely
located spacecraft [21]. Their mutual position is used to reveal the spatial properties
of aULFwave registered on 7 July 2020.We used data on themagnetic field provided
by the MMS Fluxgate Magnetometer [22] in slow survey mode (sampling rate 8/s).
The Energetic Ion Spectrometer (EIS) data from the Energetic Particle Detector
(EPD) investigation [23] were used for the electron flux analysis. The spacecraft
were in the 3.6–3.7 MLT sector. They moved towards the Earth at distances 13–11
.RE . The oscillations were being recorded in the magnetic field from 0815UT for
about 45min. The frequency varied within 3–4 mHz (Pc5 range). At first, the radial
and azimuthal components had roughly the same magnitudes (.∼2 nT) with a weaker
compressional component (up to 1 nT). During the wave registration period, the
azimuthal to radial component ratio was increasing, and the wave was transforming
to a predominantly toroidal pulsation.

The crosswavelet transform of the radial magnetic field components at space-
craft pairs were used to calculate the azimuthal wavenumber [24]. A phase of
.Wi (ω, τ )W ∗

j (ω, τ ) at thewave frequency represents a phase difference.Δφi j between
two spacecraft. Here, .Wi and .W ∗

j are the wavelet transform and the complex conju-
gate wavelet transform for signals at two spacecraft, respectively, at the frequency
.ω and the time shift .τ . Knowing the phase shifts and spatial coordinate differences
in the GSE coordinate system for three spacecraft pairs, we calculated wavelengths
along each axis. After transforming the wavelength components to a coordinate sys-
tem referenced to a local magnetic field, we revealed an azimuthal wavenumber. It
varied from .+23 to .+27. This implies that the wave was propagating to the east in
the azimuthal direction, and it was azimuthally small-scale. As it was mentioned,
such waves can effectively interact with energetic electrons.

The wave was registered during quiet geomagnetic conditions. The Dst index
values had been above .−15 nT during previous 24h. The vertical component of the
interplanetary magnetic field changed its direction several times before the event
(from 23 UT on 6 July 2020 to 07 UT on 7 July 2020). A substorm was registered
during thewaveobservationperiod,with theSML indexof about.−200nTat 0730UT.
A cloud of energetic electrons was apparently injected during this substorm.

An increase in the energetic electron population was also registered at the MMS
spacecraft (Fig. 3). The electron fluxes at several energy ranges were modulated
with the wave frequency. The relative flux .δJ/J of the 89 keV electrons featured
the highest modulation magnitude (Fig. 4). Moreover, the phase difference between
.δJ/J for the 89 keV electrons and the radial magnetic field component oscillation
was about.90◦ at the wave frequency, whilst the fluxes at other energies had different
phase shifts relatively to the magnetic field oscillations. These facts point at the drift
resonance similar to the previous case.

According to the drift resonance condition, the wave and particle parameters
should satisfy relation (1). However, with the wave frequency of 3.2 mHz and
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Fig. 3 The spectrogram of the electron differential flux.J for energies.ε from 33 to 319 keV on 07
July 2020

Fig. 4 .δJ/J for five energy ranges (blue); the radial component of the magnetic field filtered in the
Pc5 range (red). Phase difference between these parameters is different for various particle energies,
and it is close to.90◦ at 89 keV

azimuthal wavenumber .m = +25, the angular velocity of the resonant particles
should be .0.8 · 10−3 rad/s. This value corresponds to electron energy of about
40 keV. This is more than two times lower than the resonant energy seen in the
observation.

The wave was observed at large L-number in the nightside magnetosphere, where
the field differs substantially from a dipole. Therefore, the most probable reason for
the above discrepancy is the deviation of the magnetic field from the dipole form.
Relations (1) and (2) are not applicable for such conditions, and a deviation could
affect the particle angular frequency calculation as the wave phase velocity can have
a strong non-azimuthal component. Indeed, the calculation show that the wave had
comparable azimuthal and radial (inward) wavelengths of order of 2–.2.5 · 103 km.
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To estimate the drift velocity in the non-dipole magnetic field we calculated the
spatial gradient of the magnetic field using the radial separation of the spacecraft
pairs. Implying that the pitch angle is close to .90◦, the drift velocity

.ud = εc

qB

[
e|| × ∇B

B

]
, (3)

where.q is the electron charge,.B is the magnetic field magnitude,.e|| is the unit vector
along the magnetic field line, and .∇B is the magnetic field gradient. Relation (3) is
valid when the effect of field line curvature is small as the pitch angle is .∼ 90◦.
For the 89 keV electrons in this case the drift velocity is directed to the east in the
azimuthal direction and away from the Earth in the radial direction, with an absolute
value .ud = 5−6 · 105 m/s.

For the non-dipole case, a general form of relation (1) should be used:

.ω − kud = 0, (4)

where .k is the wavenumber. The radial component of .k was negative, i.e., the wave
propagated to the east and towards the Earth. The angle between.k and.ud was below
.90◦, and relation (4) was satisfied during the event meaning that the drift resonance
occurred.

Similar to the above case, we investigated the conditions for the plasma instability
leading to the wave generation. For the gradient or the bump-on-tail instability the
relation should be met:

.
Q̂F

F
=

[
1

F

∂F

∂ε
+ 1

ω

c

qB

[
k⊥ × e||

] · ∇F

F

]
εres

> 0. (5)

However, condition (5) was not met, and .Q̂F/F was below 0 during the wave
registration period.

The estimations show that while the ULF wave gained energy through the drift
resonance with the substorm-injected energetic electrons, a plasma instability was
not a generation mechanism for the wave. The alternative mechanism for the wave
generation is the emittingAlfvén high-.m waves by an alternating current representing
a cloud of drifting charged particles [6]. Such mechanism was suggested by [4] for
the magnetosphere framework. Later it was elaborated in [5, 7]. According to the
theory, a wave is observed simultaneously with a particle cloud, and it propagates in
the direction of the particle drift.
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3 Discussion and Conclusion

We analysed the data for two ULF wave observation cases related to interaction with
energetic electrons. Case 1 was registered with the Van Allen Probes spacecraft A,
and case 2 was registered with the MMS spacecraft.

For case 1, we reported the first observation of a resonant generation of an ULF
wave by an electron cloud in the magnetosphere. We assume that the electrons were
injected into the magnetosphere during a substorm. At the same time with the wave
registration,modulations in the fluxes of energetic electronswere observed.We found
modulations at the frequency of the observed wave in several energy channels. It is
shown that these modulations are caused by the drift resonance of electrons with an
energy of 38 keV. The wave is a fundamental harmonic of the Alfvén mode with an
azimuthal wavenumber.m ∼110–115 propagating to the east. It was established that
the ULF wave was generated through the gradient instability due to a steep density
gradient.

In case 2 a cloud of energetic electrons was also registered simultaneously with
the eastward-propagating ULF wave. The wave propagation was not exclusively
azimuthal and had a considerable radial component. However, it is shown that the
drift resonance occurred. The main difference to the previous case was the absence
of a condition for the wave generation by a plasma instability. For the generation
mechanism the theory of the moving source was proposed. This theory can explain
some features of wave–particle interaction that are typically seen in observations.
They include a narrow range of observed azimuthal wave numbers and a coincidence
in the azimuthal direction of particle drift and wave phase propagation. In theory, a
wave generated by amoving source can have a distinguishing feature: it can transform
from a toroidal wave into a poloidal one, and thenmodify back to a toroidal pulsation.
This requires a certain spatial distribution of energetic particleswhich does not always
develop [7]. Without this condition it is apparently impossible to distinguish a wave
generated by a moving source. Therefore, in case 2 we assume such mechanism as
the wave-generating plasma instability threshold was not overpassed.
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