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Detection of ultrafast electron
energization by whistler-
mode chorus waves in the
magnetosphere of Earth

S. Kurital™, Y. Miyoshi?, S. Saito?, S. Kasahara*, Y. Katoh?, S. Matsuda®, S. Yokota’,
Y. Kasahara®, A. Matsuoka?, T. Hori?, K. Keika®*, M. Teramoto® & I. Shinohara®

Electromagnetic whistler-mode chorus waves are a key driver of variations in energetic electron fluxes
in the Earth’s magnetosphere through the wave-particle interaction. Traditionally understood as a
diffusive process, these interactions account for long-term electron flux variations (> several minutes).
However, theories suggest that chorus waves can also cause rapid (< 1 s) electron acceleration and
significant flux variations within less than a second through a nonlinear wave-particle interaction.
Detecting these rapid accelerations has been a great challenge due to a limited time resolution of
conventional particle instruments. Here, we employ an analysis technique to enhance the time
resolution of the particle measurements, revealing rapid electron flux variations within less than one
second associated with chorus waves. This technique exposes short-lived flux increases significantly
larger than those observable with the standard time resolution. Our findings indicate that these
transient flux variations result from the nonlinear acceleration of electrons induced by the chorus
waves, highlighting the importance of nonlinear wave-particle interactions in creating high energy
electrons in the Earth’s magnetosphere. The same acceleration mechanism should operate in the
magnetospheres of Jupiter and Saturn where chorus waves are present, and in laboratory plasma
environments when chorus-like waves are excited.

Resonant wave-particle interactions form a crucial aspect in the heating, acceleration, transport, and loss
processes of plasma in both space and laboratory environments. Various types of plasma waves significantly
influence the dynamics of energetic particle fluxes in the Earth’s inner magnetosphere through the wave-particle
interactions. Specifically, whistler-mode waves are essential in driving electron dynamics within this region.
Whistler mode waves generated by a nonlinear process outside the plasmapause, known as whistler-mode
chorus waves, induce the pitch angle scattering of electrons ranging from a few keV to tens of keV. This scattering
is associated with the generation of diffuse and pulsating auroras'~7. Furthermore, chorus waves can resonate
with relativistic electrons, facilitating the creation of MeV electrons in the outer radiation belt and causing their
precipitation into the Earth’s upper atmosphere”'>.

Previous modeling studies on wave-induced particle flux variations have primarily utilized quasi-linear
diffusion theory to describe changes in the energy and pitch angle of resonant particles due to wave-particle
interactions'*!°. These models have elucidated the long-term evolution of radiation-belt electron fluxes during
geomagnetic disturbances'®!” and have successfully explained the evolution of pitch angle distributions of low-
energy electrons during their convective transport in the inner magnetosphere'®. Additionally, the computation
of quasi-linear diffusion coeflicients has been instrumental in identifying the dominant generation mechanism
of diffuse auroras'°.
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However, nonlinear wave-particle interactions have also been recognized for their role in rapid changes
in energy and pitch angle changes?®-?, which quasi-linear diffusion theory does not account for**-**. Recent
satellite observations exhibit the presence of large-amplitude and coherent whistler-mode waves in the Earth’s
inner magnetosphere®-%’, alongside particle flux variations coincident with large-amplitude whistler-mode
waves*®43. Those observations underscore the significant impact of nonlinear wave-particle interactions on
particle dynamics in the inner magnetosphere.

The Medium Energy Particle Instrument-electron analyzer (MEP-e)** onboard the Arase satellite®® has
recorded deformations in electron distribution functions associated with the appearance of a large amplitude
upper-band chorus within 30 s*, closely resembling the “flux burst event” observed by the Van Allen probes®. It
is revealed that resonance with the upper-band chorus presumably caused the observed electron flux variations.
Subsequent data-driven test particle simulations based on the Arase observations indicated that the electron flux
variations within 30 s are attributed to the nonlinear phase trapping of electrons by the upper-band chorus®. A
comparison between the observation and the test particle simulations suggests that the nonlinear wave-particle
interaction is essential for explaining the short timescale of the observed flux variations.

Investigating the signature of nonlinear wave-particle interactions in the MEP-e measurements presents a
difficulty due to the nominal observation cadence of ~ 8 s, which is insufficient to detect such interactions. We aim
to capture this signature by analyzing higher temporal flux variations, improving upon the analysis conducted
by Kurita et al.%®, which utilized the MEP-e data at its nominal time resolution. We utilized the measurement
scheme of MEP-e to generate a time series of pitch-angle-resolved electron fluxes at a time cadence much shorter
than the nominal one. The methodology shown in this study is applicable to other instruments that employ a
similar observational approach to the MEP-e.

Arase observation

The MEP-e instrument measures electrons ranging from 7 to 87 keV across 16 energy steps and features a disk-
like shaped field of view encompassing 2m radians with 16 detectors. The spin period of the satellite (~8 s) is
segmented into 32 phases, with a 16-step energy scan executed in each spin phase. By virtue of the disk-like
field of view and the observation scheme of MEP-e, electron pitch angle distributions across 16 directions are
attainable with a time cadence of ~250 ms (calculated as~8 s divided by 32 spin phases). Note that, within
each spin phase, the 16-step energy scan is made with an accumulation time for electrons at each energy step
of ~15.6 ms (250 ms divided by 16 steps). We refer to the high temporal resolution pitch angle distribution
obtained at a cadence of ~250 ms as the “250 ms pitch angle distribution” In case of the 250 ms pitch angle
distribution, the coverage of pitch angle is highly dependent on the angle between the normal direction of
the MEP-e field of view and the background magnetic field direction, which is simultaneously measured by
the Magnetic Field Experiment (MGF)*. As the satellite rotates, the angle between the normal direction and
magnetic field changes periodically, so does the pitch angle coverage accordingly.

The 250 ms pitch angle distributions are computed during the “flux burst event” that has originally been
reported by Kurita et al.*®. During the event, the 8-s averaged pitch angle distributions show distinct changes
associated with the appearance of upper-band chorus waves. This change was characterized by the flux
enhancement of electrons in the energy range of 17-30 keV with the pitch angles of 60°-80° and 100°-120°.

An overview of this event is shown in Fig. 1. Figures 1a and 1b show the frequency-time spectra of the electric
field and magnetic field fluctuations in the frequency range of 64 Hz to 20 kHz computed by Onboard Frequency
Analyzer (OFA)>® with a time cadence of 1 s, which is a part of Plasma Wave Experiment (PWE)>!. The electric
and magnetic field signals were measured using wire probe antennas® and magnetic search coils*. The local
electron cyclotron frequency and its half were computed from the MGF measurements, and are shown as solid
and dotted magenta lines, respectively. Figures 1a and 1b represent that whistler-mode wave activity is present
almost all the time in the electric field, while only a few bursts can be seen in the magnetic field component
during this time interval. This feature suggests that the whistler-mode waves, except the bursts, are quasi-
electrostatic, suggesting that the wave normal angles close to the resonance cone. Figure 1c shows the energy-
time spectrogram of electrons measured by MEP-e, and omnidirectional fluxes are color-coded in Fig. 1c. The
timing of the flux burst event is indicated by the black dotted vertical line in Fig. 1. The flux enhancement
observed by MEP-e, shown in Fig. 1c, corresponds well with the appearance of an intense upper-band chorus,
as shown in Figs. la and 1b.

Figure 2 shows the property of whistler-mode chorus waves associated with the flux burst event. Here we
show two types of data product computed by OFA: survey mode power spectra (OFA-SPEC), which is shown in
Figs. 1a and 1b, and spectral matrices (OFA-SPEC) of wave magnetic fields. OFA-SPEC is obtained by computing
the Fast Fourier Transform (FFT) of a 15.625 ms waveform segment measured every 1 s. OFA-MATRIX is
generated from the ensemble average of FFT spectra computed from four consecutive 15.625 ms waveform
segments captured every 8 s.

Figures 2a and 2b show the dynamics spectra of OFA-SPEC and a sum of diagonal components (i.e., total
wave magnetic field power) of OFA-MATRIX. During this time interval, OFA-SPEC was operated to compute
the total wave magnetic field power. Figure 2¢ shows the wave normal angle derived from OFA-MATRIX,
applying the singular value decomposition method>. Black dashed lines in Figs. 2a, 2b, and 2c represent half
the electron gyrofrequency computed from the magnetic field intensity measured by MGE Figure 2d represents
time series of integrated wave power in the frequency range from 0.5 f_, to 0.8 f , computed from OFA-SPEC
(back solid line with plus symbol) and OFA-MATRIX (magenta dashed line with diamond symbol). Note that
the timing of the data aquation corresponds to the center of the spectra in Figs. 2a, 2b, and 2c.

The upper-band chorus waves during this time interval have wave normal angles lower than 30 degrees with
the maximum band-integrated amplitude exceeding 200 pT. Around 19:21:33 UT, the wave amplitude computed
from OFA-SPEC is smaller by a factor of ~3 compared to that derived from OFA-MATRIX. This feature can be
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Fig. 1. Overview of plasma wave activity and electron flux variations observed by the Arase satellite during the
flux burst event. From top to bottom: Frequency-time spectra of (a) electric and (b) magnetic field fluctuations
of plasma waves observed by PWE/OFA, (c) energy-time spectrogram of electrons in the energy range from
7-80 keV observed by MEP-e.

explained by the fact that OFA-MATRIX uses four times longer waveforms in computation compared to OFA-
SPEC. Considering that OFA-MATRIX is the average of four FFT spectra, the maximum amplitude within the
15.625 waveform segment which is not measured by OFA-SPEC, would be much larger than 150 pT. It is also
expected that wave amplitude varies significantly within short time intervals less than a few tens of milliseconds.
Unfortunately, high-time resolution waveforms are not available during this time interval, so we cannot discuss
fine-scale spectral structures and short-term variations in wave amplitudes and propagation properties less than
a second in detail.

In order to clarify that the observed upper-band waves are responsible for the electron acceleration during
the flux burst event, changes in electron phase space density (PSD) as a function of energy and pitch angle
before and during the flux burst event are examined. Figures 3a and 3b show the PSD distributions before and
during the flux burst event, respectively, together with resonance curves (white lines) and a series of diffusion
curves (black dotted lines). The resonance curves are represented assuming the first-order cyclotron resonance
of parallel propagating whistler mode waves with electrons. We used the lower-cutoff (0.5 f_, solid lines) and
upper-cutoft (0.66 f_, dashed lines) frequencies of the upper-band chorus wave at 19:21:33 UT to represent
the resonance curves. Based on the Arase satellite observation, the ratio of plasma frequency to the electron
cyclotron frequency of 3.4 is used to compute the resonance curves and diffusion curves. The PSD of 24.5 keV
electrons around the pitch angle range of 60°to 80°and 100°to 120° is clearly enhanced during the flux burst
event compared to the initial distribution. The regions of the enhanced PSD correspond well to where resonant
interactions of electrons with the upper-band chorus waves are expected, indicating that the observed upper-
band chorus waves contribute to the electron acceleration. The electron flux enhancement is also observed in the
energy range from 17-30 keV, where the resonant interaction with the upper-band chorus is expected*®.

Figures 4a and 4b present the 8-s averaged and 250 ms pitch angle distributions of 24.5 keV electrons during
the flux burst event. Although the spin dependence of the pitch angle coverage is apparent in Fig. 4b, the 250 ms
pitch angle distributions during this event encompass the pitch angle range where flux enhancement is observed.
While the 8-s averaged distributions show a 30-s-long moderate flux burst, the 250 ms pitch angle distributions
reveal many significant transient flux increases within the pitch angle range of 70° to 80° are embedded in the
moderate flux enhancement.

The flux increase observed in the 250 ms pitch angle distributions is further examined by comparing it with
the variations in the 8-s averaged flux within the pitch angle range of 60° to 80° and 100° to 120°. Figures 4c
and 4d display the electron flux averaged over these pitch angle ranges, respectively. Black lines indicate the flux
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Fig. 2. Property of the chorus waves associated with the flux burst event. (a) Frequency-time spectra of wave
magnetic field with a time cadence of 1 s computed by OFA (OFA-SPEC). (b) Frequency spectra of the sum
of the diagonal component of the spectral matrices computed by OFA (OFA-MATRIX) whose time cadence
is 8 s. (¢) Wave normal angle of the waves derived from the OFA-MATRIX dataset applying the singular value
decomposition technique®. (d) Time series of wave amplitude computed from OFA-SPEC (black) and OFA-
MATRIX (magenta) integrated over 0.5 to 0.8 times of the local electron gyrofrequency.

averaged over ~ 8 s, and blue dots represent the flux measured at ~250 ms intervals. Black vertical bars indicate
the standard deviation of the 8-s averaged flux o @, which is calculated using the 250 ms flux every 8 s as:

N—-1,. 2
oG = Do @i—J) (1)
V N
1 N-1
T=5 4
=0

where j; denotes the individual 250 ms flux measurements and N indicates the number of measurements in the
specified pitch angle range during the 8-s time interval. The subscript G indicates that the standard deviation is
computed assuming that the data follow a Gaussian distribution.

2)

Both before and after the flux burst event, the 250 ms electron flux closely followed the variations in the
8-s averaged flux as indicated by the small standard deviation. During the flux burst event, the 250 ms flux
exhibited significant deviations from the 8-s average flux, particularly at the onset of the event. The 250 ms flux
demonstrated substantial increases relative to the 8-s average, resulting the large standard deviation during the
flux burst event. The standard deviation was observed to be larger during the flux burst event than periods before
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Fig. 3. Comparison of electron phase space density distribution in the energy and pitch angle domain before
and during the flux burst event. (a) Distribution of electron phase space density as a function of energy and
pitch angle just before the flux burst event. (b) Same as (a) except the time interval when the flux increase
takes place in association with the appearance of the upper-band chorus waves. The white solid and dashed
lines represent the resonance curves at 0.5 f_ and 0.66 f , computed under the assumption of the first-order
cyclotron resonance between electrons and parallel-propagating whistler-mode waves. These frequencies are
adopted from the Arase observation. Black dotted lines denote the series of the diffusion curves.

and after the flux burst event. The 250 ms flux was analyzed in comparison with the 8-s averaged flux also for
20.5 keV electrons, revealing similar features to those observed with 24.5 keV electrons (not shown).

Discussion and Summary
The standard deviation of the electron fluxes, calculated over 8-s interval, was greater during the flux burst event
than before and after it. This increase in standard deviation may have been caused by the short-lived, significant
flux increase during the event. Additionally, random fluctuations due to the counting statistics might also
contribute to the larger standard deviation observed during the flux burst event. This possibility is quantitatively
evaluated as follows.

Given the counting statistics, a large average count could lead to a larger standard deviation, as the standard
deviation in a Poisson distribution is the square root of the average count, C. Therefore, the coefficient of variation
(CV), which normalizes the standard deviation by the average value, can be expressed as follows:

cvp-YC _ L )

¢~ Vo

The parameter CV_ can be obtained from the electron count detected by MEP-e in the specified time interval
and pitch angle range. The subscript P denotes that the parameter is computed, assuming that the measurement
follows a Poisson distribution. Under the assumption that the electron flux in the specified time interval and
pitch angle range follows a Gaussian distribution, the parameter CV can be derived from the standard deviation
o, and average flux J in the specified time interval and pitch angle range evaluated as

oG

CVg= - (4)

According to Eq. (3), the counting statistics suggest that an increase in electron count, which corresponds to
a higher electron flux, results in a decrease in CV . As the electron count increases, the Poisson distribution
approaches a Gaussian distribution. Consequently, it is anticipated that both CV and CV_ would decrease
during the flux burst event if the random fluctuations predominantly influence the high temporal flux variations.
Comparing CV_ with CV; offers insights into whether the observed flux variations are attributable to random
fluctuations.

Figure 5a displays the 8-s averaged pitch angle distributions of 24.5 keV electrons during the flux burst event
interval. The enhancement of flux in the oblique pitch angle range coincides with the flux burst occurrence. In
Fig. 5b, the magenta and blue lines represent CV_and Cv,, respectively, for 24.5 keV electrons within the 60°-
80° range of the pitch angle. Before and after the Hux burst event, the temporal variation in CV, closely mirrors
that of CV despite minor fluctuations in CV.. These parameters are quite similar during the period of high flux,
which is aftributed to the Poisson distribution approximating a Gaussian distribution when electron counts are
high. During the flux burst event, CV_ decreased as expected due to the electron flux enhancement, whereas CV,
increased. This discrepancy between these parameters indicates that the observed flux variation is not merely
due to random fluctuations from the counting statistics but is considered to be physically significant. Hence the
error estimation performed here strongly suggests that the high temporal variation observed in the flux burst
event originates from the physical processes that cause rapid and substantial flux enhancement.
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Fig. 4. Detailed view of the time variations in pitch angle distributions of 24.5 keV electrons during the flux
burst event. (a) Pitch angle distribution derived from the MEP-e measurement averaged over one spin period
(~8s). (b) Pitch angle distribution with a time cadence of ~250 ms derived from the MEP-e, utilizing the
measurement scheme. (c) and (d) Variations in electron fluxes in the pitch angle range from 60° to 80° and
from 100° to 120°, respectively. Black thick lines in (c) and (d) indicate the one spin average, and blue dots
represent ~ 250 ms flux variations. The thin black vertical bars denote the standard deviation computed from
electron fluxes in one spin period.

The observation of the flux burst event by MEP-e onboard the Arase satellite, using a unique analysis
technique, provides new insights into the wave-particle interactions. The 250 ms pitch angle distributions reveal
that rapid flux fluctuations are embedded in the flux burst event. When comparing the 250 ms electron flux with
the 8-s average, the fluctuations can be categorized into short-lived large flux increases that deviate from the 8-s
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Fig. 5. Coefficients of variation during the flux burst event computed in different ways. (a) Pitch angle
distribution of 24.5 keV electrons averaged over one spin period around the time interval of the flux burst
event. Dotted-dash horizontal lines show pitch angles of 60° and 80°. (b) Coefficients of variations, which is
defined as the standard deviation divided by the average for 24.5 keV electron measurements in the pitch angle
range from 60° to 80°. Blue line indicates the result computed from electron fluxes in one spin period. Magenta
line represents the result assuming that the electron count follows the Poisson distribution.

average and the 30-s-long moderate flux enhancement. The short-lived large flux increases were qualitatively
similar to those caused by the electron acceleration due to chorus waves through nonlinear phase trapping.
Nonlinear phase trapping accelerates electrons for very brief intervals, typically on the order of subseconds,
although the occurrence of such nonlinear acceleration is rare due to the limited range of the phase-trapping
conditions. The moderate flux enhancement may be interpreted as diffusive acceleration resulting from the
energy transfer between the chorus waves and electrons outside the trapping condition. However, we should
note that high temporal flux variations arise even under the quasi-linear diffusion regime if wave amplitudes
significantly vary within a short time interval. The rapid amplitude variation results in a large change in diffusion
coefficients, possibly causing rapid flux variations. Since the OFA measurements suggest a significant time
variation in the wave amplitude of the upper-band chorus waves, we need to consider whether the quasi-linear
diffusion approximation can explain the observed flux variations or not.

Based on the quasi-linear diffusion approximation, we estimated the time scale for electron transport from
lower energy and pitch angle to higher energy and pitch angle along the diffusion curve. As shown in Fig. 4b,
MEP-e captures the largest flux enhancement of 24.5 keV electrons at a pitch angle of ~80° around the beginning
of the flux burst event. The electrons are expected to be transported from the lower energy range since such a
high-flux level close to the enhanced one is not observed in the 24.5 keV channels during this time interval,
indicating that pitch angle diffusion in the same energy channel is not a plausible explanation for the largest
flux enhancement. Figure 3b shows that the diffusion curve, which passes through the pitch angle of ~80° in
the 24.5 keV channel, lies in the pitch angle range of 60°-70° in the 20.5 keV channel. Electrons in that energy
and pitch angle range can be the source populations of the enhanced electron PSD in the 24.5 keV channel. To
explain the observed feature, electrons would need to be diffused 10°-20° in pitch angle, during which MEP-e
scans the 24.5 keV energy channel (15.6 ms). The pitch angle diffusion coefficient D__ for the upper-band chorus
during this event was estimated to be an order of 10-? (rad?/s)*®, which results in the pitch angle change of ~ 1°
for 15.6 ms. The change in pitch angle is estimated to be smaller compared to the expected one from the MEP-e
observation, suggesting that it is hard to explain the observed flux enhancement by the diffusive process. Thus,
the significant short-lived flux enhancement during the flux burst event provides observational evidence that the
flux burst event resulted from the nonlinear acceleration of electrons by chorus waves, as demonstrated by test

particle simulations?®.
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Fig. 6. Distribution of Coefficients of variation in energy and pitch angle domain during the flux burst event.
(a) Distribution of coefficients of variation as a function of energy and pitch angle computed from the inverse
value of the square root of count for 8-s interval (Poisson distribution assumption). (b) Same as (a) except

for coefficients of variation computed from the standard deviation and average flux for 8-s interval using the
250 ms flux (Gaussian distribution assumption). The resonance curves shown Fig. 2a and 2b are overplotted in
these figures.

The limited accumulation time and field-of-view of MEP-e might contribute to the apparently short-lived
observation of the flux increase. The MEP-e observation scheme accumulates electron counts for~15.6 ms
every ~250 ms at each energy step, resulting in a gap of ~234 ms in measurements for a specific energy range.
During the accumulation of one energy step, only a very limited area of the entire solid angle is measured by
MEP-e. This measurement limitation could explain the short-lived nature of the flux increase observed in the
250 ms pitch angle distribution.

Although the rapid flux variations might be caused by the instrumental issue, the distribution of CV}, and
CV,, in the energy and pitch angle domain, which are shown in Figs. 6a and 6b, respectively, gives a clue to
consider the electron acceleration and pitch angle scattering through the wave-particle interaction. The
resonance curves shown in Figs. 2a and 2b are also overlayed in Figs. 6a and 6b. Paying attention to the regions
bounded by the resonance curves of 0.5 f_, and 0.66 f_, the large difference between CV, and CV, only appears
along the resonance curves of the upper-cutoff frequency in 20.5 keV and 24.5 keV channels. In the region of the
large CV compared to CV/, the flux variations cannot be explained by the random fluctuation, suggesting the
presence of physical processes causing the high temporal flux variations in the large CV/; region. The localized
enhancements of CV; imply that electrons are intermittently and selectively transported into the higher energy
and pitch angle range. The selective transport of electrons toward higher energy and pitch angle is like the
behavior of electron transport by nonlinear phase-trapping®***. It should be noted that complicated behavior of
nonlinearly resonant electrons is possible under wave amplitude modulations***2, which may contribute to the
significant flux variations causing large CV,, compared to CV,

The analysis of the statistical parameters CV;and CV, can be performed using a dataset obtained by particle
detectors which uses the measurement principle similar to MEP-e. Not only electron data but also ion data
obtained by other satellite missions such as Cluster, THEMIS, and Van Allen Probes would be used to investigate
rapid flux variations caused by some physical mechanisms using the technique shown in this study.

In summary, this study offers new insights into nonlinear wave-particle interactions through the unique
analysis technique of electron observation, suggesting that nonlinear acceleration by chorus waves is significant
in the Earth’s inner magnetosphere. The substantial flux increase during brief intervals supports the occurrence
of nonlinear electron acceleration by the upper-band chorus waves. The analysis technique introduced in this
study could be applied to other particle instruments to investigate rapid particle flux change associated with
plasma wave activity. Additionally, applying this analysis to the test particle simulations of Saito et al.*® could
validate the interpretation presented here, which is proposed as an avenue for future research.

Data availability

The science data of the ERG (Arase) satellite used in this study were obtained from the ERG Science Center
operated by ISAS/JAXA and ISEE/Nagoya University (https://ergsc.isee.nagoya-u.ac.jp/index.shtml.en)®.
The MEP-e Level 2 v1.01°° and MGF Level 2 v3.04%7 data were analyzed to generate the energy-time spectro-
gram and pitch angle distributions. The PWE/OFA-SPEC Level 2 v2.03%® data were used to show the frequen-
cy-time spectrograms of the electromagnetic fields. We also used the Level 2 v04 definitive orbit data of the
Arase satellite®®.

Code availability

The Space Physics Environment Data Analysis Software (SPEDAS) software package®, including ERG plug-in
tools (https://ergsc.isee.nagoya-u.ac.jp/erg_socware/erg_plugin/), is publicly available at http://themis.ssl.berke
ley.edu/software.shtml and can be used without any restrictions.
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