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Abstract Electrostatic Cyclotron Harmonic (ECH) waves have been considered a potential cause of pitch
angle scattering of electrons in the energy range from a few hundred eV to tens of keV. Theoretical studies have
suggested that scattering by ECH waves is enhanced at lower pitch angles near the loss cone. Due to the
insufficient angular resolution of particle detectors, it has been a great challenge to reveal ECH-driven scattering
based on electron measurements. This study reports on variations in electron pitch angle distributions associated
with ECH wave activity observed by the Arase satellite. The variation is characterized by a decrease in fluxes
near the loss cone, and energy and pitch angle dependence of the flux decrease is consistent with the region of
enhanced pitch angle scattering rates predicted by the quasi-linear diffusion theory. This study provides direct
evidence for energy-pitch angle dependence of pitch angle scattering driven by ECH waves.

Plain Language Summary Near-Earth space is surrounded by the ionized gas so-called “plasma,”
which is trapped by the Earth's intrinsic magnetic field, forming the magnetosphere of the Earth. A variety of
waves are present in the plasma, and interaction between plasma and waves results in acceleration, transport,
and loss of plasma in the Earth's magnetosphere. Electrostatic Cyclotron Harmonic (ECH) waves are one of the
intense waves present in the magnetosphere. The waves are one candidate causing electron heating and loss of
electrons in that region. Theoretical studies suggest that ECH waves contribute to a change in electron pitch
angle, the angle between the velocity vector of electrons and the magnetic field, in the energy range from a few
hundred electron volts to several tens of kilo-electron-volts. This process causes electron precipitation into the
Earth's atmosphere, resulting in permanent loss of electrons from the magnetosphere. Here, based on the
observation by the Arase satellite together with a theoretical framework, we show the observational evidence
that ECH waves can cause significant pitch angle changes of electrons in the energy range of 7-20 keV. This
study strongly suggests that ECH waves contribute to electron dynamics in the inner magnetosphere through
wave-particle interactions.

1. Introduction

Electrostatic Cyclotron Harmonic (ECH) waves are electrostatic emissions observed in bands between the har-
monics of electron gyrofrequency f.. (e.g., Hubbard & Birmingham, 1978; Kennel et al., 1970; Meredith
etal., 2009). The waves appear outside the plasmapause and near the magnetic equator (e.g., Kazama et al., 2018;
Meredith et al., 2009). Theoretical studies suggest that ECH waves are excited by loss-cone distributions of
anisotropic hot electrons with cold plasma populations (Ashour-Abdalla & Kennel, 1978; Hubbard &
Birmingham, 1978).

The first report on ECH waves observed by OGO-5 showed that the ECH waves had large wave amplitudes,
typically between 1 and 10 mV/m, and the amplitude sometimes reached above 100 mV/m (Kennel et al., 1970).
Evaluation of electron pitch angle diffusion rates suggests that the ECH waves are capable of rapid pitch angle
scattering of a few keV electrons near the loss cone (Lyons, 1974) and indicated that ECH waves were responsible
for the formation of “pancake” distributions, which is characterized by highly anisotropic pitch angle distributions
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peaked at 90° (Wrenn et al., 1979). Belmont et al. (1983) subsequently showed that the amplitudes of ECH waves
observed by GEOS-2 rarely exceeded 1 mV/m. Horne and Thorne (2000) extensively evaluated pitch angle
diffusion rates by ECH waves and found that efficient pitch angle scattering was expected if the waves are present
in an appropriate frequency range. Recent modeling studies concluded that whistler mode waves rather than ECH
waves dominantly contribute to electron scattering in the velocity space in the inner magnetosphere because
scattering rates by whistler mode waves were at least an order of magnitude greater than those by ECH waves
(Thorne et al., 2010).

While scattering by ECH waves has been extensively investigated from the theoretical aspect, the theoretical
studies have yet to be followed well by observational studies. Meredith et al. (1999) examined whether ECH
waves and whistler mode waves could contribute to the formation of the “pancake” distributions using the
CRRES satellite data. They compared the velocity distribution functions to the diffusion curve of whistler mode
waves, which indicates a marginally stable state of velocity distribution functions after interactions between
electrons and whistler mode waves (Gendrin, 1981; Summers et al., 1998). They found that the shape of velocity
distribution functions was characterized well by the diffusion curve outside L = 6. In contrast, significant de-
viations of velocity distribution functions from the diffusion curves were identified inside L = 6. They suggested
that ECH waves are mainly responsible for the formation of the “pancake” distribution at the lower L-shell.

The analysis by Meredith et al. (1999) cannot distinguish the region where efficient pitch angle scattering by ECH
waves is operated since an overall shape of electron distribution functions is compared with the diffusion curve.
Kaurita et al. (2014) compared the shape of the velocity distribution functions with the diffusion curve in detail and
showed that the shape of velocity distribution functions deviated from the diffusion curve at a low pitch angle near
the loss cone (approximately below 20°) in association with enhanced ECH wave activity, suggesting that the
ECH waves scattered electrons at lower pitch angles near the loss cone. However, the energy and pitch angle
dependent electron pitch angle scattering, which is predicted by the quasi-linear diffusion theory, is not revealed
in Kurita et al. (2014).

These observational studies did not reveal the energy and pitch angle dependence of pitch angle scattering by
ECH waves expected from the theoretical studies, which may be related to the instrument performance such as
insufficient angular resolution and detection efficiency of electrons. It is possible that changes in electron pitch
angle distributions due to ECH waves is revealed by measurement of electrons with good energy-angular res-
olution and high detection efficiency to capture faint changes in electron velocity distribution functions caused by
wave-particle interactions. Medium Energy Particle experiments-electron analyzer (MEP-e, S. Kasahara, Yokota,
Mitani, et al., 2018) onboard the Arase satellite (Miyoshi, Shinohara, et al., 2018), which measures electrons in the
energy range from 7 to 87 keV, has a potential to accomplish the requirements. MEP-e measures electrons with
the angular resolution of 3.5° and has the electron detection efficiency close to unity (S. Kasahara, Yokota,
Mitani, et al., 2018). These features make it possible to observe electron fluxes inside the loss cone even in the
magnetic equator (S. Kasahara, Yokota, Hori, et al., 2018) and to reveal rapid change in electron pitch angle
distribution through interaction between electrons and chorus waves (Kurita et al., 2018).

Using the data obtained by MEP-e, Plasma Wave Experiment (Y. Kasahara, Kasaba, et al., 2018; Y. Kasahara,
Kojima, et al., 2018), and Magnetic field experiment (Matsuoka, Teramoto, Imajo, et al., 2018; Matsuoka,
Teramoto, Nomura, et al., 2018) onboard the Arase satellite, this paper reports on variation in electron fluxes
associated with localized ECH activity which shows the dependence of flux decrease on energy and pitch angle.
The dependence is consistent with quasi-linear pitch angle scattering rates by ECH waves.

2. Observation

The observation shown in this paper was made when the Arase satellite traversed its apogee and eventually
encountered an energetic electron injection near the magnetic equator on 27 March 2017. Figures 1a—1d show an
overview of plasma wave and electron data measured by PWE and MEP-e, respectively.

Figure la represents the frequency-time spectrogram of wave electric fields measured by High-Frequency
Analyzer (HFA, Kumamoto et al., 2018) covering the frequency range from 10 to 400 kHz. The narrow band
emission observed in the HFA frequency range (10-400 kHz) is the upper hybrid resonance (UHR) emission. The
highly variable UHR frequency corresponds to the density variation at the satellite location.
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Figure 1. (a) Frequency-time spectrogram of wave electric fields in the frequency range from 10 to 400 kHz measured by HFA. (b, ¢) Frequency-time spectrogram of
wave electric and magnetic fields in the frequency range from 0.1 to 20 kHz measured by OFA, respectively. (d) Energy-time spectrogram of electrons in the energy
range from 7 to 80 keV observed by MEP-e. (¢) Wave electric field power measured by OFA as a function of wave frequency normalized by the electron cyclotron
frequency at 03:10:00 UT. The timing is indicated by the vertical line in (a—d).

Figures 1b and 1c show frequency-time spectra of wave electric and magnetic fields in the frequency range from
0.1 to 20 kHz computed by Onboard Frequency Analyzer (OFA, Matsuda et al., 2018) using signals from the wire
probe antennas (Kasaba et al., 2017) and magnetic search coils (Ozaki et al., 2018), respectively. The local
electron cyclotron frequency, f,., is computed from the MGF measurement, and magenta lines in Figures 1b and
lcrepresent 0.1 0.5, 1, 1.5, and 2 times of f,.. Whistler-mode waves were observed below f, . after ~0240 UT, and
intense ECH waves appeared after ~0252 UT in bands between the harmonics of f,.. The highest frequency band
of the ECH waves varied in time, while the most intense wave power was located between f. and 2 f,.. These
wave activities were not strongly correlated with the density variations inferred from the UHR frequency
variation.

Figure 1d shows an energy-time spectrogram of spin-averaged electron fluxes measured by MEP-e in the energy
range from 7 to 80 keV. The MEP-e measurement indicates the electron flux enhancement with an energy-time
dispersed signature around 0240 UT. The beginning of enhanced wave activity was associated well with the
appearance of the energetic electron injections, indicating that the injected electrons would be responsible for the
excitation of the waves. However, the variation in electron fluxes was smooth compared to the plasma wave
intensity variation. It is difficult to investigate the signature of change in electron distribution functions from these
time-series plots.

The analysis reported in this paper focused on the time interval when intense ECH waves appeared with very
weak or no whistler mode wave activity around 0310 UT as indicated by the vertical line in Figures 1a—1d. The
wave electric field power on 0310 UT is shown in Figure le. The most intense ECH wave power during this
period is in the frequency range from 1 to 1.5 f,.. The bandwidth of this ECH wave is relatively broad compared to
ECH waves observed during the other periods, as seen in Figure 1b.

The magnified view of wave activities and electron pitch angle distributions are shown in Figure 2. Figure 2a
shows the frequency-time spectrogram of wave electric field power computed by PWE/OFA. Figures 2b—2j show
pitch angle distributions of electrons in the energy range from 7.0 to 29.3 keV observed by MEP-e. The pitch
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Figure 2. (a) Frequency-time spectrogram of wave electric fields computed by OFA. The five magenta lines represent 0.1,
0.5, 1, 1.5, and 2 times of electron cyclotron frequency, respectively. (b—j) Electron pitch angle distributions observed by
MEP-¢ in the energy range from 7.0 to 29.3 keV. The two vertical lines indicate the timing when the distributions shown in
Figure 3 are obtained.
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Figure 3. Electron fluxes as a function of local pitch angle and energy observed by MEP-e (a) before and (b) during the
enhancement of ECH wave activity. (¢) Flux difference between (a, b) in unit of % as a function of local pitch angle and
energy. The absolute flux difference is normalized by initial distribution. Negative values indicate decrease in electron fluxes
compared to (a).

angle distribution of 7.0 keV electrons shows the decrease in electron fluxes at low (<30°) pitch angles, which is
accompanied well by the appearance of the ECH waves. A significant decrease in electron fluxes at low pitch
angles can be seen in the electron energy range from 7.0 to 14.3 keV, while the flux depression at low pitch angles
is less evident for 17.1 and 20.5 keV electrons. The pitch angle distributions of 24.5 and 29.3 keV electrons do not
show clear changes associated with the enhanced ECH wave activity.

The electron distribution functions before and during the ECH wave activity are shown in Figures 3a and 3b. The
timings when these distributions are obtained are indicated by the vertical lines in Figure 2. Before the ECH wave
activity, when the distribution shown in Figure 3a is acquired, intense whistler-mode waves are intermittently
observed. We examined the variations in electron fluxes in the energy range from 7.0 to 29.3 keV integrated over
the pitch angle range of 5-30° to rule out the possibility that the absence of the whistler-mode wave activity results
in the observed change in the electron pitch angle distributions at low pitch angle range associated with the ECH
wave activity. We find that the correlation between the whistler-mode wave intensity and the 7.0-29.3 keV
electron fluxes is quite low (not shown), indicating that the distribution shown in Figure 3a can be assumed to be
the initial distribution before pitch angle scattering by the ECH waves operates, and that the observed change in
the pitch angle distribution associated with the ECH wave activity (Figure 3b) is dominated by pitch angle
scattering by the ECH waves rather than the absence of the whistler-mode wave activity. It is noted that this
analysis relies on the assumption that the whistler-mode wave activity does not significantly modify the electron
pitch angle distributions at the low pitch angle range during the time interval of interest. Even though we find the
low correlation between the whistler-mode wave activity and the electron flux in the pitch angle range of 5-30°, a
flux decrease would be caused by the sudden reduction of whistler-mode wave activity. Thus, the flux decrease
shown in Figure 3b might be overestimated if we assume that the flux decrease is purely caused by pitch angle
scattering due to the ECH waves.

The flux difference between the distributions is shown in Figure 3c to emphasize the change in the distributions in
association with the ECH wave activity. The flux difference is normalized by initial distribution, and the energy-
pitch angle bins with an average count above 10 are shown. Negative values in Figure 3c indicate the decrease in
electron fluxes compared to the initial distribution. The energy-pitch angle-dependent flux decrease can be seen
near the loss cone (pitch angle range of 0-30° and 150-180°) in the energy range below 20 keV. As the electron
energy increases above 20 keV, the decrease in fluxes near the loss cone is less evident. The region and flux
decrease dependency are consistent with enhanced pitch angle scattering rates predicted by quasi-linear diffusion
theory (e.g., Ni et al., 2012).
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3. Evaluation of Pitch Angle Scattering Rate From the Observed Pitch Angle
Distribution

The significant advantage of MEP-e is the fine angular resolution, which enables us to resolve electron fluxes
inside and outside the loss cone (S. Kasahara, Yokota, Hori, et al., 2018). Utilizing this angular resolution, it is
possible to evaluate pitch angle scattering rates near the loss cone by comparing the measured pitch angle dis-
tributions near the loss cone with theoretically derived ones.

Fokker-Planck equations for particle diffusion give the following equilibrium pitch angle distributions inside and
outside the loss cone (Kennel & Petschek, 1966; Theodoridis & Paolini, 1967)

_ s [o(*5)

Jin (aeq,inaE) - D* Z()Il (Z()) (1)
S(E) { I() (ZO) sin Teg,out
J JE) = 1 — 0, 2
out (aeq,out ) D* lZOI] (ZO) + In sin a() ( )

0]

where S(E) is the particle rate entering the loss cone, zy = N D* near the loss cone is approximately equal to
T

D* ~ Dy, (E)| X cos(ag), where D, (E)|
ficient at the equatorial loss cone @ = . Aeqin and Aeq oy are the equatorial electron pitch angles inside and

, 18 the bounce-averaged electron pitch angle diffusion coef-

a=ap a=a
outside the loss cone, respectively. E and 7 are the electron kinetic energy and the quarter of the electron bounce
period. I, and /; are the modified Bessel functions. As the electron pitch angle diffusion coefficient increases,
electron pitch angle distributions inside the loss cone become flat (Figure 1a of Li et al., 2013). It is possible to
evaluate the pitch angle diffusion coefficient near the loss cone by comparing the electron pitch angle distribution
near the loss cone measured by MEP-¢ with that derived from Equations 1 and 2 by varying D* with respect to the
strong diffusion limit Dgp, = ir (Kennel, 1969). We note that, to compare the MEP-e observation with the
theoretical one, the pitch angle distribution obtained from Equations 1 and 2 are convolved with the angular
response of MEP-e, which is characterized by the Gaussian distribution with a full-width-half maximum of 3.5°
(S. Kasahara, Yokota, Mitani, et al., 2018; S. Kasahara, Yokota, Hori, et al., 2018). We adjusted S(E) so that J
matches measured electron flux at aq o, = 13.5°.

Figure 4 shows the pitch angle distributions around the loss cone derived from the MEP-e measurement, averaged
over a 1.5-min (03:09:40-03:11:10 UT) and a 1-degree pitch angle interval. Black asterisk symbols and vertical
bars are the averaged electron flux and standard deviation, respectively. Small dots are individual measurements
of MEP-e for the 1.5-min interval. Color-coded dashed lines are the theoretical pitch angle distributions
(Equations 1 and 2), which are convolved with the angular response of MEP-e. We consider four levels of pitch
angle diffusion rates relative to the strong diffusion limit. For 7 keV electrons, the measured pitch angle distri-
bution is close to the theoretical one with D* = D, indicating that these electrons are expected to experience
intense pitch angle scattering at a rate close to the strong diffusion limit. For higher energy electrons (14.3 and
20.5 keV), the measured pitch angle distributions are close to theoretical ones, with the diffusion late lower than
the strong diffusion limit. These energy-dependent pitch angle diffusion rates evaluated from the pitch angle
distributions are qualitatively consistent with the theoretical prediction that the pitch angle diffusion rate of ECH
waves tends to be smaller for higher energy electrons.

4. Discussion and Summary

The importance of pitch angle scattering by ECH waves has been discussed for decades based on the survey of
ECH wave intensity (Kennel et al., 1970; Belmont et al., 1983; Meredith et al., 2009; Ni et al., 2011) and modeling
works using the quasi-linear diffusion theory (Lyons, 1974; Horne & Thorne, 2000; Ni et al., 2012). The modeling
works have led the discussion quantitatively by evaluating pitch angle scattering rates by ECH waves. A few
studies use electron measurements to investigate the effects of ECH waves on electron pitch angle scattering.
Meredith et al. (1999) and Kurita et al. (2014) used electron measurements to find the change in electron dis-
tribution functions associated with ECH wave activity. To figure out the slight change in electron distribution
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Figure 4. Electron pitch angle distributions around the loss cone obtained from the MEP-e measurement for three energy
channels and theoretically derived pitch angle distributions, which are convolved with the angular response of MEP-¢e to
reproduce the MEP-e measurement. Black asterisk symbols represent the averaged electron fluxes at every 1-degree interval,
computed from the individual measurement obtained for 1.5 min and denoted by the small symbols. Black vertical bars
indicate the standard deviation of the averaged flux. When the averaged electron flux is computed from the number of
individual measurements less than 4, the flux is denoted by the gray asterisk. Four theoretical pitch angle distributions with
different pitch angle diffusion rates D* are represented by the dashed lines with different colors. The vertical dotted line in
each figure represents the loss cone angle at the satellite location.

functions by ECH wave-driven scattering, these studies used the theoretical reference of the so-called diffusion
curve, which shows a marginally stable state after the interaction between electrons and waves (Gendrin, 1981;
Summers et al., 1998). However, these studies cannot address the energy and pitch angle-dependent pitch angle
scattering by ECH waves predicted by the quasi-linear diffusion theory. Fukizawa et al. (2020) performed an
event analysis of the correlation between the electron fluxes inside the loss cone and ECH wave intensity together
with the evaluation of the pitch angle diffusion rates by the ECH waves with several assumptions, suggesting that
the ECH waves are responsible for pitch angle scattering of electrons into the loss cone during the event. Sta-
tistical investigation of the loss cone filling by ECH waves is performed by Fukizawa et al. (2022), showing that
ECH waves have the potential to cause intense electron pitch angle scattering, which leads to filling the loss cone.
The investigation performed by Fukizawa et al. (2020, 2022) concentrated on whether ECH waves can scatter a
significant amount of electrons into the loss cone, while the change in the electron pitch angle distributions by
ECH waves is not clarified. This study unveils the change in electron pitch angle distributions accompanied by the
ECH wave activity, which depends on the energy and pitch angle. Furthermore, from the analysis of the electron
pitch angle distributions near the loss cone, we qualitatively show that pitch angle diffusion rates by the ECH
waves near the loss cone are energy-dependent.

It should be noted that intense ECH waves appear without any significant change in electron pitch angle dis-
tributions observed by MEP-e during the time interval shown in Figure 2. For example, the amplitude of the ECH
wave between f_, and 2 f_, ranges from 10 to 50 mV/m around 0310 UT, while the ECH wave in the same
frequency range around ~0312 UT has a wave amplitude exceeding 100 mV/m. The electric field measurement is
calibrated by considering the antenna impedance in a vacuum and the effective antenna length of ~15 m (Matsuda
etal., 2021). The comparison of the wave amplitude suggests that large amplitude ECH waves do not necessarily
contribute to efficient pitch angle scattering of tens keV electrons. The difference between these two ECH waves
is the wave frequency range and bandwidth. The frequency of the ECH wave that contributes to electron pitch
angle scattering lies between f,, and 1.5 f,.. The frequency bandwidth of the ECH wave is wider compared to ECH
waves during the other time interval. It is suggested that the frequency distribution of ECH wave power is an
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important controlling factor in causing efficient pitch angle scattering of energetic electrons through resonance
conditions with electrons.

It is now widely accepted that whistler mode chorus waves mainly contribute to the formation of the “pancake”
distributions of electrons in the energy range from several to a few tens of keV during their convective transport
from the magnetotail to the dayside magnetosphere (Tao et al., 2011; Thorne et al., 2010), which indicates that
overall shape of the distribution function is mainly determined by resonant interaction between the electrons and
whistler-mode chorus waves. On the other hand, as demonstrated observationally for the first time in this study,
the pitch angle scattering of electrons by ECH waves in the pitch angle range near the loss cone is energy
dependent. Detecting faint flux changes near the loss cone by particle instruments onboard past satellite missions
is challenging because of insufficient angular resolution and detection efficiency. Combining the high-quality
data set obtained by MEP-e and the pitch angle distribution predicted by the quasi-linear diffusion theory, the
electron pitch angle scattering rate by ECH waves near the loss cone can be evaluated experimentally and sta-
tistically. This analysis gives new insights into the contribution of ECH waves to electron dynamics through
wave-particle interactions, which is left to be our future work.

Data Availability Statement

The Science data of the ERG (Arase) satellite used in this study were obtained from the ERG Science Center
(Miyoshi, Hori, et al., 2018) 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 (S. Kasahara, Yokota, Hori, et al., 2018) and MGF Level 2
v03.04 data (Matsuoka, Teramoto, Imajo, et al., 2018) were analyzed to generate the energy-time spectrogram
and pitch angle distributions. The PWE/OFA-SPEC Level 2 v2.03 data (Y. Kasahara, Kojima, et al., 2018) was
used to show the frequency-time spectrograms of electromagnetic fields. We also used the Level 2 vO4 orbit data
of the Arase satellite (Miyoshi, Shinohara, & Jun, 2018). The analysis performed in this study was conducted by
using the SPEDAS software (http://themis.ssl.berkeley.edu/software.shtml, Angelopoulos et al., 2019) including
ERG plug-in tools (https://ergsc.isee.nagoya-u.ac.jp/erg_socware/erg_plugin/), which are publicly available and
can be used without any restrictions.
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