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Abstract

Inner magnetospheric electrons are precipitated into the ionosphere via pitch-angle (PA) scattering by lower band chorus (LBC),
upper band chorus (UBC), and electrostatic electron cyclotron harmonic (ECH) waves at different magnetic latitudes. The PA
scattering efficiency of low-energy electrons (0.1-10 keV) is yet to be investigated via in situ observations because of difficulties
in flux measurements inside loss cones at the magnetosphere. In this study, we demonstrate that LBC, UBC, and ECH waves
contribute to PA scattering of electrons at different energies using the Arase (ERG) satellite observation data and successively
detected the loss cone filling, i.e., strong diffusion. For LBC waves, strong diffusion occurred at energies above ~1 keV, whereas
it occurred below "1 keV for UBC and ECH waves. The occurrence rate of the strong diffusion by high-amplitude LBC (>50
pT), UBC (>20 pT), and ECH (>10 mV/m) waves, respectively, reached ~70%, 20%, and 40% higher than that without
simultaneous wave activity. The energy range where the occurrence rate was high agreed with the range where the PA diffusion

rate of each wave exceeded the strong diffusion level based on the quasilinear theory.
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Key Points:

e The pitch-angle scattering efficiencies of low-energy electrons by chorus
and electrostatic electron cyclotron harmonic (ECH) waves are statistically
investigated via in situ observations.

e Lower band chorus waves scatter electrons into a loss cone at energies
above ~1 keV.

e Upper band chorus and ECH waves scatter electrons into a loss cone at
energies below ~1 keV.

Abstract

Inner-magnetospheric electrons are precipitated into the ionosphere via pitch-
angle (PA) scattering by lower band chorus (LBC), upper band chorus (UBC),
and electrostatic electron cyclotron harmonic (ECH) waves at different mag-
netic latitudes. The PA scattering efficiency of low-energy electrons (0.1-10
keV) is yet to be investigated via in situ observations because of difficulties in
flux measurements inside loss cones at the magnetosphere. In this study, we
demonstrate that LBC, UBC, and ECH waves contribute to PA scattering of
electrons at different energies using the Arase (ERG) satellite observation data
and successively detected the loss cone filling, i.e., strong diffusion. For LBC
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waves, strong diffusion occurred at energies above ~1 keV, whereas it occurred
below ~1 keV for UBC and ECH waves. The occurrence rate of the strong diffu-
sion by high-amplitude LBC (>50 pT), UBC (>20 pT), and ECH (>10 mV/m)
waves, respectively, reached ~70%, 20%, and 40% higher than that without si-
multaneous wave activity. The energy range where the occurrence rate was high
agreed with the range where the PA diffusion rate of each wave exceeded the
strong diffusion level based on the quasilinear theory.

1 Introduction

In Earth’s magnetospheric equatorial region, various plasma waves are excited
through wave—particle interactions. Whistler-mode chorus waves and electro-
static electron cyclotron harmonic (ECH) waves precipitate magnetospheric elec-
trons into the ionosphere using cyclotron resonance. Lower band chorus (LBC)
waves can resonate with electrons of energy ranging from a few keV to a few
MeV and contribute to cause diffuse and pulsating auroras (e.g., S. Kasahara,
Miyoshi, et al., 2018; Kazama et al., 2018; Miyoshi et al., 2010, 2020; Miyoshi,
Oyama, et al., 2015; Miyoshi, Saito, et al., 2015; Nishimura et al., 2010). Tt
was suggested that relativistic electron precipitation by LBC waves could yield
significant production of odd hydrogen and nitrogen, followed by catalytic re-
actions that destroy ozone (Miyoshi et al., 2021; Tesema et al., 2020; Turunen
et al., 2016). Moreover, upper band chorus (UBC) and ECH waves can res-
onate with electrons of energy ranging from a few hundred eV to a few keV
and contribute to cause diffuse and pulsating auroras and electron density en-
hancements in the ionospheric lower F region (Fukizawa et al., 2018, 2020, 2021;
Horne et al., 2003; Liang et al., 2010; Miyoshi, Saito, et al., 2015). It was also
theoretically suggested that ECH waves could fill a loss cone, called strong dif-
fusion (e.g., Lyons, 1974), in the energy range of a few hundred eV (Horne et al.,
2003; Horne & Thorne, 2000; Lyons, 1974; Tripathi et al., 2011) and contribute
to ~10%—20% of the total electron energy precipitation flux due to ECH, LBC,
and UBC waves (Khazanov et al., 2015; Tao et al., 2011; Thorne et al., 2010;
Tripathi et al., 2013). However, the pitch-angle (PA) scattering efficiencies of
low-energy electrons (0.1-10 keV) by each wave have not been investigated via
in situ observations due to the measurement difficulty of electron fluxes inside
loss cones at the magnetosphere.

Although a loss cone is usually too small to be resolved in conventional electron
measurements in the magnetosphere, the advent of the Arase (ERG) satellite
(Miyoshi, Shinohara, Takashima, et al., 2018) has enabled direct evaluation of
loss cone electron fluxes, with an advantage of the relatively high angular resolu-
tion of low-energy and energetic electron instruments. S. Kasahara et al. (2019)
reported that the strong diffusion of high-energy electrons (10-100 keV) by LBC
waves commonly occurs using in situ observation data obtained using medium-
energy particle experiments-electron analyzer (S. Kasahara, Yokota, et al., 2018)
onboard the Arase satellite. In this study, we demonstrate that the strong
diffusion of low-energy electrons associated with LBC, UBC, and ECH waves
is commonly observed in the magnetospheric equatorial region using electron



data obtained from low-energy particle experiments-electron analyzer (LEPe)
(Kazama et al., 2017), wave data obtained from the plasma wave experiment
(PWE) /onboard frequency analyzer (OFA) instrument (Kasaba et al., 2017; Y.
Kasahara, Kasaba, et al., 2018; Matsuda et al., 2018; Ozaki et al., 2018), elec-
tron density data from PWE /high-frequency analyzer (HFA) (Kumamoto et al.,
2018), and magnetic field data from magnetic field experiments (MGF') onboard
the Arase satellite (Matsuoka, Teramoto, Nomura, et al., 2018).

2 Observations and Analyses
2.1 A Case Study

Figure 1 depicts a typical example of wave and electron observation data ob-
tained with the Arase satellite. The Roederer’s L-parameter L*, magnetic local
time (MLT), and magnetic latitude (MLAT) of the Arase satellite are shown as
labels in Figure 1. The value of L* was derived for a 90° PA using the TS04
model (Tsyganenko & Sitnov, 2005). The Arase satellite crossed the magnetic
equator from the southern hemisphere to the northern hemisphere at 23:43 UT
for this event. During this event, the Kp index was 6+, 4, and 5+ for 18:00—
21:00 UT on March 27, 2017, 21:00-24:00 UT on March 27, 2017, and 0:00-3:00
UT on March 28, 2017, respectively. The Dst index indicated that this event
occurred during the recovery phase of storm (not shown).

Figures 1la and 1b show the power spectral density of wave electric and mag-
netic fields, respectively. To identify LBC, UBC, and ECH waves, black lines
indicate 0.1f ., 0.5f.,, and an integer multiple of f_, from bottom to top in pan-
els, where f_, is the electron cyclotron frequency at the magnetic equator. f.,
was calculated from the equatorial magnetic field intensity traced by the TS04
model. When the traced magnetic field was larger than the local magnetic field
observed by MGF at the magnetic equator, the local one was used to calculate
fee- Figures 1c, 1d, and le depict the amplitudes of the ECH, UBC, and LBC
waves in the frequency bands of 1.00-2.00f.,, 0.50-0.90f., and 0.10-0.45f,,
respectively. During this event, ECH and UBC waves were observed near the
magnetic equator (MLAT from —1° to 3° and MLAT from —3° to 8°). Moreover,
LBC waves were observed from the magnetic equator to the off-equator (MLAT
from —20° to 15°). The LBC wave amplitude was larger at the off-equator than
near the magnetic equator, whereas the ECH and UBC wave amplitudes were
larger near the magnetic equator.

Figures 1f and 1g depict differential fluxes inside the loss cone (PA ranges of 0°—
5° and 175°-180°) electrons, whereas Figures 1h and 1i show differential fluxes
averaged in PA of 5°-90° and 90°-175°. Figures 1j and 1k show the loss cone fill-
ing ratios for parallel and antiparallel electrons, defined as j(0°-5°) / {j(5°~90°))
and j(175°-180°) / (5(90°—175°)), respectively, where j is the energy flux of elec-
trons. The cyclotron resonance energies of chorus waves (Kennel & Petschek,
1966) with frequencies of 0.3f.,, 0.5f.., and 0.7 f., are shown by the black solid
lines from top to bottom in Figures 1f~1k. The cyclotron resonance energies of
ECH waves with frequencies of 1.2f,, and 1.8f_, are shown by the black dashed



lines from bottom to top in Figures 1f-—1k. The cyclotron resonance velocities
of ECH waves were derived using wave frequency and wavenumber estimated
from the dispersion relation. The dispersion relation was solved with Kyoto
University Plasma Dispersion Analysis Package (KUPDAP; Sugiyama et al.,
2015). It was assumed that electrons comprised cold and hot components (1
eV and 1 keV, respectively). The cold and hot components were, respectively,
Maxwellian and subtracted Maxwellian distributions (e.g., Ashour-Abdalla &
Kennel, 1978; Horne, 1989) with loss cone depth and width of A = 5 and 5 =
0.02 and 89.5° wave normal angle (Horne & Thorne, 2000). We calculated the
cyclotron resonance energies of ECH waves for five typical electron densities (1,
5, 10, 50, and 100 cm~3); one of them, which was the nearest to the electron den-
sity derived from the upper hybrid resonance frequency observed by HFA (not
shown), is shown in Figures 1f~1k. It was assumed that the cold electron density
was two orders of amplitude larger than the hot electron density (cf., Kazama
et al., 2018) and that the background magnetic field was 100 nT. The loss cone
filling ratio enhancement at energies from the cyclotron resonance energies of
0.3fce, 0.5f0, and 1.2f . to those of 0.5f,., 0.7f., and 1.8f.,, respectively, are
correspondingly attributable to LBC, UBC, and ECH waves.

Both parallel and antiparallel loss cone fluxes (Figures 1f and 1g) and filling
ratios (Figures 1j and 1k) in the cyclotron resonance energies of UBC and ECH
waves were enhanced with high-amplitude ECH and UBC waves near the mag-
netic equator (MLAT from —4° to 2°) from 23:10 to 00:00 UT. In addition,
those in the cyclotron resonance energies of LBC waves are enhanced with high-
amplitude LBC waves from the magnetic equator to the off-equator (MLAT =
—10° to —2.5°) from 22:00 to 23:20 UT. These enhancements were expected to
be due to PA scattering with each wave.

Notably, the loss cone filling ratios in the cyclotron resonance energies of UBC
and ECH waves from 22:00 to 22:20 UT were enhanced without enhancements of
UBC and ECH wave amplitudes. It was expected that these enhancements were
due to PA scattering with UBC or ECH waves propagated from the different
magnetic field lines (Horne et al., 2003) because the differential flux at PA =
90° was not enhanced (Figures 1h and 1i).

In addition, the loss cone filling ratios exceeded 1 from 20:00 to 21:50 UT (Fig-
ures 1j and 1k). The differential flux of 180-eV electrons is shown in Figure
11. Electron beams were observed during these excessive enhancements. These
beams would not be due to the PA scattering by plasma waves. Therefore,
electron data where the loss cone filling ratio exceeds 1 should be excluded in
the following statistical analyses because our focus is on the PA scattering by
various plasma waves.

2.2 Statistical Analyses

To obtain a statistical view for the strong electron scattering by LBC, UBC,
and ECH waves, we analyzed a dataset of waves and electrons obtained with
the Arase satellite from March 24, 2017 to August 31, 2020. The Arase satellite



has started the nominal observations since March 24, 2017 after commissioning
phase operations. The number of data sampling in the L*-MLAT plane are
shown in Figure 2g. One sample corresponds to one satellite spin (~8 s) for
this plot. To select typical- to high-amplitude wave events from the dataset,
we set the threshold amplitude for LBC, UBC, and ECH waves in the 0.10—
0.45f .., 0.50-0.90f ., and 1.00-2.00f,, frequency bands to 3 pT, 3 pT, and 0.1
mV /m, respectively. LBC, UBC, and ECH wave distributions that exceeded
each threshold amplitude are shown in Figures 2a—2c. A moving average is
calculated for each wave amplitude with a 1-min time window. Active LBC
waves were frequently observed from the magnetic equator to the off-equator,
whereas active UBC and ECH waves were frequently observed near the magnetic
equator. It is not easy to investigate the one-to-one correspondence between the
loss cone filling ratio and individual wave amplitude because these waves are
often observed simultaneously as seen in Figures la—1le.

We selected the dataset when the wave amplitude of interest was higher than the
threshold amplitude and the other two wave amplitudes were smaller. Figures
2d—2f show occurrence rates of LBC waves excluding UBC and ECH waves,
UBC waves excluding LBC and ECH waves, and ECH waves excluding LBC
and UBC waves in the L*~MLAT plane. The definition of the occurrence rate
is shown in Figure 2.

The cyclotron resonance energy of LBC waves increased as LBC waves propa-
gated to higher MLAT from the magnetic equator, and the energy reached a
few MeV (Miyoshi et al., 2020; Miyoshi, Oyama, et al., 2015) while the upper
limit energy of LEPe observations was ~20 keV. In addition, the loss cone filling
ratios observed at the off-equator included the effect of PA scattering near the
magnetic equator. Therefore, we used the dataset obtained near the magnetic
equator (MLAT < 5°).

To remove the dataset possibly related to the plasma sheet phenomena, we
discarded the dataset if the angle between the background magnetic field and
the model dipole field was >30° (cf., S. Kasahara et al., 2019). In addition, we
only used the dataset obtained outside the plasmapause (L* > 4 and the electron
density < 30 ecm™3) to exclude the contribution from the plasmaspheric hiss.
Visual inspection confirmed that this threshold successfully removed whistler
hiss, without significant omission of chorus activities. Finally, we did not use
the wave data 1 min before and after calibration pulses of the PWE instrument
(Matsuda et al., 2018) and the electron data during commissioning operations.

Examples of extracted data of wave amplitudes and loss cone filling ratios are
shown in Figure 3 as scatter plots of LBC, UBC, and ECH wave amplitudes ver-
sus the loss cone filling ratios of 0.11-, 2.6-, and 19-keV electrons in logarithmic
scales. Scatter plots for electrons of all energy are shown in Figures S1-S3. To
exclude the contribution from electron beams, we excluded the dataset when
the loss cone filling ratios exceeded 1 and the wave amplitudes were less than
3 pT, 3 pT, and 0.1 mV/m for LBC, UBC, and ECH waves, respectively. Red
filled and open circles show median values of loss cone filling ratios obtained



with amplitude intervals of the logarithms of 0.1 pT, 0.05 pT, and 0.2 mV/m
for LBC, UBC, and ECH waves, respectively. Red open circles show the median
value where the amount of data used to calculate the median value is 1% of
the total amount of data. To quantify the contribution of the PA scattering by
each wave, we estimated the slope of the regression line determined by the least
square method using the red filled circles. The slope, s, and its uncertainty, o,
are shown at the top of each panel in Figure 3. In addition, to confirm the ac-
curacy of the contribution estimation, we calculated Kendall’s rank correlation
coefficients, 7, and the two-sided significance of its deviation from zero, p, using
the red filled circles. They are also shown at the top of each panel in Figure 3.

The estimated slopes and correlation coefficients for all energies are shown in
Figure 4. The LBC wave has a positive slope with a statistically significant
correlation coefficient at energies above ~2 keV, whereas the ECH wave has a
smaller positive slope with a statistically significant correlation coefficient at
energies below ~2 keV. These energy ranges agreed with the typical cyclotron
resonance energy range of each wave mode. The UBC wave has a positive slope
with a statistically significant correlation coefficient at energies of 0.4 and 5 keV.
In the energy range higher than a few keV, the influence of LBC waves has not
been eliminated because it is higher than the typical cyclotron resonance energy
of UBC waves.

To investigate how often the strong diffusion occurs by LBC, UBC, and ECH
waves, we also calculated occurrence rates using the same extracted dataset.
Figure 5a shows the occurrence rates of strong diffusion with typical-amplitude
LBC, UBC, and ECH waves and without wave activity. The occurrence rates
of strong diffusion with LBC, UBC, and ECH waves were calculated using n(r

> 0.5, 10 pT =< By < 50 pT, Byge << 3 pT, and Epcy << 0.1 mV/m) /
n, n(r > 0.5, Bygg < 3 pT, 10 pT =<= Bype << 20 pT, and Epgy << 0.1
mV/m) / n, and n(r > 0.5, Bipc < 3 pT, Bype << 3 pT, and 1 mV/m =<=

Egon =< 10 mV/m) / n, respectively, where r is the loss cone filling ratio. The
occurrence rate of strong diffusion without wave activity is defined to be n(r

> 0.5, Bipe < 3 pT, Bygc =< 3 pT, and Egycy << 0.1 mV/m) /n and is
labeled as “No wave” in Figures 5a and 5b. The loss cone is not empty, even
if the simultaneous wave activity is not observed, especially at lower energies
(< ~1 keV), attributable to the effect of PA scattering at different MLATSs on
the same magnetic field line or effect of backscattered electrons. Therefore, the
contribution for the strong diffusion by wave activity can be seen by comparing
the occurrence rate with each wave activity and that without wave activity. At
energies above 1 keV, the occurrence rate by LBC waves was the highest of the
three waves and ~10%-30% higher than those without wave activity. Meanwhile,
at energies below 1 keV, the occurrence rate by UBC waves was highest and
~10%—20% higher than those without wave activity.

Figure 5b shows the occurrence rate of strong diffusion by higher-amplitude



waves. The occurrence rate was calculated using the threshold value of wave
amplitude shown at the top of Figure 5b. At energies above 1 keV, the occur-
rence rate by higher-amplitude LBC waves (Figure 5b) was higher than that
by lower-amplitude LBC waves (Figure 5a) and ~40%-70% higher than that
without simultaneous wave activity. At energies below 1 keV, the occurrence
rate by ECH waves was the highest of the three waves and ~20%-40% higher
than that without simultaneous wave activity. These results indicate that the
contribution to the strong diffusion by ECH waves is dominant among the three

waves when the wave amplitude is high (Z>10 mV/m).

To examine the energy range where each wave can fully fill the loss cone, we
calculated the bounce-averaged PA diffusion coefficient (D ) at PA = 2.5° and
L = 6 as a function of energy and compared it with the strong diffusion level
(Horne & Thorne, 2000). The bounce-averaged first-order cyclotron resonance
diffusion coefficient was calculated based on the method in Shprits et al. (2006)
for parallel propagating LBC and UBC waves. The bounce-averaged first- to
tenth-order cyclotron resonance and Landau resonance diffusion coefficients were
calculated based on Horne and Thorne (2000) for ECH waves. The contribution
from the first- and second-order cyclotron resonance was dominant for ECH
waves (not shown). The power spectral density was assumed to be Gaussian
centered at f,, = 0.35f., and f,, = 0.65f., for LBC and UBC waves, respectively,
with a standard deviation (bandwidth) f = 0.15f., / v/2 and bounded by upper

(foa + 2\/5'\-'E f) and lower (f, — 2 \/5\@ f) cutoffs, resembling typical LBC
and UBC in the same manner as Shprits et al. (2006). The LBC and UBC wave
amplitudes were assumed to be spatially uniform at MLAT 10° and set to zero
at MLAT > 10°. Because there was a large ambiguity of the electron density in
our observations outside the plasmapause, we calculated for two density values
(ng = 1 and 5 cm™3; cf. Sheeley et al., 2001). The peak frequency of the wave
spectrum for ECH waves was assumed to be 1.5f,, and the peak wavenumber
was obtained by solving the dispersion relation using KUPDAP. The electron
distributions explained in Subsection 2.1 were used. Only the total electron
density was changed to n, = 1 and 5 cm™3. We assumed the wave growth was
centered at a propagation angle of ¥ = 89.5° and an angular width of Ay =
0.5° (Horne & Thorne, 2000). The ECH wave amplitude was assumed to be
spatially uniform at MLAT 3° and set to zero at MLAT > 3° (Gough et al.,
1979; Meredith et al., 2009; Ni et al., 2017).

Figures 5c¢ and 5d show calculated (D ) for ny = 1 and 5 cm™3, respectively.

The energy ranges where the calculated (D ) exceeded the strong diffusion level
were almost consistent with those where the occurrence rates of strong diffusion
were high for each wave. Notably, the occurrence rate of strong diffusion by LBC
waves at energies below 1 keV was larger than those without simultaneous wave
activity (Figures 5a and 5b). However, these energies were smaller than the
typical cyclotron resonance energy of LBC waves, and the diffusion coefficient
was smaller than the strong diffusion limit in these energies (Figures 5c¢ and



5d). Although we excluded wave data that have typical-amplitude UBC and
ECH waves in calculating the occurrence rates for LBC waves, UBC and ECH
waves were often observed before and after LBC waves (Figures la—le). The
high occurrence rates by LBC waves in the low-energy range could be due to
the PA scattering by UBC and ECH waves at different MLAT on the same field
line.

In addition, the occurrence rate of strong diffusion with UBC waves was higher
than that without simultaneous wave activity at energies above a few keV (Fig-
ures 5a and 5b), but the PA diffusion coefficient did not exceed the strong
diffusion limit in these energies (Figures 5¢ and 5d). If we change the threshold
value of wave amplitude to exclude ECH waves stricter from 0.1 to 0.01 mV/m,
the occurrence rate with UBC waves in these energies becomes smaller than
that without simultaneous wave activity (not shown), implying that the strong
diffusion at energies above a few keV is not due to UBC waves.

3 Summary and Discussion

In this study, we revealed energy ranges where LBC, UBC, and ECH waves
contribute to scattering electrons into loss cones based on in situ observations by
LEPe and OFA onboard the Arase satellite. Based on the event study, we found
that the loss cone filling ratios were enhanced in the cyclotron resonance energy
ranges of LBC, UBC, and ECH waves with corresponding wave enhancements.
As a result of the statistical analyses of wave and electron data obtained with the
Arase satellite, the slopes of regression lines for wave amplitudes versus loss cone
filling ratios were positive, and the correlation coeflicients between them were
statistically significant at energies above ~2 keV for LBC waves, at an energy
of ~0.4 keV for UBC waves, and at energies below ~2 keV for ECH waves. The
strong PA scattering commonly occurred in almost the same energy range for
each wave. These energy ranges agreed with the energy ranges that PA diffusion
coefficients exceeded the strong diffusion level based on the quasilinear theory.

Previous studies have shown that the contribution of ECH waves for strong
diffusion is relatively small compared with LBC and UBC waves (Khazanov et
al., 2015; Tao et al., 2011; Thorne et al., 2010; Tripathi et al., 2013). Recently,
Kazama et al. (2021) identified that both LBC and UBC waves contribute
to the electron PA scattering near the equator via Arase observations. On
the othr hand, the PA scattering of keV electrons into a loss cone by ECH
waves had been reported using ground-based all-sky imager and Arase satellite
observations (Fukizawa et al., 2018, 2020). Although these previous studies are
based on event studies, our study is based on the statistical analyses of the
data obtained with the relatively high-angular resolution electron instrument
onboard the Arase satellite. Our statistical analyses indicated that LBC waves
commonly scattered electrons of energies above a few keV into loss cones near
the inner magnetospheric magnetic equator (L* = 4-6 and MLAT < 5°) and put
electrons on strong diffusion. In addition, we showed that ECH waves scatter
electrons into the loss cone at energies below ~1 keV and put ~0.1-keV electrons
on strong diffusion with an occurrence rate of ~80%. Therefore, PA scattering



by ECH waves contributes to loss of plasma sheet electrons as well as emissions
of the diffuse aurora in the inner magnetosphere.
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Figure 1. Summary plot of wave and particle data obtained with Arase from
20:00 UT on March 27, 2017 to 2:00 UT on March 28, 2017. Frequency-time
spectrograms for the (a) wave electric field and (b) wave magnetic field. Black
lines indicate 0.1f.., 0.5 f.., and integer multiple of f., from bottom to top.
(c, d, and e) ECH, UBC, and LBC wave amplitudes in 1.00-2.00f,,, 0.50—
0.90f ., and 0.10-0.45f., frequency bands, respectively. Differential fluxes of

loss cone electrons ((f) PA ranges of 0°°-5° and (g) 175°°-180°) and averaged

bouncing electrons ((h) PA ranges of 5°°-90° and (i) 175°07180°) in the unit
of eV/s/cm?/sr/eV. (j and k) Ratios of parallel flux j(0°~5°) / (j(5°~90°)) and
antiparallel flux j(175°-180°) / (j(90°—175°)), respectively. Black solid lines
denote CR energies of chorus waves with frequencies of 0.3f .., 0.5f.,, and 0.7f
from top to bottom. Black dashed lines denote CR energies of ECH waves with
frequencies of 1.2f,, and 1.8 f_, from bottom to top. (1) PA distribution of 180
eV electrons.

Figure 2. Occurrence rates of active (a) LBC waves, (b) UBC waves, (¢) ECH
waves, (d) LBC waves excluding UBC and ECH waves, (¢) UBC waves excluding
LBC and ECH waves, and (f) ECH waves excluding LBC and UBC waves in the
L*-MLAT plane. The definition of the occurrence rate is given, where By ¢ and
Bypc is the wave magnetic field of LBC and UBC waves, respectively, Epcyy is
the wave electric field of ECH waves, and n is (g) the sampling number.

Figure 3. Scatter plots of the LBC, UBC, and ECH amplitudes in logarithmic
scales versus the loss cone filling ratios of 0.8-, 5-, and 16-keV electrons (black
diamonds). Red filled and open circles show median values of loss cone filling
ratios obtained with amplitude intervals of the logarithms of 0.1 pT, 0.05 pT,
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and 0.2 mV/m for LBC, UBC, and ECH waves, respectively. Red open circles
show the median value where the amount of data is 1% of the total amount of
data. Red lines show regression lines determined by the least square method.
The slope of a regression line, s, and its uncertainty, o, as well as Kendall’s rank
correlation coefficient, , and the two-sided significance of its deviation from
zero, p, are shown at the top of each panel. They were calculated using only
red filled circles.

Figure 4. Energy dependence of (a) slopes of regression lines and (b) Kendall’s
rank correlation coefficients between loss cone filling ratios and LBC (black
circles), UBC (blue squares), and ECH (red diamonds) wave amplitudes. Error
bars in Figure 4a indicate the 20 level. Filled and open symbols in Figure 4b

indicate p < 0.05 and p == 0.05, respectively.

Figure 5. Energy dependence of occurrence rates of strong diffusion by (a)
typical- and (b) high-amplitude LBC (black circles), UBC (blue squares), and
ECH (red diamonds) waves. Amplitude ranges are shown at the top of each
panel. Green shows occurrence rates of strong diffusion without simultaneous

wave activity. Bounce-averaged PA diffusion coefficients ((D )":D tm)) of LBC
(black), UBC (blue), and ECH waves (red) as a function of the electron energy
for the electron density of (¢) 1 ecm™3 and (d) 5 em™2. The upper and lower

ends of the bands, respectively, represent (D ><Daa) for 10 and 100 pT (LBC),
10 and 30 pT (UBC), and 1 and 10 mV/m (ECH). The dashed line indicates
the strong diffusion level.
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