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Abstract

We performed a statistical study of electromagnetic ion cyclotron (EMIC) wave distributions and their coupling with energetic
protons in the inner magnetosphere using the Arase satellite data from May 2017 to December 2020. We investigated the
energetic proton pitch-angle distributions and partial thermal pressures associated with EMIC waves using inter-calibrated
proton data in the energy range of 30 eV/q-187 keV /q. With a cold plasma approximation, we computed the proton minimum
resonance energies using the observed EMIC wave frequency and plasma density values. We found that the EMIC waves had
left-handed polarization near the magnetic equator close to the threshold of proton cyclotron instability, and propagated to
higher latitudes along the field line with polarization reversal. H-EMIC waves showed two peak occurrence regions in the
morning and noon sectors at L=7.5-9 outside the plasmasphere. The flux enhancements associated with morning side H-EMIC
waves appeared at E<1 keV/q among all pitch angles, while H-EMIC waves in the noon sector exhibited flux enhancement in
field-aligned directions at E=1-100 keV/q. He-EMIC waves showed a broad occurrence region from 12 to 20 magnetic local time
at L=>5.5-8.5 inside the plasmasphere with strong flux enhancements at all pitch-angle ranges at E=1-100 keV/q. The proton
minimum resonance energy using the obtained central frequency was consistent with the observed flux enhancements at different
peak occurrence regions. We conclude that the free energy sources of EMIC waves in different geomagnetic environments drive

the two different types of EMIC waves, and they interact with energetic protons at different energy ranges.
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Key Points:

e H- (He-) EMIC waves are observed in the morning-noon (afternoon) sector outside (inside)
the plasmasphere.

e EMIC waves are generated at the magnetic equator near the threshold of proton cyclotron
instability and propagate to higher latitudes.

e The energy ranges of the observed proton pitch angle scatter differ in different occurrence
regions, and coincide with the resonance energy using the central EMIC wave frequency.
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Abstract

We performed a statistical study of electromagnetic ion cyclotron (EMIC) wave distributions and
their coupling with energetic protons in the inner magnetosphere using the Arase satellite data
from May 2017 to December 2020. We investigated the energetic proton pitch-angle distributions
and partial thermal pressures associated with EMIC waves using inter-calibrated proton data in the
energy range of 30 eV/g-187 keV/q. With a cold plasma approximation, we computed the proton
minimum resonance energies using the observed EMIC wave frequency and plasma density
values. We found that the EMIC waves had left-handed polarization near the magnetic equator
close to the threshold of proton cyclotron instability, and propagated to higher latitudes along the
field line with polarization reversal. H-EMIC waves showed two peak occurrence regions in the
morning and noon sectors at L = 7.5-9 outside the plasmasphere. The flux enhancements associated
with morning side H-EMIC waves appeared at E < 1 keV/q among all pitch angles, while H-EMIC
waves in the noon sector exhibited flux enhancement in field-aligned directions at E = 1-100
keV/q. He-EMIC waves showed a broad occurrence region from 12 to 20 magnetic local time at
L = 5.5-8.5 inside the plasmasphere with strong flux enhancements at all pitch-angle ranges at E
= 1-100 keV/q. The proton minimum resonance energy using the obtained central frequency was
consistent with the observed flux enhancements at different peak occurrence regions. We conclude
that the free energy sources of EMIC waves in different geomagnetic environments drive various
types of EMIC waves, and they interact with energetic protons at different energy ranges.

Plain Language Summary

Electromagnetic ion cyclotron (EMIC) waves are considered to play an important role in
controlling magnetospheric plasma dynamics. Specifically, EMIC wave-particle interactions can
cause the loss of energetic protons and relativistic electrons in the Earth’s magnetosphere, and the
scattered particles precipitate into the ionosphere, creating isolated proton auroras at sub-auroral
latitudes (55-65 geomagnetic latitudes). To understand the coupling of EMIC waves with energetic
protons in the inner magnetosphere, we performed a statistical study of proton distributions
associated with EMIC waves using a 4-year in-situ observation obtained by the Arase satellite. We
observed dawn-dusk asymmetric EMIC wave distributions depending on the wavebands. We also
found three significantly different regions of EMIC waves showing different characteristics. EMIC
waves were inferred to be generated near the magnetic equator and propagate to higher magnetic
latitudes along the field line. Furthermore, EMIC waves in different regions were proposed to
interact with energetic protons at different energy ranges. The Arase satellite observations used in
this study provided new insights into the dynamics of EMIC waves in the inner magnetosphere.
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1 Introduction

Earth’s magnetosphere consists of various plasma populations at varying energy and
plasma density conditions (Borovsky and Valdivia, 2018). The plasmasphere consists of the
densest (> 100/cm?®) and coldest (< 1 eV) plasma within the range of 1-4 Re. The ring current
region has a torus-like structure with the highest energy density in the inner magnetosphere
(Kanekal and Miyoshi, 2021). During disturbed geomagnetic conditions, energetic plasma is
transported from the magnetotail to the magnetosphere, contributing to various plasma
distributions in the inner magnetosphere. This causes different types of instabilities in the
generation of various plasma waves (e.g., Thorne, 2010; Miyoshi et al., 2018a).

Electromagnetic lon Cyclotron (EMIC) waves are one of the magnetospheric plasma waves
that play an important role in the loss of energetic protons and sub-relativistic, relativistic, and
ultra-relativistic electrons in the outer radiation belts due to pitch-angle scattering by wave-particle
interactions (Thorne, 2010; Kurita et al., 2018; Li and Hudson, 2019; Miyoshi et al., 2022). The
protons scattered by EMIC wave-particle interactions precipitate into the ionosphere, causing
isolated proton auroras (IPAS) at sub-auroral latitudes (55-65 geomagnetic latitudes) (Sakaguchi
et al., 2007; Ozaki et al., 2018, 2021) and relativistic electrons simultaneously precipitate inside
IPAs (Miyoshi et al., 2008; Shumko et al., 2022).

EMIC waves have left-handed (LH) polarizations near the wave source regions in the
frequency range below the proton gyrofrequency. Because of the existence of heavy ions, the
EMIC wave branch can be divided into three regimes in the dispersion relation: H-band EMIC
waves, hereafter referred to as H-EMIC waves, between the proton (f.;) and helium (f.5.)
gyrofrequencies; He-band EMIC waves, hereafter referred to as He-EMIC waves, between f.z,
and oxygen gyrofrequency (f.,); and O-EMIC waves below f., (e.g., Kozyra et al., 1984; Chen et
al., 2010).

An inverse relationship between the temperature anisotropy (T, ,,/T; ) and parallel proton
plasma beta (5, ,,) for the proton-electron system can be derived as:

Ty a

o 1+ i 1)
where the parameters a and b are obtained as functions of the ratio between the hot and cold proton
densities. Here, T, , and T), are the perpendicular and parallel components of the proton
temperature to the ambient magnetic field, 8, = 87mpT||,p/B§, where nyand B, are the proton
density and background magnetic field, respectively. Temperature anisotropy contributes to the
generation of EMIC waves (Conwall et al., 1970), and the proton distributions are modified to a
linear marginally stable state (i.e., relaxed state), by EMIC wave-particle interaction. Plasma
kinetic theory has shown the threshold conditions of ion cyclotron anisotropy instability as the
upper bound on the relaxed proton distribution (Gary & Lee, 1994, Blum et al., 2009). Several
satellite-based studies have suggested that this inverse relationship of EMIC waves can help
determine their generation conditions and used as a proxy for their existence (Blum et al., 2009;
Lin et al, 2014; Noh et al., 2018; Yue et al., 2019). However, the parameters a and b have not yet
been clearly established.

Over several decades, numerous studies have examined the spatial distribution of EMIC
waves in the magnetosphere using in-situ satellite observations (e.g., Allen et al., 2015, 2016;
Anderson et al., 1992a, 1992b; Halford et al., 2010; Jun et al., 2019a, 2019b, 2021; Keika et al.,
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2013; Kim et al., 2016b; Usanova et al., 2012; Matsuda et al., 2018a; Min et al., 2012; Meredith
et al., 2014; Nakamura et al., 2014; Park et al., 2016, 2017; Saikin et al., 2015; Vines et al., 2019;
Yue et al., 2019; Wang et al., 2015, 2017). These studies also demonstrated the relationship
between EMIC wave distributions and geomagnetic conditions. For example, Min et al. (2012)
reported that H- and He-EMIC waves are mainly observed at 10-12 Re in the morning sector and
at 8-12 Re in the afternoon sector, respectively, using Time History of Events and Macroscale
Interactions during Substorms (THEMIS) observations. Park et al. (2017) investigated the
relationship between the occurrence of EMIC waves and the interplanetary magnetic field (IMF)
using THEMIS observations and reported that H-EMIC waves have a peak occurrence region in
the dawn sector during the northward IMF Bz. EMIC waves become more frequent beyond the
geosynchronous orbit with an increase in the solar wind dynamic pressure on the dayside of the
magnetosphere (e.g., Usanova et al., 2012; Park et al., 2016). Using the Van Allen Probes
observations, Jun et al. (2019a, 2019b) reported that enhanced He-EMIC waves have the highest
occurrence rate in the afternoon sector inside the plasmasphere associated with energetic particle
injections. A recent study using Arase and Van Allen Probe observations (Jun et al., 2021) reported
that H-EMIC waves in the morning sector at L > 8 are predominant during quiet geomagnetic
conditions, while He-EMIC waves peak at L ~ 6-8 in the afternoon-dusk sector with strongly
enhanced wave power during the storm main phase.

Magnetospheric convection during active geomagnetic conditions transports energetic
protons in the energy range of 1-100 keV from the plasma sheet to the inner magnetosphere (e.g.,
Ebihara and Miyoshi, 2011; Yue et al., 2017a, 2017b). Convective transportation causes
temperature anisotropy, which is the free energy source for exciting EMIC waves in the afternoon
sector near the plasmapause (e.g., Jun et al., 2019a; Saikin et al., 2016; Yue et al., 2019, 2020;
Wang et al., 2016). Saikin et al. (2016) performed a statistical study using the Van Allen Probes
and reported that an increase in the occurrence of EMIC waves tends to move from noon to the
afternoon sector at L~4-6 as the AE index increases. Based on the VVan Allen Probes and GOES
observations, Jun et al. (2019a) reported that He-EMIC waves are mainly found in the noon-
afternoon sector inside the plasmasphere associated with substorm injections.

Recently, Jun et al. (2021) reported that H-EMIC waves outside the plasmasphere in the
morning sector exhibit frequencies very close to f.,. The unusual high-frequency EMIC waves
exhibited a narrow bandwidth and were mainly detected on the dayside of the magnetosphere
outside the plasmasphere under quiet geomagnetic conditions, indicating that energetic protons
alone are not sufficient for exciting EMIC waves under these conditions. Studies have suggested
that warm protons with energies of < 1 keV can possibly be a free energy source for generating
unusual high-frequency EMIC waves in the morning sector (Teng et al., 2019; Min et al., 2021).
Asamura et al. (2021) used Arase satellite observations to demonstrate that equatorial noise can
lead to the resonant heating of suprathermal protons (10-100 eV), which can subsequently generate
EMIC waves near f.y.

Enhanced solar wind dynamic pressure can cause proton temperature anisotropy on the
dayside of the magnetosphere. (Anderson and Hamilton, 1993; McCollough et al., 2010; Yue et
al., 2009, 2010, 2011). Previous studies have investigated the relationship between increasing solar
wind dynamic pressure and the occurrence of EMIC waves, suggesting that this process mainly
drives EMIC waves on the dayside magnetosphere (Engebretson et al., 2002; Usanova et al., 2008,
2012; Nakamura et al., 2014; Park et al., 2016; Tsurutani et al., 2016; Jun et al., 2019b).

Recent studies proposed that EMIC waves can be excited in off-equatorial source regions
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at high latitudes. When the magnetosphere is compressed, the temperature anisotropy increases
owing to drift-shell splitting and executing Shabansky orbits in the off-equatorial source regions
at higher L-shells, exciting EMIC waves within those regions (Allen et al., 2015, 2016;
McCollough et al., 2012; Vines et al., 2019).

Non-linear effects and mode conversion of EMIC waves can be possible candidate for
generating EMIC waves in the magnetosphere. Recently, it has been suggested that non-linear
interactions between energetic particles and EMIC waves can create a proton hill and hole in the
phase space, triggering rising and falling tone EMIC emissions, respectively (Sakaguchi et al.,
2013; Nakamura et al., 2016; Shoji et al., 2018, 2021). Miyoshi et al. (2019) reported that
plasmaspheric EMIC waves could also be generated through mode conversion from equatorial
noise.

Recent studies (Jun et al., 2019a, 2019b, 2021) have reported EMIC waves peak at different
regions in the inner magnetosphere, implying that they are generated by different processes
depending on the plasma environment. To understand their coupling, we performed a statistical
study of the energetic proton distributions associated with EMIC waves. In this paper, we present
the spatial distributions of EMIC waves as observed by the Arase satellites during 2017-2020 and
compare them with the associated proton distributions. We also computed the minimum resonance
energy of protons using the observed EMIC wave frequency and compared it to in-situ particle
observations.

2 Observation
2.1 Instruments

The Arase satellite, which belongs to the Exploration of energization and Radiation in
Geospace (ERG) project, was launched in December 2016. This satellite has an elliptical orbit with
a perigee and an apogee of 400 km and 6 Re, respectively (Miyoshi et al., 2018a). The orbital and
spin periods are ~9.5 h and 8 s, respectively. The orbital inclination angle is 31°. We used a
Magnetic Field Experiment (MGF; Matsuoka et al., 2018a) to identify EMIC waves. The partial
thermal pressure and pitch angle distribution for protons were obtained by a Low-Energy Particle
Experiments—lon mass Analyzer (LEPi; Asamura et al, 2018) and a Medium-Energy Particle
Experiments-lon Mass Analyzer (MEPI; Yokota et al., 2018). A High-Frequency Analyzer (HFA,
Kumamoto et al., 2018), part of the Plasma Wave Experiment (PWE) (Kasahara et al., 2018a),
provided the background electron density (Ne) derived from the observed upper hybrid resonance
(UHR) frequency. Satellite positions, such as the magnetic local time (MLT) and magnetic latitude
(MLAT) in solar magnetic coordinates, were obtained from ERG Level-2 orbit data (Miyoshi et
al., 2018c). The L* values and estimated equatorial magnetic field intensity were obtained from
ERG Level-3 orbit data (Miyoshi et al., 2018d) based on the Tsyganenko-Sitnov 2005 (TS05)
magnetic field model (Tsyganenko and Sitnov, 2005).

2.2 Data Analysis
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2.2.1 Spectral analysis of the magnetic field

We computed the dynamic spectra of the magnetic field to detect the EMIC waves in the
frequency domain. The original Level-2 magnetic field data measured by the MGF instrument
contained harmonic spin-tone noises, thus we applied the spin-tone reducing method of Imajo et
al. (2021) to the 64 Hz magnetic field waveform dataset. To obtain clean wave signals, we
subtracted the 10 s moving average magnetic field data from the original data. We then rotated the
magnetic field vector into the mean-field-aligned (MFA) coordinate system (Takahashi et al.,
1990) using a 32-s moving average. The x-, y-, and z-components in the MFA coordinate system
are in the radial (outward), azimuthal (eastward), and parallel (northward) directions to the ambient
magnetic field, respectively. Finally, using a 64-s time window (4,096 data points) and a 15-s
moving window, we applied a fast Fourier transform to the rotated waveform dataset to obtain the
spectral matrix of each component in time and frequency space. Thus, the frequency and time
resolution of the spectral matrix were 0.0156 Hz and 15 s, respectively.

2.2.2 Energetic proton data analysis

LEPi and MEPi measured the differential flux of ions with energies of 30 eV/q - 25 keV/q
and 9.6-187 keV/q, respectively. Their sampling time for three-dimensional distribution function
was ~8 s. We used the nominal mode observation data from two instruments, and they retained
information on the three-dimensional distribution of ion fluxes. Using three-dimensional
distribution functions of protons and an 8 s spin-averaged magnetic field, we computed the pitch-
angle distribution (PAD) of protons with 11.25° pitch-angle bins. All PAD data from LEPi and
MEPI were averaged over a 1-min time window.

Before combining the PAD obtained from the two ion instruments, inter-calibration was
performed to obtain continuous proton flux variations in the energy range of 30 eV/q to 187 keV/q.
We computed the spin-averaged ratio between LEPi and MEPi for their overlapping energy range
(8-25 keV/q), which was used inter-calibration. The ratio was averaged over a 1-day time window.
Using the derived ratio, the flux of MEPI in the energy range of 25-187 keV/q was changed, while
the instrument sensitivity was not necessarily constant over the entire energy range. The average
and standard deviation of the ratio for the entire period (2017-2020) are 1.27 and 0.34, respectively.
The combined energy range of 30 eV/q-187 keV/q for the protons was sufficient to investigate
their distributions from warm plasma (> 30 eV) to ring current (~ several tens to a few hundred
keV) populations (Daglis et al., 1999; Jahn et al., 2017).

The partial proton pressures in the directions perpendicular (P,) and parallel (P;) to the
ambient magnetic field were calculated using the energy (E) and pitch-angle (a) distributions of
the differential energy flux (J(E, «)). We used the inter-calibrated proton PAD data in the energy
range of 30 eV/g-187 keV/q in the following equations (De Michelis et al., 1999; Imajo et al.,
2019; Yue et al., 2018):

P, =Y Yo /2myEJ(E, a)sin*aAEAa
Py =21 Y g Yo +/2myEJ(E, a)cos?asina AEAa (2)

where m,, is the proton mass, AE is the energy channel width, and A« is the pitch angle bin width
(11.25%). We then computed the temperature anisotropy (T, /T;) using the obtained partial proton
pressure, except for the small P, (P, < 0.1 nPa), because they became unreliable.
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The parallel plasma beta () is defined as the ratio between the parallel proton pressure
and local magnetic pressure, as follows:

:BII = 2.l'lOPII/Blzocal (3)
where p, is the permeability of free space.

2.2.3 Calculation of the minimum resonance energy for protons

We calculated the plasma dispersion relation for electromagnetic waves propagating in the
parallel direction with respect to the ambient magnetic field in a cold plasma containing a mixture
of proton, helium, and oxygen ions (Meredith et al., 2003; Stix 1962; Walker, 1993). The
dispersion relation for the L-mode is defined as

A (4)

where @ is the angular frequency (w = 2nf), w,, and w@,, are the electron and proton plasma
frequencies, respectively. 0, is the electron cyclotron frequency, and 2, is the ion cyclotron
frequency of the [ species. The suffix [ denotes the ion species, with values [ =1, 2, and 3 referring
to the proton, helium, and oxygen ions, respectively.

2
c?k? _ wyz)e @Dpl

@2 T(@+|2e))

w(w—0p)

It is important to consider the ion composition ratio (H*:He™:0") in the dispersion relation
of EMIC waves. The direct measurement of the ion composition ratio was not available because
the minimum energy of the LEPi instrument used in this study was 30 eV. Total ion composition
is highly dependent on the geomagnetic activity, particularly the geomagnetic storm phase. For
example, the O* composition increases the total ion composition owing to a large increase in hot
O* during the main phase of geomagnetic storms (e.g., Yue et al., 2018). However, it is not
necessary to consider the influence of hot heavy ion composition on EMIC wave growth at heavy
ions gyrofrequencies (Silin et al., 2011). Instead, we considered the validity of the cold ion
compositions to calculate a reliable dispersion relationship for EMIC waves from previous studies
(e.g., Omura et al., 2010; Pakhotin et al., 2013; Silin et al., 2011). Jun et al. (2021) has reported
that the regions of peak EMIC wave occurrence have different geomagnetic preferences for their
generations. H-EMIC waves are predominantly observed in the morning sector outside the
plasmasphere during quiet conditions, whereas He-EMIC waves tend to be observed in the
afternoon sector inside the plasmasphere during disturbed conditions (Jun et al., 2019a and 2021).
To calculate the proton minimum resonance energy, we considered two empirical nominal ion
compositions: H":He™:0"=0.85:0.1:0.05 under the general geomagnetic conditions for H-EMIC
waves (Meredith et al., 2003), and H":He":0%=0.97:0.02:0.01 for He-EMIC waves inside the
plasmasphere (Silin et al., 2011).

For protons, the resonance condition with L-mode waves is
)
@ — kv = 7,, ®)

where ¥y = (1 —v?/c?)72 and v? = v? + v{. Using the value of k from Eq. (4) and Eg. (5) and
substituting v, = 0, the minimum resonance energy for protons, Ey, i, is determined by the
following equation:

Epmin= (U — 1)mpcz- (6)
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E, min Was calculated using the equatorial magnetic field intensity obtained using the TSO5 model
for the cyclotron frequency and local background electron density for the plasma frequency.

2.3 Event selection

We collected the EMIC wave events observed by the Arase satellite in 2017-2020 based
on the event selection method of Jun et al. (2019a). The selection criteria were as follows:

1. The spectral structures of EMIC waves must be observed below f.; in the perpendicular
magnetic field component of the dynamic spectrum.

2. The wave power and minimum duration of EMIC waves must be > 10* nT?/Hz and 5
min, respectively.

3. The background and artificial noises that have lower degrees of polarization and
coherences (< 0.5) must be excluded from the event list.

4. If the harmonic-like events are observed simultaneously, only the fundamental wave
structures were considered as an individual event.

As O-EMIC waves are difficult to distinguish from other ultra-low frequency emissions
because of their extremely low frequency in the region beyond L*>4 in the magnetosphere, we
disregarded them in this study. Therefore, we only categorized the selected EMIC waves based on
the equatorial ion cyclotron frequencies, i.e., H- and He-EMIC waves.

To determine Ej,;, associated with the observed EMIC waves, we collected the
frequency of the peak wave power within the selected frequency boundary as the central frequency.
Based on the wave analysis of Jun et al. (2019b), we derived the central frequency and polarization
sense of the observed EMIC waves every 1 min during the wave event interval.

Figure 1 presents an EMIC wave event observed by the Arase satellite on January 4™ 2019
at 1500-1620 UT: a background electron density derived from the UHR frequency (Figure 1a), the
dynamic spectrum of the perpendicular component of the magnetic field with the equatorial gyro
frequencies for H*, He*, and O™ (Figure 1b), temperature anisotropy T, /T, (Figure 1c), parallel
plasma beta S, (Figure 1d), and proton pitch-angle distributions at different energy ranges (Figure
1f-1k). EMIC waves were well-defined below f.,., as He-EMIC waves, at 1520-1600 UT (Figure
1b). The Arase satellite was located ~18 MLT at L~6 near the magnetic equator (MLAT~5"), with
a background density of 80 cm™ (Figure 1a). T, /T, suddenly dropped and quickly recovered to its
initial value immediately before onset of the EMIC wave (~1520 UT) (Figure 1c). Figure 1d shows
an increase in g just before the EMIC wave event, which remained roughly constant during the
event. The proton omniflux distributions revealed flux enhancement at energies from 100 keV/q
with the EMIC wave event, the lower boundary of which extended to several keV/q (Figure le).
Note that the E, ,;, at 1540-1545 UT was discontinuous as the central frequency was not selected
due to out of our event criteria between the two EMIC wave portions.
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Figure 1. An EMIC wave event on January 4", 2019 at 1500-1620 UT observed by the Arase
satellite. (a) Background electron density (Ne), (b) perpendicular dynamic spectrum of the
magnetic field (B_.) obtained by the MGF instrument, (c) temperature anisotropy (7, /T}), (d)
parallel plasma beta (), (e) energy spectrum of inter-calibrated proton omniflux distribution, and
(f-k) pitch-angle distributions of energetic protons at energies of (f) 100-150, (g) 50-100, (h) 10-
50, (i) 5-10, (j) 1-5 keV/q. The green, yellow, and red curves in Figure 1b represent the equatorial
H*, He™, and O" gyrofrequencies, respectively. The red horizontal dashed line indicates 1532-1533
UT shown in Figure 2. The black solid curve in Figure 1le denotes the computed minimum proton
resonance energy (E, ) using the central frequencies of observed He-EMIC waves.

We focused on the development of energetic proton distributions associated with EMIC
waves. The variation of E,, ,,;,, gradually decreased from 44.2 to 1.8 keV (Figure 1e) and was well
consistent with the lower boundary of the H* flux enhancements. This indicates that the proton
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flux enhancement in this energy range may be related to the major drivers of the observed EMIC
waves. Figures 1g-1j present the proton pitch angle distributions at different energy steps. Except
for the 100-150 keV/q range (Figure 1f), energy fluxes at energies of 1-100 keV/q (Figures 1g-1k)
generally exhibited sudden enhancement among all pitch angles during the EMIC wave event, and
the highest energy fluxes appeared at pitch angle of 90°. Interestingly, Figures 1h-1j show that the
pitch angle structures seemed to be immediately shifted from field-aligned to pancake-like
distributions when E,, ,,,;,, reached the energy ranges of the lower boundary of the sudden flux
enhancement. This sudden change in energetic proton distributions depending on E, ,,,;,, probably
occurred from the mixture of not only the energetic particle input driving EMIC waves, but also
the pancake distributions by EMIC pitch-angle scattering.

We described Ej,;, by solving the cold plasma dispersion relation based on the
parameters observed during wave activity. Figure 2 shows an example of the dispersion relation
(Figure 2a) and the corresponding Ey, ., (Figure 2b) at the time marked by the red dashed line in
Figure 1. The parameters used for these calculations are labeled in Figure 2. First, we obtained k
from the dispersion relation (Figure 2a) using the central frequency with the peak wave power. We
then applied v, obtained from Eq. (5) to finalize E,, ,,,;5, (Figure 2b). In Figure 2, the central
frequency was 0.3 Hz (a normalized frequency of 0.18 f.,); thus the corresponding E, i, Was
7.22 keV. Ey ;min Was recorded every 1 min during the wave duration(black solid line in Figure
le).

2019.01.04 1532 UT
1.0

T 103 E
H+:He*:0+ = 0.97:0.02:0.01 @) (b)
0|, [Bed = 109:40T i
| 17l ! | , ]
O s Sazem 10 +0+=0.97:0.02:0.01

f..=018
0.6

E3
.~
-
.-

£
0.4 - w100 3
_________ __ . i
0.2/ = 107 -
L . [ i
0.0 L L 10?2

10 10° 10+ 10° 0.0 0.2 0.4 06 038 1.0
k [m"] fif,

Figure 2. (a) Dispersion relation and (b) corresponding minimum resonance energy at
1532-1533 UT on January 4™, 2019. The parameters used for this calculation are indicated in the
figure.

3 Statistical Results

From the event selection, we identified 211.4 and 517.5 hrs of H- and He-EMIC waves,
respectively, observed by the Arase satellite from May 2017 to December 2020.

3.1 Spatial Distributions of EMIC waves and Electron Density
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We identified EMIC waves for a 43-month period (May 2017-December 2020) using Arase
observations. Figure 3 presents the distributions of dwell times and EMIC wave occurrence rates
in the L*-MLT plane. The bin sizes for L*-MLT were 1 h in MLT with 0.5 in L* shell in the L*
range in 2-9. The dwell time of the Arase satellite was well distributed over all MLT and L* shells,
providing sufficient spatial coverage to investigate the statistical characteristics of EMIC waves in
the inner magnetosphere (Figure 3a). Occurrence rates of the EMIC waves were evaluated as the
total observed EMIC wave time divided by the dwell time in each bin (Figure 3b). We took into
account only the regions where the wave occurrence rate exceeded 1 % to focus on the major
EMIC wave generation regions. Two significant peak EMIC wave distributions were observed: 3-
8 MLT at L* = 7.5-9 and 11-20 MLT at L* = 5-9. These distributions were consistent with the
results of previous studies using in-situ satellite observations (e.g., Jun et al., 2021; Keika et al.,
2013; Min et al. 2012; Usanova et al., 2016).

(a) Dwell time of Arase satellite in 2017-2020
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Figure 3. (a) Dwell time and (b) EMIC wave distribution in the L*-MLT plane observed by the
Arase satellite from May 2017 to December 2020. The gray regions indicate EMIC wave
occurrence rate < 1 %. The red circles denote L* = 3,6, and 9.

Figure 4 presents the MLAT distributions of dwell times and EMIC wave occurrence rates
for each 6-hour MLT bin. The bin sizes for Re-MLAT were 0.5 in Re with 5° in MLAT in the
MLAT range of |40|°. Even though the Arase satellite had limited observations in the Southern
Hemisphere at 09-15 MLT bin due to its orbit in 2017-2020, we had sufficient observational
coverage for this study (Figures 4a-4d). We found that EMIC waves were predominant at higher
MLAT (Figures 4e-4h). Typical EMIC waves were generated near the magnetic equator and
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propagated to higher latitudes along the field line. Previous studies (Usanova et al., 2012; Min et
al., 2012) have reported higher EMIC wave occurrence rates in the outer magnetosphere.
Therefore, the appearance of peak EMIC wave occurrence at higher MLAT resulted from the
propagated waves at higher L* shells. It should be noted that the MLAT distributions of EMIC
waves with broad observational coverage in this study were facilitated by novel high-MLAT
measurements made by the Arase satellite.

Dwell time of Arase satellite in 2017-2020
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Figure 4. (a-d) Dwell time and (e-h) EMIC wave distribution at each 6-hour MLT sector in the
Re-MLAT plane observed by the Arase satellite from May 2017 to December 2020. The gray
regions indicate EMIC wave occurrence rate < 1 %. The black curves show the field lines at
L*=2,4,6, and 8.

In Figure 5, all EMIC wave events were divided into H- and He-EMIC waves according to
equatorial ion gyrofrequencies using the estimated equatorial magnetic field intensity from the
TS05 geomagnetic model. To investigate the dependence on background electron density, we
averaged the electron densities associated with EMIC waves in each bin.

Based on Figure 5, we identified three distinct wave occurrence regions with the wave
occurrence rate > 10 %, depending on the frequency band and Ne. In Figure 5a, H-EMIC waves
had two different peak occurrence regions in 3-8 MLT at L* = 7.5-9 (Peak Region 1; PR1) and in
12-15 MLT in L*=6.5-8 (Peak Region 2; PR2). Both regions exhibited lower Ne (< 10 cm?) as
seen in Figure 5c, indicating that the waves were observed outside the plasmasphere. However,
He-EMIC waves showed a broad occurrence region at 12-20 MLT at L* = 5.5-85 (Peak Region 3;
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PR3) in Figure 5b. As Ne in the broad occurrence region gradually decreased from lower to higher
L* shells as shown in Figure 5d, it is difficult to simply identify whether wave activities occurred
inside or outside the plasmasphere. If we adopt a specific value of Ne ~ 40cm™ (e.g., Goldstein et
al., 2014) as a proxy to roughly locate the plasmapause, we can assume that He-EMIC waves in
PR3 occurred either inside the plasmasphere, plasmaspheric plumes, or near the plasmapause. The
dawn-dusk asymmetry of the peak occurrence regions between H- and He-EMIC waves agreed
well with the EMIC wave distributions obtained by previous in-situ satellite observations (e.g.,
Min et al., 2012; Kim et al., 2016b; Jun et al., 2021).

EMIC wave distribution
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Figure 5. (a) H- and (b) He- EMIC occurrence rates, and related electron density distributions
for (c) H-band and (d) He-band.

3.2 Temperature Anisotropy-Parallel Plasma Beta conditions with EMIC waves

Even though the temperature anisotropy T, /T, and parallel plasma beta g, varied with the
EMIC wave activity (Figure 1), it was not sufficient to demonstrate the relationship between these
parameters and EMIC wave activity from a single case study. Thus, we examined their inverse
relationship between T, /T, and B, associated with EMIC waves through a statistical analysis
(Figure 6) showing the statistical results of EMIC wave distributions (Figures 6a-6b), |[MLAT]|
(Figures 6¢-6d), and polarization sense (Figures 6e-6f) in T, /T}- 5, diagrams for H- and He-EMIC
waves. The threshold of proton cyclotron instability is defined by Eq. (1) (Blum et al 2009; Denton
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etal., 1994; Gary et al., 1994; Yue et al., 2019). We obtained a=1.3 and b=0.35 by the upper fitting
boundary of our observations, and the threshold lines were marked with the black dashed curves
in Figure 6.
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Figure 6. Distribution of (a-b) probability of EMIC waves, (c-d) average [MLAT]|, (e-f)
polarization sense for H- and He-EMIC waves as a function of proton temperature anisotropy and
parallel plasma beta based on the Arase observations from May 2017 to December 2020. The
dashed curve on each panel is the threshold of proton cyclotron instability obtained from plasma

kinetic theory of i—* =1+ %. We used a=1.3 and b= 0.35 obtained by the upper profile of EMIC
I ]

wave distributions.

Overall, EMIC waves exhibited significant tendencies in [MLAT| and polarization sense
depending on the plasma conditions regardless of the wavebands. The observed EMIC waves near
the threshold of the proton cyclotron instability had left-handed polarization close to the magnetic
equator (< 5° [MLAT]), indicating that they were generated near the magnetic equator. As |[MLAT]|
increased, the polarization sense for He-EMIC waves clearly varied from left-handed to linear
polarization (Figures 6d and 6f), while the polarization sense for H-EMIC waves appeared roughly
constant with linearly polarization even near the magnetic equator (Figures 6¢ and 6e). The former
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indicates polarization reversal during propagation from the wave source region to higher latitudes
due to the changing magnetic field intensity (Kim et al., 2016a). We also found that the latitude of
the changing polarization sense from left-handed to linear was ~ 20° MLAT (Figure 5g),
corresponding to the crossover latitudes of EMIC waves in previous studies (e.g., Loto'aniu et al.,
2005; Jun et al., 2019b; Yue et al., 2019). The latter is related to linearly polarized H-EMIC waves
by the solar wind dynamic pressure variations as reported by Jun et al. (2019b).

3.3 Proton Distributions associated with EMIC waves

To investigate the influence of EMIC waves on energetic proton distributions in each
region, the energetic proton PAD associated with EMIC waves (top panels) and the energy flux
ratio of the PAD between with and without EMIC waves (bottom panels) were presented (Figure
7). The PAD was binned with a bin size of 11.25° for the pitch angle and energy range from 30 eV
to 185 keV at each peak occurrence region. Figures 7a-7c show the average PAD associated with
EMIC waves in each peak occurrence region. Figures 7d-7f show the flux ratio between cases with
and without EMIC waves in each peak occurrence region. The reddish and bluish regions indicate
an increase and decrease in the proton flux associated with EMIC waves, respectively. We assumed
that an increase in proton flux with EMIC waves at all pitch angles at certain energies is strongly
related to not only energetic particle input as the free energy source of EMIC waves, but also the
deformation of pitch-angle scattering by EMIC wave-particle interaction (e.g., Sigsbee et al.,
2019).

Proton distributions associated with EMIC waves differed significantly depending on peak
occurrence regions (Figure 7), supporting that EMIC waves supports that EMIC waves have
different free energy sources depending on their geomagnetic environments (Jun et al., 2021).

For example, Figure 7a shows the weakest flux level among the three regions. Instead, PR1
shows a clear flux enhancement in the warm plasma energy range (E < 10 keV/q) over the entire
pitch-angle range compared to the other regions (Figures 7a nad 7d). This is related to the supply
of warm protons (E < 10 keV) due to E x B drift by the combination of the electric and magnetic
fields (Yue etal., 2018). For PR2 (Figures 7b and 7e), we observed two types of flux enhancements
associated with EMIC waves. One appeared at energies of 1-100 keV/q in field-aligned directions,
and the other was among all pitch-angles over a limited energy range of 2-8 keV/q. Figure 7c for
PR3 that shows the highest flux level appeared at energies of 1-100 keV/q among all the peak
occurrence regions. We also found a significant increase in the proton energy flux > 2 keV/q at all
pitch-angles for PR3 (Figure 7f). This hot proton population is transported from the plasma sheet
in the magnetotail to the dusk sector during the substorm intervals, and contributes to drive the
temperature anisotropy, causing enhanced EMIC waves in the afternoon sector (e.g., Saikin et al.,
2016; Jun et al., 2019a and 2021). PR3 showed the another flux enhancement in the warm plasma
region (E < 100 eV) which might be due to another processes such as EMIC wave heating by non-
linear wave-particle interactions (Ma et al., 2019; Shoji et al.,2021).
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Proton pitch angle distribution associated with EMIC waves
(a) PR1: H-band, 3-8 MLT, L*=7.5-9  (b) PR2: H-band, 12-15 MLT, L*=6.58 (<) PR3: He-band, 12-20 LT, L*=5.5-85
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Figure 7. (a-c) Proton pitch-angle distribution associated with EMIC waves as a function of
energy and pitch angle at each peak occurrence region. (d-f) Energy flux ratio between with and
without EMIC waves at each peak occurrence region.

3.4 The Relationship Between EMIC Wave Frequency and Minimum Resonance
Energy

Figure 8 shows the normalized distributions of E,, ,,,;, as a function of the frequency
normalized by f.; in each peak occurrence region. We took the central frequency that satisfied our
event selection criteria for the calculation of E,, ,,,;,, during the EMIC wave periods. The vertical
dashed lines denote ion gyrofrequencies (f.y, f.y., and f o). The bin sizes of the normalized
frequency and E), ,,;, were 0.01 on a linear scale and 0.05 on a logarithic scale, respectively. We
adopted two ion compositions for two different wavebands: H":He™:0"=0.85:0.1:0.05 for H-EMIC
waves (PR1 and PR2), and H*:He":0%=0.97:0.02:0.01 for He-EMIC waves (PR3) (Section 2.4).
The vertical closed arrow bars in each panel indicate the observed energy ranges, showing an
increase in proton fluxes obtained from Figure 7d-7f. We divided the total number of data points
in each peak occurrence region to obtain the normalized distributions.

Overall, the Ey, ., distributions in all regions were in good agreement with the energy
range where the flux enhancements were associated with the EMIC waves (Figures 7d-7f). We
also found distinct distributions at each peak occurrence region. Even though PR1 and PR2 took
into account same waveband (H-EMIC waves), the E,, ,,;, distributions were completely different.
Because the normalized frequency for PR1 was widely distributed from 0.3 to 0.9, E,, ,,;, Varied
from 1 eV to 100 keV with a uniform distribution (Figure 8a). E, ,,;, Was locally distributed from
1 keV to 1 MeV, with limited normalized frequencies of 0.3-0.5 (Figure 8b). For PR3 (Figure 8c),
the observed energy ranges with flux enhancements were consistent with the peak E,.,in
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distributions located at 2-100 keV, except for the region at energies of < 100 eV.

(a) PR1: H-band, 3-8 MLT, L¥=7.5-9
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Figure 8. Normalized distribution as a function of the proton minimum resonance energy
(Epmin) and normalized frequency by f., for each peak occurrence region. Vertical dashed lines

represent the equatorial ion gyrofrequencies. Horizontal dashed lines denote the observed flux
enhancement energy range obtained from Figure 7.

4 Discussion

In this study, we investigated the spatial distributions of EMIC waves and their associated
energetic proton distributions in the inner magnetosphere using the Arase satellite data from May
2017 to December 2020. We found three distinct peak occurrence regions of EMIC waves
depending on the waveband and the related background electron density. The observational and
theoretical characteristics of EMIC waves within each peak occurrence region are summarized in

Table 1.
Peak Region 1 (PR1) Peak Region 2 (PR2) Peak Region 3 (PR3)
Peak 03-08 MLT, L*=7.5-9 | 12-15 MLT, L*=6.5-8 | 12-20 MLT, L*=5.5-7.5
occurrence
regions
Waveband | H-band H-band He-band
Electron Ne < 10 cm™ Ne ~ 10-20 cm™3 Ne ~ 50-100 cm3
density
(outside the | (outside the | (inside or near the
plasmasphere) plasmasphere) plasmasphere)
Proton Weakest  flux level | Similar distributions with | Strongest ring current
distribution | among all regions. PRL. population at E = 1-187

s associated

keV
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with EMIC Flux enhancements: Flux enhancements:
waves
- E < 40 keV/q (warm | -E = 1-100 keV/q (field- | Flux enhancements:
proton populations) aligned directions)
-E = 2-187 keV/q
-E = 2-4 keV/q (all pitch-
angles) -E < 100 eV/q (field-
aligned directions)
The 1eV -100 keV 1 keV - 1 MeV (some | 0.1 keV -1 MeV
computed portions at ~0.1 keV)
minimum
resonance
energy
(Ep,min)

Table 1. Summary of the characteristics of EMIC waves at four distinct peak occurrence regions
observed by the Arase satellite.

4. 1. The relationship between plasma Kinetic theory and EMIC waves

We examined the inverse relationship between T, ,,/T) ,, and 3 ,, associated with EMIC
waves as shown in Figure 6. EMIC waves were observed only in the anisotropy range between the
threshold of the proton cyclotron instability and T, ,,/T; , >1. In particular, the highest probability
of EMIC waves with left-handed polarization at the magnetic equator was near the threshold of
the proton cyclotron instability. After EMIC wave generation within the source regions, they
propagate approximately along the field lines to higher magnetic latitudes and experience a change
in the dispersion relation (Matsuda et al., 2021). We found that the polarization sense varied from
left-handed to linear as [MLAT]| increased, indicating mode coupling and conversion during the
propagation of EMIC waves. Because the polarization sense changed to linear at [MLAT| ~ 20° on
average, this result was consistent with previous statistical studies of the EMIC wave source
boundaries on MLAT (e.g., Loto'aniu et al., 2005; Jun et al., 2019b; Yue et al., 2019). The
probability distribution of EMIC waves in T, ,,/T) ,-B,, diagram shifted away from the threshold
of proton cyclotron instability to a lower g, ,, with a constant T, ,, /T} ,with an increase in [MLAT].
This result can be explained by the average meridional distribution of hot (10-180 keV) protons as
shown by the Arase satellite (Imajo et al., 2019). Pressure anisotropy is roughly constant with
increasing MLAT, whereas f,,, decreases as MLAT increases.

If T, ,,/T)p is independent and roughly constant on [MLAT]|, we can assume an equatorial
parallel plasma beta using the estimated magnetic field intensity at the magnetic equator obtained
by the TSO5 model. Figure 9 shows the probability distributions of EMIC waves in T, ,, /T ,-B »
diagram within each peak region. The upper and lower panels use the local and equatorial magnetic
field intensities, respectively. Although we cannot estimate the appropriate P, ,, at the magnetic
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equator, the highest probability of EMIC waves obtained from the equatorial parallel plasma beta
shifted near the threshold of ion cyclotron instability, except for PR2 (Figures 9d-9f).

If the threshold of ion cyclotron instability and the equatorial plasma parameters are well-
determined from observational and theoretical methods, we suggest that the inverse relationship
between T, ,,/T},, and B , can be used as a proxy for the generation conditions of EMIC waves
using local plasma conditions. When the plasma condition is unstable for proton cyclotron
instability due to sufficient temperature anisotropy, EMIC waves are generated. During this
process, plasma distribution undergoes diffusion in the velocity space by EMIC wave-particle
interaction, leading to isotropic distributions by the ion cyclotron instability to a linear marginally
stable state (Denton et al., 2019; Yue et al., 2019). Unfortunately, this approximation for PR2 did
not reach the threshold for proton cyclotron instability. Thus, we could not demonstrate a clear
interpretation at this point, but we proposed that a non-linear process driven through the formation
of proton-hill/hole (Shoji et al, 2018, 2021) might put the distribution far from the stable state.
Nakamura et al. (2016) reported that EMIC rising/falling tone emissions caused by a proton-
hill/hole distributions were dominantly observed on the dayside at higher magnetic latitudes,
consisting of PR2. Future research target should investigate the influence of non-linear effects on
EMIC waves.

Plasma conditions associated with EMIC waves
Using local magnetic field

PR1: H-band, 3-8 MLT, L*=7.5-9 PR2: H-band, 12-15 MLT, L*=6.5-8 PR3: He-band, 12-20 MLT, L*=5.5-8.5
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Figure 9. Probability distribution of EMIC waves for each peak occurrence region as a function
of proton temperature anisotropy and parallel plasma beta using (a-d) local magnetic field and (e-
h) the estimated equatorial magnetic field computed by a TS05 model. The dashed curves on each
panel are the thresholds of proton cyclotron instability as same as Figure 6.

4. 2. Possible generation processes and free energy sources of EMIC waves under different
geomagnetic environments

In this study, we found that EMIC waves at PR1 occurred in the morning sector at higher
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L-shells (L* = 7.5-9) with broadly scattered normalized frequencies of 0.3-0.9. In Figure 7a, the
proton distributions associated with EMIC waves at PR1 exhibited the abundant warm proton
distributions with weaker ring current populations. The unusual high-frequency EMIC waves near
fen Were predominantly observed within this region, and the computed E, ,,,;, Was distributed
broadly from 40 keV to even a few eV. PR1 appeared to have different environments for the
generation of EMIC waves compared to those for typical EMIC waves, indicating that the ring
current populations having from a few tens to several hundreds of keV, known as typical free
energy sources of EMIC waves, are not always sufficient to be the major contributor on the wave
generation in the morning sector at higher L shells.

To understand the generation processes of EMIC waves at PR1, we proposed two
possibilities: broad source regions and a wide energy range of the free energy sources. If the initial
frequencies of EMIC waves are defined by the magnetic field intensity at their source regions, we
can assume broader distributions of the normalized frequencies as a result of the radially extended
source regions. However, the first assumption did not coincide with our observations (Figure 5a).
In contrast, for PR1, flux enhancements associated with EMIC waves appeared with wide energy
ranges of < 10 keV/q. Thus, the second possibility was deemed more reliable for EMIC waves at
PR1. Previous studies have proposed that the warm plasma cloak (E < 1 keV) with temperature
anisotropy in the morning sector can be a potential to drive temperature anisotropy for the EMIC
wave generation (Keika et al., 2013; Kim et al., 2016b). The low-energy protons (E < 10 keV) drift
to the east (dawn) due to convection and corotation drift motion, while the westward (toward dusk)
gradient and curvature drift motions dominate for energetic protons in the energy range of > 10
keV (Yue et al., 2017a, 2017b, and 2018). Using the Van Allen Probes and Arase observations,
Jun et al. (2021) reported that morning-side EMIC waves in the H-band were mainly observed
under quiet geomagnetic conditions. According to the relationship between the orientation of
interplanetary magnetic field (IMF) Bz and EMIC wave distributions (Park et al., 2017), H-EMIC
waves have peak occurrence regions in the dawn sector under northward IMF Bz conditions. They
suggested that T, ,,/T;,, in the dawn sector increases due to the dominant effects of E x B drift
motion at energies of 1-25 keV during the northward IMF Bz intervals, causing H-EMIC waves
in that region.

Moreover, Teng et al. (2019) reported unusual EMIC waves near the proton gyrofrequency
associated with enhanced suprathermal protons (10-100 eV). These waves exhibited a very narrow
bandwidth and tended to be observed simultaneously with the magnetosonic waves. They also
reported that these waves were usually observed in the morning to noon sector based on the Van
Allen Probes observations. Asamura et al. (2021) used the Arase observations and identified that
magnetosonic waves cause resonant heating of suprathermal protons, which have temperature
anisotropy and drive high-frequency EMIC waves in the noon sector. Therefore, we suggest that
low-energy proton distribution, such as warm plasma (E < 1 keV), can be a possible candidate as
a free energy source for unusual high-frequency H-EMIC waves in the morning sector at higher
L-shells during quiet geomagnetic conditions.

We also found the other peak occurrence regions for H-EMIC waves in the noon sector at
L* = 6.5-8 (PR2). We could not find a significant coupling of EMIC waves with energetic proton
distributions for PR2 in this study. However, the peak EMIC wave occurrence region for R2 was
consistent with previous studies of H-EMIC driven in the lower density regions on the dayside by
the solar wind dynamic pressure (e.g., Jun et al., 2019a and 2021; Saikin et al., 2013; Park et al.,
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2016; Usanova et al., 2012). When the ambient magnetic field is compressed by strong solar wind
dynamic pressure, adiabatic heating occurs on the dayside magnetosphere, contributing to the
enhancement of temperature anisotropy (Zhou and Tsurutani, 1999). During this process, the
temperature anisotropy of energetic protons increases in all energy ranges, exciting EMIC waves
on the dayside (Anderson and Hamilton, 1993).

We found a wide spatial distribution of He-EMIC waves from noon to the afternoon sector
at L* = 5.5-8.5 with higher background electron densities (PR3). For the He-EMIC waves, the
energy range of the obtained E,,,;, and their associated flux enhancements were in good
agreement at 1-180 keV (Figures 7f and 8c). In particular, we found a clear ring current population
in the proton PAD and the significant proton flux enhancement occurred in the energy range of 2-
100 keV. Based on the Van Allen Probes observations, Jun et al. (2019a) reported that He-EMIC
waves associated with particle injections generally occurred inside the plasmasphere in the
afternoon sector. Yue et al. (2019) also reported that enhanced He-EMIC waves inside the
plasmasphere were predominantly observed near the threshold of the proton cyclotron instability
during strong AE intervals. From the current and previous studies, we suggest that the free energy
source of EMIC waves for PR3 is the energetic particles transported from the plasma sheet into
the inner magnetosphere during disturbed geomagnetic conditions. Hot anisotropic ions in the ring
current population play an important role in driving the growth rate of EMIC waves, and the
maximum wave growth rate was observed at lower frequencies as He-EMIC waves by the large
plasma density (e.g., Cornwall et al., 1970; Lee et al., 2017; Chen et al., 2010). These He-EMIC
waves in the afternoon sector are quite effective at resonating with the ring current populations in
the cold plasma dominant regions (Jordanova et al., 2008). They also diffuse the hot protons from
90° to 0° and 180° pitch angles, causing the IPAs due to precipitating energetic protons (Sakagushi
et al., 2007; Ozaki et al., 2016, 2020) and relativistic electrons (Miyoshi et al., 2008).
Unfortunately, we could not interpret the clear reason for the flux enhancements associated with
He-EMIC waves at energies < 0.1 keV for PR3 (Figure 7f). We infer a candidate that this might
be related to ion heating at lower energies by EMIC wave-particle interactions and magnetosonic
waves (Ma et al., 2019; Shoji et al., 2021).

PR3 showed a broad spatial distribution radially with relatively lower densities (Ne~ a few
tens cm) in the dusk sector at L* = 7-9 at higher [MLAT]| (Figures 4 and 5). This region might
have different plasma conditions for the generation of EMIC waves compared to those near the
plasmapause, therefore we could not exclude other possibilities, such as off-equatorial generation
process as a possible cause of EMIC waves in the dusk sector at higher L-shell regions (e.g., Allen
et al., 2015, 2016; Vines et al., 2019). Based on the Arase and the VVan Allen Probe observations
(Jun et al., 2021), He-EMIC waves outside the plasmasphere were predominantly observed in the
dusk sector at higher L-shell regions under moderate geomagnetic conditions. We could not
determine whether the observed EMIC waves were freshly generated close to the off-equatorial
source regions at higher magnetic latitudes or if they just propagated from the magnetic equator.
Such a study can be conducted by examining the Poynting flux of EMIC waves using the magnetic
and electric field instruments onboard the Arase satellite, which can be a future approach.

5 Conclusions
In this study, we investigated the spatial distributions of EMIC waves and the energetic
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proton distributions associated with them in the inner magnetosphere using the Arase satellite data
from May 2017 to December 2020. We found that EMIC waves were generated near the threshold
of the proton cyclotron instability at the magnetic equator with a left-handed polarization sense,
and propagated to a higher MLAT along the field line. During propagation, EMIC waves suffered
polarization reversal at [MLAT|~20° from left-handed to linear. If it is possible to estimate the
plasma conditions derived by T, ,/T}, and B, near the magnetic equator and determine an
appropriate threshold for the proton cyclotron instability, we can predict the existence of EMIC
waves by in-situ observations. We also found three peak occurrence regions of EMIC waves with
different characteristics depending on the wavebands and ambient electron densities. We suggest
that free energy sources of EMIC waves in different geomagnetic environments drive various types
of EMIC waves, and they interact with energetic protons at different energy ranges. We will extend
our future research to investigate the resonant conditions of relativistic electrons for different types
of EMIC waves using in-situ satellite observations.
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