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1.  Introduction
Fine-structured electromagnetic ion cyclotron (EMIC) waves are one type of EMIC mode waves, and 
ground-based Pc1 studies have reported that they are composed of clear repetitive bursts of characteristic 
rising tones in a typical frequency range of 0.2–5 Hz (Fukunishi et al., 1981; Troitskaya & Gul'elmi, 1967). 
Multipoint measurement of fine-structured EMIC waves reveals their propagation mechanism, formation 
mechanism, and wave-particle interaction along their propagation path. For example, Usanova et al. (2008) 
presented simultaneous ground-satellite observations of fine-structured EMIC waves and reported that 
the repetition periods of fine-structured EMIC waves observed on the ground and on the Time History of 
Events and Macroscale Interactions During Substorms (THEMIS) spacecraft were almost identical. They 
concluded that these observation results cannot be explained by the bouncing wave packet (BWP) model 
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proposed by Jacobs and Watanabe (1964) and Obayashi (1965). Similar questions about the BWP model 
were raised by Erlandson and Anderson (1996) and Mursula et al. (2001).

Several recent studies have examined the role of fine-structured EMIC waves from the perspective of 
wave-particle interaction. Sakaguchi et al. (2015) and Nomura et al. (2016) found that fine-structured EMIC 
waves cause isolated proton auroras (IPAs). This is evidence that fine-structured EMIC waves scatter en-
ergetic protons, which then precipitate into the ionosphere. Ozaki et al. (2018) reported 1 Hz range mod-
ulation of IPAs and concluded that the modulation was due to intermittent proton precipitation or sub/
relativistic electrons scattered by repetitive bursts of fine-structured EMIC waves. EMIC waves that cause 
IPA work for MeV electron scattering (e.g., Miyoshi et al., 2008) and the density irregularity of the topside 
ionosphere (Kim et al., 2021).

In this study, we present the results of the coordinated observation of fine-structured EMIC waves on April 
18, 2019 by Arase (midlatitude region), Van Allen Probe A (Radiation Belt Storm Probes A, hereinafter 
called RBSP-A) (equatorial region), and induction magnetometers placed on the Gakona station of the 
“study of dynamical variation of Particles and Waves in the INner magnetosphere using Ground-based net-
work observations” (PWING) magnetometer and the Dawson station of the “Canadian Array for Realtime 
Investigations of Magnetic Activity” (CARISMA) magnetometer array. We report that the growth of the 
observed fine-structured EMIC waves was associated with the periodic electron density irregularities found 
in the midlatitude region. Further, we investigate the differences in the wave properties of fine-structured 
EMIC waves observed in each latitude, and the thermal ion heating due to fine-structured EMIC waves, 
using observations from these four sites.

2.  Data
We used the level-2 electric and magnetic field waveforms observed by the Electric Field Detector (EFD) 
(Kasaba et al., 2017; Kasahara et al., 2020; Kasahara, Kasaba, et al., 2018) and the Magnetic Field Experi-
ment (MGF) (Matsuoka, Teramoto, Imajo, et al., 2018; Matsuoka, Teramoto, Nomura, et al., 2018) aboard 
Arase (Miyoshi, Shinohara, Takashima, et al., 2018) for the EMIC wave analysis. To determine the ambient 
electron density from the upper hybrid resonance (UHR) frequencies, we used the level-2 electric field spec-
trum data observed by the High Frequency Analyzer (HFA) (Kasahara, Kumamoto, et al., 2018; Kumamoto 
et al., 2018).

The low-energy particle experiments-ion mass analyzer (LEP-i) (Asamura, Kazama, et al., 2018) measures 
ions with an energy range from 0.01 to 25 keV/q. We used the level-2 three-dimensional proton flux data 
(Asamura, Miyoshi, & Shinohara, 2018) to analyze the energy-time diagrams, and the level-3 pitch-angle 
distribution data (Asamura et al., 2021). In addition, we used the DC magnetic field data measured by the 
MGF to calculate the ion cyclotron frequencies and the ambient magnetic field direction. We also used the 
level-2 definitive orbit data of Arase (Miyoshi, Shinohara, & Jun, 2018).

The Electric and Magnetic Field Instrument and Integrated Science (EMFISIS) aboard the RBSP measures 
three components of the electric field and three components of the magnetic field below 12 kHz (Kletzing 
et al., 2013). The ambient magnetic field is also measured by the magnetometer of EMFISIS. In this study, 
we used the high-resolution (64 samples per second) level-3 DC magnetic field vector data in the solar mag-
netic coordinate system.

The Helium Oxygen Proton Electron mass spectrometer instrument (HOPE) is a subsystem of the Energetic 
Particle Composition and Thermal Plasma Suite (ECT) instrument aboard RBSP. HOPE measures electrons, 
protons, helium ions, and oxygen ions with energies from 20 eV to 45 keV (Funsten et al., 2013; Spence 
et al., 2013). We used the level-2 proton flux data and level-3 pitch-angle distribution data.

We used the induction magnetometer data from the Gakona station (62.39°N and 145.15°W geographic 
coordinates) of the PWING magnetometer (Shiokawa et al., 2017), and the Dawson station (64.048°N and 
139.11°W geographic coordinates) of the CARISMA magnetometer array (Mann et al., 2008). These two 
stations are separated by ∼350 km. The sampling frequencies of the data are 64 and 2 Hz for the Gakona 
and Dawson stations, respectively.
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3.  Observation
Figures 1a–1e display the results of simultaneous plasma wave observations from 00:40 to 02:40 UT on April 
18, 2019 by the Arase/PWE-HFA, PWE-EFD, MGF, RBSP-A/EMFISIS-HFR, EMFISIS magnetometer, in-
duction magnetometers located at the Gakona and Dawson stations, respectively. The frequency resolution 
of the short-time Fourier transform analysis was 7.8125 mHz. The black dashed lines in Figures 1b and 1c 
indicate the local oxygen ion cyclotron frequencies (𝐴𝐴 𝐴𝐴O+ ) derived from the DC magnetic field measurement 
by Arase/MGF. The black solid line in Figure 1e indicates the local helium ion cyclotron frequencies (𝐴𝐴 𝐴𝐴He+ ) 
derived from the DC magnetic field measured by the EMFISIS magnetometer aboard RBSP-A. The electric 
field measurement by the RBSP-A/EFW is not presented here because the data quality was insufficient 
owing to instrument degradation. Figures 1h–1j present the McIlwain-L values derived from the T89 model 
(Tsyganenko, 1989), the magnetic latitudes, and the magnetic local times of both satellites (red: Arase, blue: 
RBSP-A). Arase and RBSP-A were orbiting at almost the same magnetic local time (15.4 hr) and the same 
L-shell (L = 5.7) at 01:34 UT (the vertical dash-dotted line in Figure 1). The magnetic latitude of Arase was 
∼28°, whereas RBSP-A was near the geomagnetic equatorial region. The Dst index was ∼5 nT, and the Kp 
index was 0 during the event, indicating quiet conditions. According to the magnetic field measurements 
by Arase/MGF and RBSP-A/EMFISIS, no Pc3–Pc5 range ULF wave activity was detected during this period.

As illustrated in Figures 1a–1c, fine-structured EMIC waves in helium band were observed in the two fre-
quency ranges of 0.40–0.53 Hz and 0.50–0.66 Hz by Arase (outside of plasmapause). The former was ob-
served from 01:17 to 01:38 UT and the latter was observed from 01:31 to 01:47 UT. The maximum amplitude 
of these EMIC waves was ∼0.7 nT. It is evident that some rising-tone elements are embedded in these EMIC 
waves, and the repetition of these rising-tones clearly corresponds (red vertical lines) to the periodic chang-
es of the electric field spectra near the UHR emission visible in the higher frequency electric field spectra 
(Figure 1a).

In Figure 1a, the black line shows the UHR frequency (fUHR) determined by the combination of the au-
tomatic cutoff frequency detection and visual inspection from the observed UHR emission (Kumamoto 
et al., 2018). The white lines at the top and middle show the electron plasma frequency (fp) and the Z-mode 
cutoff frequency (fz). The purple dashed lines at the top and bottom show 5fc and 4fc, respectively. Here, fc 
denotes the local electron cyclotron frequency derived from the DC magnetic field measurement by Arase/
MGF. Figure 1a indicates that the discrete and intermittent emissions in the frequency range below UHR 
emission were Z-mode waves. Although the variation in UHR frequency was not clear, owing to the limited 
time and frequency resolutions of the HFA, we have concluded that there were some density irregularities 
along the orbit of Arase (see also Barnhart et al., 2009). The ambient electron density variation derived from 
the observed UHR emission is shown as the bottom white line in Figure 1a. The gray dashed lines show the 
upper and lower envelopes of the derived electron density variation. The averaged time duration and inter-
val of observed density irregularities were approximately 25 and 145 s, respectively. The averaged spatial 
extent and separation were approximately 0.01RE and 0.05RE, respectively, where RE denotes Earth radii. See 
also Figures S1a–S1c for an enlarged view of the Arase observation.

As illustrated in Figures 1d–1g, fine-structured EMIC waves were observed in almost the same frequency 
ranges at the equatorial region (RBSP-A) and the Gakona and Dawson stations. The frequency-time spec-
tra of the observed EMIC waves in the equatorial region and the Gakona and Dawson stations were quite 
similar during the entire event (01:20–02:30 UT). However, the lower-frequency EMIC wave (0.40–0.53 Hz, 
01:35–01:50 UT) observed by RBSP-A was weaker than those observed by Arase and the two ground stations 
in the same frequency range. Simultaneous observations of EMIC waves in almost the same frequency 
range were successfully performed from 01:17 to 01:47 UT by Arase, RBSP-A and the two ground stations. 
During this time interval, Arase and RBSP-A were at almost the same magnetic local time (15.4 hr) and 
the same L-shell region (L = 5.26–6.30 and 5.70–5.82 for Arase and RBSP-A, respectively), but in different 
magnetic latitude regions (28.8° and −0.8° for Arase and RBSP-A, respectively). Although RBSP-A passed 
through the L-shell region of 5.70–5.82, there were no density irregularities, like those observed by Arase/
PWE-HFA in the UHR frequency variation, seen in the equatorial region by RBSP-A/EMFISIS-HFR. The 
EMIC wave power spectral density in the midlatitude region (Arase) was significantly larger than that in the 
equatorial region (RBSP-A) around the field line conjunction interval. The wave amplitudes observed at the 
two ground stations (Gakona and Dawson) were smaller than those from Arase by 1–2 orders of magnitude.
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Figure 1.  Dynamic wave-power spectra from 00:40–02:40 UT on April 18, 2019 observed by (a) Arase/PWE-High 
Frequency Analyzer (HFA), (b) Arase/PWE-Electric Field Detector (EFD), (c) Arase/Magnetic Field Experiment 
(MGF), (d) Radiation Belt Storm Probes A (RBSP-A)/Electric and Magnetic Field Instrument and Integrated Science 
(EMFISIS)-HFR, (e) RBSP-A/EMFISIS magnetometer, (f) induction magnetometer located at the Gakona station, 
(g) induction magnetometer located at the Dawson station. (h) McIlwain-L values calculated from the T89 model, (i) 
magnetic latitudes, and (j) magnetic local times of Arase (red) and RBSP-A (blue).
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The averaged repetition periods of the fine structures observed by Arase, RBSP-A, and two ground stations 
were ∼140 s regardless of the measurement location. This is comparable to the averaged repetition period 
of the density irregularities observed by Arase (∼145 s). These repetition periods were derived by visual 
inspection; therefore, the results should contain errors on the order of seconds.

Figure 2 presents the magnetic footprint of Arase (red) and RBSP-A (blue) at the altitude of the ionosphere 
(100 km) for the time interval from 00:00 to 03:00 UT on April 18, 2019. Arase was orbiting from north to 
south during this period (66.7–35.4°N and 136.7–112.3°W geographic coordinates) and passed by the Daw-
son station (magenta triangle at 64.048° in latitude) at 01:18 UT. In contrast, RBSP-A was orbiting from east 
to west during this period (59.2–62.5°N and 130.2–140.4°W geographic coordinates). The location of the 
Gakona station is represented as a black triangle. The bold purple and light blue lines indicate the locations 
where lower-frequency EMIC waves (0.40–0.53 Hz) were observed and the higher-frequency EMIC waves 
(0.50–0.66 Hz) were observed by each satellite, respectively. The purple and light blue shaded regions denote 
the L-shell regions where the lower and higher frequency EMIC waves were observed, respectively. Both 
lower- and higher-frequency EMIC waves were observed in the overlapping region, where L = 5.60–5.84. 
By comparing the observations by Arase and RBSP-A, it was found that both EMIC waves were confined to 
narrow L-shell ranges. Because the trajectory of RBSP-A was traversing the edge of the overlapping region, a 
weak lower-frequency EMIC wave was observed from 01:35 to 01:50 UT by RBSP-A, as shown in Figure 1e.

Figures 3a–3d present thermal ion observations on RBSP-A from 00:00 to 03:00 UT on April 18, 2019. Fig-
ure 3a displays the magnetic field spectra observed by EMFISIS. Figures 3c and 3d display the pitch-angle 
distributions of H+ and He+ for the energy range of 2–98 eV observed by ECT/HOPE. As illustrated in Fig-
ures 3c and 3d, two clear signatures of thermal ion enhancement corresponding to the EMIC wave activity 
were observed: the enhancement of thermal protons with pitch-angles of 9–27° and 153–171° from 00:51 to 
01:25 UT, and that of thermal He+ with pitch-angles of 45–135° from 01:50 to 02:18 UT. The enhancement 
of H+ with pitch-angles of 9–27° and 153–171° was observed in a limited time within the interval of EMIC 
waves that does not correspond to any enhancement in wave activity. On the other hand, the enhancement 
of He+ clearly corresponded to a period of enhanced EMIC wave intensity (L = 5.75–5.77). This He+ en-
hancement was not observed by Arase (not shown here).

Figure 2.  Magnetic footprint of Arase (red) and Radiation Belt Storm Probes A (RBSP-A) (blue) at the altitude of the 
ionosphere (100 km) for the time interval of 00:00–03:00 UT on April 18, 2019.

 19448007, 2021, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021G

L
096488 by K

yushu Institute O
f T

echnology, W
iley O

nline L
ibrary on [09/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

MATSUDA ET AL.

10.1029/2021GL096488

6 of 11

Figure 3.
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Figures 3g–3r display the phase-space densities (PSD) of protons as a function of the local pitch-angle ob-
served by Arase/LEP-i at 01:10 UT (before the EMIC waves were observed), 01:20 UT, 01:30 UT, 01:35 UT, 
01:40 UT (while the EMIC waves were observed), and 01:50 UT (after the EMIC waves were observed) on 
April 18, 2019. The corresponding wave spectra observed by the Arase/MGF are shown in Figure 3e. Note 
that we used data from 5 min before and after the time of interest when we calculate the proton pitch-an-
gle distributions. As illustrated in Figures 3i–3k and 3o–3g, clear signatures of less than 200 eV/q proton 
heating with local pitch-angles around 30° and 150° were observed in the interval from 01:30 to 01:40 UT 
(L = 5.87–5.52).

The corresponding measurements of the omnidirectional proton fluxes by Arase/LEP-i and RBSP-A/ECT-
HOPE are displayed in Figures 3b and 3f. Both Arase and RBSP-A detect ion nose structures near the inner 
edge of the duskside plasma sheet (e.g., Ren et al., 2021), and no periodic changes were observed in the 
proton distribution during the interval of the fine-structured EMIC wave activity.

4.  Discussion
4.1.  EMIC Wave Growth Near the Density Irregularities

We found that the modulation of the observed EMIC waves clearly corresponded to the lower cutoff fre-
quency variation of the electric field spectra near the UHR emission observed by Arase. If we assume that 
this indicates variation in the Z-mode cutoff frequency, we can derive the ambient electron density along 
the orbit of Arase (Barnhart et al., 2009). According to the electric field measurement by Arase/PWE-HFA, 
the maximum change in the electron density was ∼8%, while the averaged change was ∼5%. Note that the 
frequency resolution of EMFISIS-HFR is ∼2.1 kHz in the frequency range of observed UHR emission; thus, 
small density changes less than 10% cannot be detected by RBSP-A. The RBSP-A measurement suggests 
that there are no density irregularities of larger than 10% in the equatorial region, however, the possibility 
of the existence of small-scale density irregularities of less than 10% remains. Because the spatial extent of 
these density irregularities is unclear, the question on the wave guiding along the density irregularities is 
still open. On the other hand, we discuss the scale of wave propagation duct estimated from the multipoint 
wave measurement in Section 4.2.

A ray tracing study done by de Soria-Santacruz et al. (2013) reproduced cold plasma density irregularities 
using an analytical model and showed that the cold plasma irregularities with 20% density variations be-
tween L = 5 and L = 7 can cause periodic growth of He+ band EMIC waves. Further, they also showed that 
the density irregularities are responsible for a guide of the wave propagation along the ducts. The condi-
tions used in their ray tracing study were similar to the conditions during the fine-structured EMIC wave 
event presented in this study. The density variations of the irregularities observed by Arase were at most 8% 
and smaller than the irregularity assumed by de Soria-Santacruz et al. (2013). Moreover, Yue et al. (2020) 
showed the observation of intermittent EMIC waves associated to the clear density cavities along the orbit 
of RBSP-B. The scale of density cavities shown by Yue et al. (2020) (∼60% density changes, several minutes 
order) is much larger than our present observation. We need to investigate how the different-scale density 
irregularities contribute to the EMIC wave growth in future studies.

Arase crossed the L-shell region from 5.35 to 6.20 during the event; thus, the observed periodic changes in 
the Z-mode cutoff frequency can be explained by the presence of radial cold plasma density irregularities 
as one possibility (spatially varying). Alternatively, it can also be explained as periodic changes in electron 
density at a given location (time-varying). By comparing the EMIC wave spectra observed by Arase and 
RBSP-A, the periods of the observed fine structures by both satellites were almost the same. Note that RB-
SP-A was orbiting at an almost fixed L-shell (L = 5.8) during the event. Assuming that the fine-structure of 

Figure 3.  Summary of thermal ion observations from 00:00 to 03:00 UT on April 18, 2019. (a) Dynamic wave-power spectra observed by Radiation Belt Storm 
Probes A (RBSP-A)/Electric and Magnetic Field Instrument and Integrated Science (EMFISIS), (b–d) omnidirectional H+ fluxes and pitch-angle distributions 
of H+ and He+ for 2–98 eV ions observed by RBSP-A/Energetic Particle Composition and Thermal Plasma Suite (ECT)-Helium Oxygen Proton Electron mass 
spectrometer instrument (HOPE), (e) dynamic wave-power spectra observed by Arase/Magnetic Field Experiment (MGF), (f) omnidirectional H+ fluxes, and 
(g–r) time variation of the phase space density of H+ as a function of the local pitch-angle observed by Arase/low-energy particle experiments-ion mass analyzer 
(LEP-i).
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observed EMIC waves was caused by the steep radial variation in electron density, RBSP-A should measure 
the fine-structured EMIC waves with a significantly larger periodicity than that observed by Arase. Addi-
tionally, if we assume duct propagation along the density irregularities, this implies that the irregularity 
repeatedly occurred on the same field line. Hence, we conclude the observed electron density irregularities 
were caused by time-varying electron density changes.

As mentioned in Section 3, the wave power spectral density in the midlatitude region was significantly larg-
er than that in the equatorial region. This result suggests the EMIC wave growth associated with the density 
irregularities observed in the midlatitude region, and supports midlatitude source EMIC waves reported by 
Vines et al. (2019). Matsuda et al. (2018) conducted a statistical study of fine-structured EMIC waves using 
the data obtained by Arase for 12 months and found that the dominant region of the fine-structured EMIC 
waves is the midlatitude region (10° < |MLAT| < 30°.) The EMIC event in this study was observed on Arase 
at magnetic latitude around 28°; therefore, it is consistent with their statistical result. We need to clarify the 
generation mechanism of other fine-structured EMIC waves in the midlatitude region reported by Matsuda 
et al. (2018) as a next step.

4.2.  Spatial Extent of the Observed EMIC Waves

Multipoint measurement can be a powerful tool for revealing the spatial extent of plasma waves in the mag-
netosphere. As summarized in Figure 2, the lower and higher frequency EMIC waves discussed in this study 
were observed at limited L-shell ranges of 5.60–6.30 (ΔL = 0.7) and 5.26–5.84 (ΔL = 0.58), respectively. 
Here ΔL denotes the size of a limited L-shell region. Using the T89 magnetic field model, both these narrow 
L-shell ranges correspond to ∼185 km latitudinal width at an auroral altitude of 100 km.

Focusing on the frequency bandwidths of the EMIC waves observed by Arase and RBSP-A, they are almost 
the same (∼0.08 Hz) around the timing of the field line conjunction (Arase & RBSP-A: L = 5.7, 01:34 UT). 
On the other hand, before 01:30 UT (Arase: L > 5.8) and after 01:38 UT (Arase: L < 5.5), the frequency 
bandwidth of the EMIC waves observed by Arase is broader than the RBSP-A result. Because these broad-
band EMIC waves were not observed by RBSP-A and two ground stations, we concluded that the spatial 
scale of the wave propagation duct was approximately less than 80 km (ΔL < 0.3) at an auroral altitude of 
100 km. This scale is smaller than the EMIC wave activity region (∼185 km) estimated from the both Arase 
and RBSP-A observations.

Sakaguchi et al. (2015) showed a comprehensive study of the spatial extent of IPAs using all-sky imagers 
located in Athabasca. Their statistical analysis showed that the latitudinal width of proton auroral arcs due 
to pitch-angle scattering caused by EMIC waves was typically from 30 to 120 km at ionospheric altitudes, 
and has a clear peak at ∼56 km. The estimated latitudinal width of the propagation duct at an auroral alti-
tude of 100 km shown in this study is consistent with their statistical result, suggesting that IPAs are a visual 
manifest of wave-particle interaction regions.

4.3.  Thermal Ion Heating by EMIC Waves

As shown in Section 3, the enhancement of He+ with pitch-angles of 45–135° observed by RBSP-A clearly 
corresponds to the timing of the enhancement of EMIC wave intensity (L = 5.75–5.77). Considering the 
conservation of the first adiabatic invariant as well as the total energy, ions with a pitch-angle of more than 
35° at the geomagnetic equator do not reach the magnetic latitude of Arase. Anderson and Fuselier (1994) 
and Fuselier and Anderson (1996) discussed the mechanism of perpendicular He+ heating by EMIC waves 
due to cyclotron resonance interactions. There have been several observations on perpendicular thermal 
He+ heating by EMIC waves near the helium gyrofrequency (e.g., Zhang et al., 2011 and references therein). 
The present observations show clear perpendicular He+ heating which coincided with the appearance of 
the intense EMIC wave just below the helium gyrofrequency (Figures 3a and 3d), and is consistent with 
previous studies.

RBSP-A measured a clear enhancement of H+ with pitch-angles of 9–27° and 153–171° at L = 5.55–5.71, and 
Arase also measured H+ with pitch-angles of 30° and 150° in almost the same L-shell region (L = 5.87–5.52). 
The local-pitch angle of 30° at the location of Arase corresponds to 17° equatorial pitch-angle; therefore, 
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we conclude that both Arase and RBSP-A measured the same enhanced ion distribution within a narrow 
L-shell range. Considering the time lag between these two measurements, this H+ enhancement is present 
steadily for at least several tens of minutes. RBSP-A observed a proton enhancement within the EMIC wave 
active interval, which did not correspond to any variation in EMIC wave intensity. On the other hand, the 
enhancement clearly coincided with the EMIC waves observed by Arase. This evidence suggests that the 
observed H+ enhancement may have occurred in the midlatitude region, rather than the equatorial re-
gion. A similar enhancement of thermal protons corresponding to EMIC wave activity was reported by Ma 
et al. (2019); however, the mechanism of thermal proton heating due to fine-structured EMIC waves is still 
unclear. Omura et al. (1988) suggest that parallel heating is associated with the interaction of forward and 
backward propagating EMIC waves. Further study is necessary to clarify the contribution of fine-structured 
EMIC waves to proton heating.

5.  Summary
In this study, we discussed the properties of the observed fine-structured EMIC waves using a multipoint 
conjunction event. The results are summarized as follows:

1.	 �We successfully measured latitudinally propagating EMIC waves by Arase and RBSP-A on April 18, 
2019. These EMIC waves were also observed at the Gakona and Dawson ground stations.

2.	 �Nearly identical EMIC wave spectra were observed by Arase, RBSP-A, and the two ground stations with-
in a limited time interval. By comparing the footprints and wave spectra of both satellites, we concluded 
that the observed EMIC wave activity was spatially localized (185 km latitudinal width at an auroral 
altitude of 100 km) and the spatial scale of the wave propagation duct was smaller (<80 km) than the 
EMIC wave activity region.

3.	 �We found that the periodicity of the fine-structured EMIC waves observed by Arase coincided with the 
time-varying electron density irregularities. These density irregularities should be responsible for the 
EMIC wave growth as demonstrated by de Soria-Santacruz et al. (2013).

4.	 �Thermal He+ heating was observed coincident with fine-structured EMIC waves. Additionally, the clear 
heating of protons with local pitch-angles of approximately 30° and 150° was detected by Arase con-
currently with the appearance of fine-structured EMIC waves. This thermal ion distribution was also 
observed in the equatorial region by ECT/HOPE aboard RBSP-A.

Data Availability Statement
Science data of the ERG (Arase) satellite were obtained from the ERG Science Center operated by ISAS/
JAXA and ISEE/Nagoya University (Miyoshi, Hori, et  al.,  2018) (https://ergsc.isee.nagoya-u.ac.jp/in-
dex.shtml.en). In the present study, we used level-2 PWE/EFD 64  Hz waveform v01.01 data (Kasahara 
et al., 2020), level-2 MGF 64 Hz waveform v03.04 data (Matsuoka, Teramoto, Imajo, et al., 2018), level-2 
PWE/HFA spectrum data v01.02 data (Kasahara, Kumamoto, et al., 2018), level-2 LEP-i 3D flux v03.00 data 
(Asamura, Miyoshi, & Shinohara, 2018), level-3 LEP-i pitch angle sorted data (Asamura et al., 2021), and 
level-2 definitive orbit v03 data (Miyoshi, Shinohara, & Jun, 2018). Dst and Kp indices data used in this 
study was provided by the “Geospatial Information Authority of Japan” and “WDC for Geomagnetism, 
Kyoto” (http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html). The EMFISIS data and ECT data are obtained from 
https://emfisis.physics.uiowa.edu/data/index/ and http://www.RBSP-ect.lanl.gov. The PWING magneto-
meter data are obtained from https://stdb2.isee.nagoya-u.ac.jp/magne/. The CARISMA data are obtained 
from https://www.carisma.ca. The SPEDAS software (Angelopoulos et al., 2019) was used for the data anal-
ysis in this study.
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