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Abstract Pulsating auroras (PsAs) are thought to be generated by precipitating electrons scattered by
lower-band chorus (LBC) waves near the magnetic equator. One-to-one correlation between the LBC
intensity and the PsA intensity has been reported. Electrostatic electron cyclotron harmonic (ECH) waves can
also scatter electrons. However, direct correlation between ECH and PsA has not been reported yet. In this
study, using a coordinated Exploration of energization and Radiation in Geospace (Arase) satellite and
ground-based imager observation, we report that not only LBC but also ECH have correlation with PsA. We
estimated the precipitating electron energy by assuming that the time lag when the cross-correlation
coefficient became the highest was travel time of electrons from the modulation region. We found that the
estimated energies show reasonable values as the cyclotron resonance energy of each wave.

Plain Language Summary Pulsating auroras (PsAs), which have quasiperiodic on-off switching
emission, are caused by the intermittent electron precipitation from the magnetosphere. Such electrons
are precipitated by wave-particle interactions. The candidate waves to interact with electrons are lower-band
chorus (LBC) and electrostatic electron cyclotron harmonic (ECH) waves. One-to-one correspondence
between the LBC wave intensity and the PsA intensity has been reported by previous studies. However, the
correlation between ECH and PsA has not been reported yet. In this study, using a coordinated Exploration of
energization and Radiation in Geospace (Arase) satellite and ground-based all-sky imager observation, we
report that not only LBC but also ECH waves have correlation with PsAs.

1. Introduction

Pulsating auroras (PsAs) are characterized by quasiperiodic (2–20 s or longer) temporal fluctuations of auroral
luminosity (Lessard, 2013; Li et al., 2013). They typically appear during the recovery phase of substorms.
Observations by sounding rockets and low-altitude satellites have confirmed that PsAs are caused by
quasiperiodic precipitation of electrons with energies from a few kilo-electron-volts (keV) to tens of keV
(Miyoshi et al., 2010; Miyoshi, Oyama, et al., 2015; Miyoshi, Saito, et al., 2015; Sandahl et al., 1980; Sato
et al., 2004). The electron energy spectra associated with PsAs are characterized by a Maxwellian distribution
and do not contain signs of acceleration by electrostatic parallel fields. This suggests that electrons are pre-
cipitated from the magnetosphere into the ionosphere by pitch angle scattering. Candidate waves to scatter
electrons are lower-band chorus (LBC) and electrostatic electron cyclotron harmonic (ECH) waves. They can
resonate with electrons from a few keV to tens of keV and from a few hundred electron volts (eV) to a few
keV through cyclotron resonance, respectively (Horne et al., 2003; Kurita et al., 2014; Lyons, 1974; Ni
et al., 2008).

LBC waves are electromagnetic and right-handed polarized whistler mode waves, which typically appear in a
distinct band below half of the equatorial electron cyclotron frequency (fce_eq). The waves that appear in the
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distinct band above half of fce_eq are called upper-band chorus (UBC) waves. They are naturally excited in the
low-density region outside the plasmapause in association with the injection of hot electrons from the
plasma sheet into the inner magnetosphere (Burtis & Helliwell, 1976; Meredith et al., 2001, 2003; Tsurutani
& Smith, 1974). ECHwaves are electrostatic Bernstein mode waves observed in bands between the harmonics
of the local electron cyclotron frequency (fce_loc). Both LBC and ECH waves are typically observed in the dawn
sector and 4< L< 9 near the magnetic equatorial plane (Meredith et al., 2009, 2012; Ni et al., 2011, 2017). The
distributions of the waves in the magnetosphere are consistent with those of PsAs in the ionosphere (Newell
et al., 2009).

Nishimura et al. (2010, 2011) showed that temporal variations of LBC wave intensity observed by the Time
History of Events and Macroscale Interactions during Substorms satellites near the magnetic equator were
highly correlated with those of PsA emission intensity observed by the all-sky imagers (ASIs; Mende et al.,
2008). Miyoshi, Saito, et al. (2015) identified that the fine structure of the energy spectrum of PsA is a result
of the wave-particle interactions with LBC as well as UBC waves and indicated that LBC causes PsA and
UBC causes the stable precipitations around 1 keV, so-called background precipitations of PsA (Evans et al.,
1987). S. Kasahara, Miyoshi, et al. (2018) showed correlation between loss-cone electron flux and LBC wave
intensity, which have a good correlations with the PsA. It indicated that wave-particle interaction indeed takes
place between LBC waves and precipitating electrons. In addition, the ground-based observations showed
also similar temporal characteristics between PsA and LBC (e.g., Ozaki et al., 2012, 2015; Tsuruda et al., 1981).

Liang et al. (2010) showed that mean peak-to-peak intervals of a PsA and ECH wave intensity, which were
observed by the ASI and the Time History of Events and Macroscale Interactions during Substorms satellite,
were similar. However, the correlation between their intensities was not reported because of the nonideal
conjugacy. It is shown that red-line (OI 630 nm) auroras can be modulated by pulsating electron precipitation
in spite of the long radiative timescale (~110 s; Eather, 1969; Liang et al., 2016). Liang et al. (2016) suggested
that low-energy electrons (<1 keV) are scattered by ECH or UBC waves and drive red-line PsAs as a
candidate mechanism.

High correlations between LBC and PsA have been reported, but those between ECH and PsA have not been
reported although there is a possibility that ECH waves can cause PsA. In this study, we investigated whether
not only LBC but also ECH wave intensity modulations have correlation with PsA emission. We discuss how
PsA emission spatially and temporally fluctuates when LBC and ECH waves are coexist near the
magnetic equator.

2. Instrumentation

The Exploration of energization and Radiation in Geospace (also called Arase) satellite was launched in
December 2016 into an orbit with an apogee altitude of ~32,000 km, a perigee altitude of 460 km, and an
inclination angle of 31° (Miyoshi et al., 2018). We utilized the Onboard Frequency Analyzer (OFA; Matsuda
et al., 2018), which is one of the receivers of the Plasma Wave Experiment (Y. Kasahara, Kasaba, et al., 2018)
onboard the Arase satellite. The OFA processes signals from two pairs of dipole wire-probe antennas
(Kasaba et al., 2017) and tri-axis magnetic search coils (Ozaki et al., 2018) and produces a single-channel
power spectrum for the electric and magnetic field (OFA-SPEC), covering the frequency range from 64 Hz
to 20 kHz. The number of frequency points depends on the operation mode of the OFA. During the time
interval of our interest, the OFA provided 132-point frequency spectra with a time cadence of 1 s.

The first campaign observation between the Arase satellite and ground-based optical imagers was
conducted in March 2017 (Miyoshi et al., 2018). The optical auroral observation used in this study is from
the ASI installed at Sodankylä (67.37°N geographic latitude, 26.63°E geographic longitude, 64.14°
geomagnetic latitude, and 106.59° geomagnetic longitude). The sampling rate is 100 Hz and a long-pass filter
(RG665), whose cutoff frequency is 665 nm, is attached to mainly observe N2 first positive (1PG) emissions,
whose lifetime is very short (~10�6 s) and the emission height is ~110 km.

3. Data

In the substorm recovery phase during 01:30–02:00 universal time (UT) on 29 March 2017, the Arase satellite
was located on the dawn sector near themagnetic equator in the Southern Hemisphere (L ~ 6, magnetic local
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time (MLT) ~ 4 hr, and the magnetic latitude (MLAT) ~�7°). Wave power spectrum density of the electric and
magnetic field as a function of time and the Arase satellite position are shown in Figures 1a and 1b. The white
solid lines show the local electron cyclotron frequency (fce_loc) and 2 fce_loc. The frequency fce_loc was derived
from the local ambient magnetic field measured by the magnetic field experiment (MGF; Matsuoka et al.,
2018). The white dashed lines show the equatorial electron cyclotron frequency (fce_eq). The frequency
fce_eq was derived from the equatorial ambient magnetic field calculated by using the magnetic field
model TS04 (Tsyganenko & Sitnov, 2005). LBC and ECH spectra were detected at frequencies between
0.1 fce_eq and 0.5 fce_eq in the electric and magnetic field, and at frequencies between fce_loc and 2 fce_loc
in the electric field, respectively. The equatorial electron cyclotron frequency is used to identify LBC waves
because they are excited at the magnetic equator and propagate along the magnetic field line. On the
other hand, the local electron cyclotron frequency is used to identify ECH waves because they can hardly
propagate along the magnetic field line (Horne et al., 2003).

In this time, the ionospheric footprint of the Arase satellite, which was calculated using TS04, traversed the
field of view of the ASI installed at Sodankylä. Figure 1c shows the keogram (magnetic north-south cross
sections) at the longitude of the Arase’s footprint. A discrete aurora was observed at MLAT ~ 65.5°. Vertical
stripes in Figure 1c correspond to activity of PsAs. Several PsA patches were observed near the footprint of
the Arase satellite during the entire period. It is difficult to detect auroral emission after 02:00 UT because
of the contamination from the sunlight. Snapshots of all-sky images are given in the supporting information
(Movie S1 in the supporting information). We focused on the observation time presented in Figure 1 because
electrons, which precipitate into the ionosphere in the Northern Hemisphere, interact with LBC waves, which
propagate from the magnetic equator to the Southern Hemisphere. Considering the cyclotron resonance
condition, the emission of PsAs observed at the Northern Hemisphere is expected to be consequence of pitch
angle scattering by the LBC waves observed at the Southern Hemisphere.

We calculated cross-correlation coefficients between the wave intensity and the auroral emission intensity at
each pixel on the image frame. The LBC and ECH wave intensities were derived by integrating the wave
power at frequencies of 0.1–0.5 fce_eq and 1–2 fce_loc, respectively. When strong emissions were observed,
the OFA-SPEC was contaminated in the wide frequency range. It is especially obvious from 01:57 to
02:00 UT in Figure 1a. The effect of this contamination was significant for the derived ECH intensity. To
remove this contamination, we used the mean value from its adjacent time when we derived the ECH inten-
sity. The time variation of the auroral intensity at each image pixel was low-pass filtered with a cutoff
frequency of 0.5 Hz to remove the Nyquist effect. The 100 all-sky images were averaged and created

Figure 1. (a) Electric and (b) magnetic field power spectrograms. The white dashed lines indicate 0.1 fce_eq and 0.5 fce_eq
using the magnetic equatorial model magnetic field and the white solid line indicate fce_loc and 2 fce_loc using the mea-
sured local magnetic field. (c) All-sky imager keogram (magnetic north-south cross section) at the magnetic longitude of
Arase’s footprint. The white line indicates the TS04 footprint of Arase. MLAT =magnetic latitude; MLT =magnetic local time.
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images with a temporal resolution of 1 s to adjust the sampling rate to that of OFA-SPEC. In addition, we
applied a 3 × 3 median filter to the images to reduce noises.

4. Data Analyses and Results

Cross-correlation coefficients between the auroral intensity at each image pixel and each wave intensity were
calculated with 2-min time window during the entire period shown in Figure 1. From 01:30 to 01:38 UT, a
high-correlation auroral patch with LBC or ECH waves was not identified because the footprint of the
Arase satellite were covered by a diffuse aurora. The diffuse aurora was drifting from the west to the east.
From 01:38 (01:40) to 02:00 UT, high-correlation regions between PsA and LBC (ECH) were identified. Each
high-correlation region moved with the Arase’s footprint within the field of view of the ASI (Figures S1 and
S2). The correlation coefficients were not considerably high but localized near the footprint of the Arase
satellite at most of the time. One of results is shown in Figure 2. In Figure 2a, the all-sky image at 01:46:00
UT was projected on the map in gray scale, assuming that auroral emission height was 110 km, and
cross-correlation coefficients between the LBC wave intensity and the auroral intensity at each image pixel
were overlaid in color scale. Although several PsA patches were observed within the field of view of the
ASI (Movie S2), a high-correlation region was confined in a narrow region near the footprint of the Arase
satellite. The highest cross-correlation coefficient during this time was 0.73, and the auroral pulsation had
correlation with the LBC wave intensity (Figure 2b). Since the degree of freedom, that is, the number of
samples of an image is large, the Bonferroni correction (Bonferroni, 1935) is necessary for the p value. We
estimated the p value to be 3.14 × 10�21 by the Student’s t test. It was sufficiently smaller than a corrected
significance level of 0.01/65536 (=1.53 × 10�7), where 65,536 is the total number of pixels of an image.
Therefore, the correlation coefficient was statistically significant. The highest cross-correlation pixel (labeled
as highest correlation pixel 1 in Figure 2a) is located at 0.18° MLAT north and 0.09 hr in MLT east of the model
footprint. The horizontal spatial scale at 110-km altitude was 70 km. This result is consistent with Nishimura
et al. (2011, 2010). The coherence between them had some peaks (Figure S3). The negative value of the phase
in Figures S3d and S5d means the auroral intensity delays against the wave intensity. If we assume that the
auroral intensity dose not precede the wave intensity, the coherence had peaks at <0.1 Hz.

Figure 2. (a) Spatial distribution of cross-correlation coefficients (color scale) between the LBC wave and the auroral inten-
sity for 01:46–01:48 UT. The coefficients that were larger than 0.40 are superimposed onto the snapshot of the aurora image
(gray scale) at 01:46 UT. The white ellipse is explained in the caption of Figure 3. (b) The highest correlation between the
LBC wave (red solid line) and the auroral intensity (blue dotted line). (c and d) Correlation between the electrostatic electron
cyclotron harmonic wave and the auroral intensity in the same format as (a) and (b). The pixels marked by red squares in
Figures 2a and 2c are explained in the text. LBC = lower-band chorus; MLAT = magnetic latitude; UT = universal time.
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For the same time, the high-correlation region between the auroral
intensity and the ECH wave intensity was also localized near the Arase
footprint (Figure 2c) and they had correlation (Figure 2d). The highest
correlation was 0.62, and the estimated p value (5.44 × 10�14) was less
than the significance level of 0.01/65536 (=1.53 × 10�7). The highest
correlation pixel (labeled as highest correlation pixel 2 in Figure 2c) is
located 0.18° MLAT north and 0.07 hr in MLT east of the model footprint
of the Arase satellite. The horizontal spatial scale at 110-km altitude was
59 km. The reason why the highest correlation coefficient of ECH was
lower than that of LBC might be that the auroral emission intensity driven
by ECH waves was contaminated by brighter emission driven by LBC
waves. The high-correlation pixels between LBC and PsA were deviated
from those between ECH and PsA. This gap was probably caused by
oblique propagation of the LBC waves to the magnetic field. The
propagation angle of LBC waves against the ambient magnetic field was
almost 15–20° although there is an ambiguity of 180° because the
propagation angle was derived from three components of the magnetic

field (Figure S4). The propagation characteristics were derived using the singular value decomposition
method (Santolík et al., 2003). It means that the footprint derived from cross-correlation coefficients between
ECH and PsA is more accurate than that between LBC and PsA. The correlation coefficient between ECH and
ambient magnetic field was 0.15. It implies that the observed ECH wave fluctuations were temporal variation
rather than spatial variation (i.e., due to flapping motions of the magnetosphere as shown in the case by
Liang et al., 2010). The coherence between ECH and PsA had a peak from 0.05 to 0.1 Hz if we assume the
phase is negative (Figure S5). Figure 2b shows that the time variation of the LBC wave had an obvious
on-off switching, while Figure 2d shows that of the ECH wave had a weak on-off switching.

5. Discussion

In this event, LBC and ECH waves were observed at almost the same time and they had a low correlation
(0.34). It means that there is the possibility that the correlation between the PsA intensity and the ECH
intensity was spurious correlation due to the correlation between the ECH and LBC intensity. If electrons
are scattered by both LBC and ECH waves at the magnetic equator simultaneously, the former electrons will
arrive in the ionosphere earlier than the latter ones because the cyclotron resonance energy of LBC is higher
than that of ECH and the travel time of electrons from the magnetosphere to the ionosphere depends on
their energy (Miyoshi et al., 2010; Yau et al., 1981). It means that there is a time lag from when Arase detects
plasma waves to when the ASI detects auroral emission caused by precipitating electrons that are scattered
by the plasma waves. If we calculate cross-correlation coefficients with delaying the auroral emission
intensity against the wave intensity, it is expected that cross-correlation coefficients between LBC and
PsA will become maximum value earlier than those between ECH and PsA. However, the time resolution
of wave spectrum data (1 s) is inadequate because the travel time of tens of keV electrons is less than
1 s. Instead, the sampling rate of the ASI is 100 Hz and it is possible to delay images at 0.01-s time step.
We calculated cross-correlation coefficients between the auroral intensity and each wave intensity with
delaying the images. The auroral intensity at each image pixel within the white ellipse in Figures 2a and
2c was used to focus on the high-correlation auroral patch. The low-pass filer (�3 dB at 0.5 Hz) was applied
to the modulations of auroral intensity to remove the Nyquist effect. Then only 10 images from the starting
time in 100 images were averaged every 1-s intervals and applied a 3 × 3 median filter to reduce noises.
Before correlation coefficients between LBC and PsA were calculated, the high-pass filter (�3 dB at
0.1 Hz) was applied to them. On the other hand, the band-pass filter (�3 dB at 0.05 and 0.1 Hz) was applied
to the time variations of the ECH and PsA intensity before correlation coefficients between them were cal-
culated. The cutoff frequencies of these filters were determined to pass time variations at the frequencies
where the coherence was high and the phase was negative in Figures S3 and S5. The time variation of
the highest cross-correlation coefficients between LBC and PsA (red solid curve) and ECH and PsA (blue
dashed curve) as a function of time lag is shown in Figure 3. The maximum value of correlation coefficients
became the highest at 0.45 s for LBC and ~1.75 s for ECH. The error between the ground time and satellite

Figure 3. The temporal variations of the highest correlation coefficients
between LBC waves and auroral intensity within the white ellipse in
Figures 2a and 2c (red solid curve) and those between ECH and auroral
intensity (blue dashed curve) as a function of time lag of auroral intensity
observed by the ground-based imager against each wave intensity observed
by the onboard detector. LBC = lower-band chorus; ECH = electrostatic
electron cyclotron harmonic; ECH = electrostatic electron cyclotron
harmonic.
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time is 0.10 s. In addition, images were averaged for 0.10 s and wave spectra were derived by performing
FFT on the waveform for about 0.02 s. Thus, the total error of the travel time of electrons was from �0.10
to +0.22 s. The highest correlation pixel for LBC at time lag 0.45 s is shown in Figure 2a labeled as highest
correlation pixel 3. The highest correlation pixel for ECH at time lag 1.75 s is shown in Figure 2c, which is
labeled as highest correlation pixel 4. The distance from the zenith to the highest correlation pixel 3 was
farther than that to the highest correlation pixel 4. This difference is consistent with the expectation that
ECH waves cause auroral emission at higher altitudes because the resonance energy of ECH waves is
lower than that of LBC waves.

In Figure 4, the time t1 is the propagation time of LBC waves from the magnetic equator to the Arase position
(MLAT λ1 ~ �7°). Electrons scattered by LBC waves at the magnetic equator arrive at the MLAT λ2 at t1. The
time t2 is the travel time of electrons from when the OFA detects LBC waves to when the ASI detects auroral
emission. The quasiperiodic ECH waves with a power of ~10�4 mV2/m2/Hz were observed by the OFA at the
off-equator, but it was too weak to put electrons on strong diffusion. Meredith et al. (2009) showed that
intense ECH waves with amplitudes exceeding 1 mV/m are confined to the magnetic equatorial plane and
peak within ±3° of the magnetic equator. We assumed that ECH waves were excited at the same time in a
broad region near themagnetic equator including the location of the Arase satellite. This allowed us to ignore
any time lag for ECH waves to propagate from the region of wave-particle interaction near the equator to the
satellite. Therefore, the travel time of electrons from when the OFA detects ECH waves to when the ASI
detects auroral emission t3 = t1 + t2.

The parallel resonance energy for LBC waves (ELBC) with frequency (ω) at themagnetic equator can be written
as (Kennel & Petschek, 1966)

ELBC ¼ B20
2μ0ne

ωce

ω
1� ω

ωce

� �
;3 (1)

where B0 is the ambient magnetic field intensity, ωce is the electron cyclotron frequency, and μ0 is the
permeability of vacuum. The thermal electron density ne was derived by using the upper hybrid resonance
frequency observed by the OFA. The ratio of the plasma frequency to the cyclotron frequency was 2.3.
From equation (1), the cyclotron resonance energy of LBC waves was ~30 keV. The parallel resonance energy
for ECH waves (EECH) depends on the wave normal angle and electron temperature. Unfortunately, it is rather

Figure 4. Schematic illustration of pulsating auroral emission, which is caused by LBC and ECH waves. The time t1 is the
propagation time of LBC waves from the magnetic equator to the Arase satellite position (magnetic latitude
[MLAT] = λ1) and t2 is the time of flight of electrons from the off-equator (MLAT = λ2) to the auroral emission altitude. Wave-
particle interactions occurred at themagnetic equator, and electrons arrive at MLAT λ2 at t1. It was assumed that ECHwaves
are exited at the same time in a broad region near the magnetic equator including the location of the Arase satellite.
LBC = lower-band chorus; ECH = electrostatic electron cyclotron harmonic.
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difficult to estimate the electron temperature from the electron phase space density obtained by Arase
because the precise validation of electron data required for this analysis is not fully established at this
moment. Therefore, we assumed the typical EECH is from a few hundred eV to a few keV based on Horne
et al. (2003). The energies of precipitating electrons, whose time of flights t2 and t3 were 0.35–0.67 and
1.65–1.97 s, were ~22–76 and ~3–4 keV, respectively. These energies are reasonable compared with the
respective cyclotron resonance energies. The estimation of the temperature from the observation is left for
future investigation. These results indicate that the correlation at the time lag of 0.45 s for LBC waves and
at that of 1.75 s for ECH waves are not spurious correlation.

UBC waves were not observed in the observation time presented in Figure 1. However, there is a possibility
that UBC waves were excited near the magnetic equator because UBC waves cannot propagate to the higher
MLAT along the magnetic field line than LBC waves (Meredith et al., 2012). This possibility indicates that UBC
waves might have resonated with electrons with the energy between the resonance energy of ECH waves
and that of LBC waves near the magnetic equator and caused PsA emission.

6. Summary

We analyzed an event of conjugate Arase spacecraft and ground-based imager measurements during a
period of quasiperiodic LBC and ECH wave emissions. We demonstrated that not only the LBC but also
ECH wave intensity had correlation with the PsA intensity. Auroral patches pulsated in the same phase as
the LBC and ECH intensity modulation with time lags. Each time lag was reasonable compared with the time
of flight of an electron, which had the cyclotron resonance energy of each wave. LBC and ECH waves interact
with tens of keV and a few keV, respectively. It means that LBC waves cause the low-altitude PsA and ECH
waves cause the high-altitude PsA. It has been known that the spatial-temporal variation of PsA is rather com-
plex. Combined effect of LBC and ECH waves, which was demonstrated by the current study, could be rele-
vant to explain such complex behavior and great diversity in the morphological characteristics of PsA. In
future, to confirm whether wave-particle interactions indeed occurred or not, we will compare each wave
intensity and loss cone electron flux measured by Arase as shown in S. Kasahara, Miyoshi, et al. (2018).
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