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Abstract – We report on the observation of phase
differences of electron cyclotron harmonic (ECH)
waves by attempting interferometric observations per-
formed by the Arase satellite. The electric field spectra
of ECH waves observed by the Arase satellite show a
case that multiple peaks in intensity exist between
integer multiples of the electron cyclotron frequency.
Calculation of the phase difference at the frequencies of
these peaks indicated that the phase differences were
different even at close frequencies. Even though the
phase differences obtained from the observations
potentially have an ambiguity of 2np, it is difficult to
argue that the phase velocity significantly changes at
close frequencies. It is, thereby, possible that the wave
vector directions of the ECH waves are different at the
frequencies of the intensity peaks.

1. Introduction

Electron cyclotron harmonic (ECH) waves are one
of the plasma waves observed in the magnetosphere.
These waves are characterized by a harmonic structure
with peaks between integer multiples of the electron
cyclotron frequency fce. ECH waves are electrostatic.
The wave vector is approximately perpendicular to the
background magnetic field, and the electric field
oscillations are parallel to the wave vector. An ECH
wave was first observed by the Orbiting Geophysical
Observatory-5 satellite [1] and was observed in the
magnetosphere of the Earth and other planets and
satellites [2–5]. An ECH wave was reported to have
large amplitudes [1, 6], suggesting that it affects the
plasma environment and was shown to cause pitch
angle scattering [7, 8], which generates diffuse auroras
[9]. Because the dispersion relation of ECH waves
strongly depends on the parameters of cold electrons, it
is possible to estimate the plasma environment, such as
the background electron temperature, from the phase
velocity of ECH waves.

In this study, we report on the observation of ECH
waves using the interferometry observation mode of the
Arase satellite. We analyzed the phase difference of the
ECH wave observed by using the interferometry
technique. It was suggested that the ECH wave has
multiple peaks in each frequency band and that the
wave vector may be different in each frequency.

2. Phase Difference of ECH Waves
Observed by Interferometry Observation of

the Arase Satellite

2.1 Instruments and Method

This study used electric field wave data observed
by the Plasma Wave Experiment (PWE) on the Arase
satellite. The Magnetic Field Experiment (MGF) was
also used to determine the direction of the ambient
magnetic field. The Arase satellite observed the Earth’s
magnetosphere and was located in an elliptical orbit of
300 km at perigee and 5.1 Re (Earth radius: 6371 km) at
apogee [10]. The satellite was spin stabilized with a spin
period of 8 s. The spin axis was roughly directed toward
the Sun. The PWE had two pairs of wire probe antennas
(WPT) on the spin plane [11] and a three-axis magnetic
search coil (MSC). Signals obtained by the WPT and
MSC were received by the Onboard Frequency
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Analyzer (OFA) and waveform capture (WFC) in the
frequency range of a few hertz to 20 kHz. The normal
sampling frequency of WFC is 65,536 Hz. Because
waveform data obtained by WFC had a large data size,
waveforms were intermittently obtained. The OFA
provided instantaneous frequency spectrum data every
second [12]. The MGF measured the ambient magnetic
field vectors [13]. It was used to compare wave data to
determine the direction of oscillation of the electric field
of the wave and also to calculate the electron cyclotron
frequency because it provided the magnitude of the
background magnetic field at the satellite location.

The four antennas of the WPT are 15.6 m long and
named U1, U2, V1, and V2, respectively. Normally, the
electric field waveforms Eu and Ev were observed by
using the pair of antennas (U1–U2, and V1–V2) as
dipole antennas. There was also an observation mode in
which only V1 and V2 were used as monopole
antennas. In this mode, the potential difference between
each antenna and the spacecraft body was observed. It
was equivalent to an interferometry observation be-
tween antennas V1 and V2.

The electric field waveforms observed at antennas
V1 and V2 were called Ev1 and Ev2, respectively. Due
to the phase velocity of ECH waves, a phase difference
of observed ECH waves was expected between Ev1 and
Ev2. The following shows the calculation method of the
phase difference:

Wið f Þ ¼ F½EViðf Þ� ði ¼ 1; 2Þ ð1Þ

hið f Þ ¼ arctan Wið f Þð Þ ð2Þ

Dhð f Þ ¼ h1 � h2 ð3Þ
where W1 and W2 are the complex Fourier transforms of
antennas Ev1 and Ev2.

2.2 Event Analysis

The analysis was performed for the ECH waves
observed near 00:00 Universal Time (UT) on Septem-
ber 8, 2019. An overview of the electric field spectra
observed by OFA is shown in Figure 1. The electron
cyclotron frequency fce calculated using the MGF
background field data is indicated by the red line in
the figure, and its half and integer multiples are

indicated by the white lines. There was a harmonic
structure with peaks between integer multiples in the
frequency range above fce. The burst mode operation of
interferometric observations was continuously per-
formed for 60 s, starting at 00:00:10 UT. The time of
operation of interferometry observation is arrowed in
Figure 1. The magnetic local time (MLT) at this time is
5.7 MLT, the radial distance is 5.9 Re, and the magnetic
latitude is�0.88. Figure 1 shows that there are multiple
peaks in the electric field spectrum in the frequency
band between fce and 2ce, especially around 00:00 UT
on September 8, 2019.

The waveforms from 00:00:40.647 UT during 1
ms are shown in Figure 2. At this time, the elevation
angle from the spin plane in the direction of the
background magnetic field was 48, and the angle that the
background magnetic field projected onto the spin plane
made with the antenna Ev1 was�858. At this time, the
electric field waveforms with an amplitude of about 40
mV/m were seen in both Ev1 and Ev2. The wave vector
direction, which coincides with the direction of
oscillation of the electric field, is considered to have a
component parallel to the antenna. Figure 2 shows
bandpass-filtered electric field waveforms in the har-
monic bands of the ECH wave. The black and red line
in each figure shows the bandpass-filtered Ev1 and Ev2
waveform, respectively. The two lines did not overlap,
and a phase difference was obtained. The phase
difference was calculated by Fourier transform using
1024 points so that the peaks of these frequencies were
visible. The frequency resolution was 64 Hz. The
Hanning window was used to perform the Fourier
transform, which is expressed as

wðkÞ ¼ a� ð1� aÞ cos
2pk

N

� �
ð0 � k � N � 1Þ ð4Þ

We used a¼ 0.5. The time used was approximately 15.6
ms centered at 00:00:40.647 UT. The frequency and

Figure 1. Overview of the electric field spectrum observed by OFA
from 22:00 UT on September 7, 2019, to 2:00 UT on September 8,
2019.

Figure 2. Electric field waveforms observed from 00:00:40.647 UT
for 1 ms, which are bandpass filtered in the frequency of (a) fce to 2 fce,
(b) 2 fce to 3 fce, (c) 3 fce to 4ce, and (d) 4 fce to 5 fce, respectively.
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amplitude and frequency and phase difference are
shown in Figure 3. The vertical axis was normalized
by fce. The phase difference at each frequency was
calculated if the wave amplitude in the band exceeded
0.005 mV/m to remove the fluctuations of the phase
difference caused by the low intensity waves and noises.
From the left panel of Figure 3, we see that the intensity
peaks in the harmonic bands of the ECH waves are
greater than 0.1 mV/m. Among the intensity peaks, low
intensity waves or noises are present with the intensity
below 0.005 mV/m. Thus, we selected the threshold
value of 0.005 mV/m to discriminate the ECH waves
and noises. Figure 3 shows that multiple peaks are
included between integer multiples of the cyclotron
frequency. The multiple peaks at fce to 2fce were
remarkable, but the other frequency bands also contain
multiple peaks with gaps rather than a single peak.

3. Discussion and Conclusion

Figure 3 shows that the signs of the phase
difference may be different even though the frequencies
are close. For example, at 4672 Hz (1.052 fce), the phase
difference was 20.088, and at 5312 Hz (1.196 fce), the
phase difference was �13.018. Because these phase
differences are expressed in the range of�1808 to 1808,
the actual phase differences are shown as follows:

Dh ¼ Dhobserved þ 2np ð5Þ
where n is an integer, Dh is the true phase difference
between the two observation points, and Dhobserved is the
phase difference calculated from the observed wave-
form. There are other frequency bands with positive and
negative phase differences at close frequencies. At
15,040 Hz (3.39 fce), the phase difference is�3.588, and

Ev1 is later than Ev2, while at 14,848 Hz (3.34 fce), the
phase difference is 0.2708, and Ev1 is earlier than Ev2.
As shown in (4), the true phase difference has
ambiguity, but it is difficult to argue that the phase
velocity significantly differs at close frequencies,
considering that they follow the same dispersion curve.
Therefore, this difference in phase difference may be
due to a difference in the direction of the wave vector.
In this case, it is suggested that the wave vector may be
different for each frequency. There may be multiple
small-scale source regions distributed around the Arase
satellite. Another cause may be the mixing of multiple
ECH waves with different peak frequencies. In the
harmonic structure shown in Figure 1, the fundamental
appears to have a single peak in the early part of the
event before 00:00 UT on September 8, 2019, and peaks
in multiple frequency bands with gaps in between in the
latter half of the event. It is quite difficult to determine
from the spectral changes whether the ECH waves seen
in this event are a single wave or a mixture of multiple
ECH waves.

We reported on the observation of phase differ-
ences in the ECH waves by attempting interferometric
observations for the ECH waves. The electric field
spectra of ECH waves observed between 22:00 UT on
September 7, 2019, and 2:00 UT on September 8, 2019,
showed the existence of multiple peaks of intensity
between integer multiples of the cyclotron frequency.
Calculation of the phase difference for each of these
peaks indicated that the phase differences were different
even at close frequencies. Even though the phase
differences obtained from the observations have an
ambiguity of 2np, it is difficult to argue that the phase
velocity changed that much at close frequencies. It is,
thereby, possible that the wave vector direction was
different at each frequency.
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