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Abstract

Magnetosonic waves, with the frequency between proton
cyclotron frequency and lower hybrid frequency, mainly
occur near the Earth's magnetic equatorial plane, and play
an important role in the magnetospheric dynamics. In this
paper, we report unusual magnetosonic waves observed
by Magnetospheric Multiscale (MMS) mission in the
magnetotail. These magnetosonic waves have multi-band
enhanced electromagnetic power spectral densities with
the frequency from below to above the lower hybrid
frequency, and are quasi-perpendicular propagating and
linear polarized. The frequency of fundamental band is
much higher than the proton cyclotron frequency f; (i.e.,
35.2f.). We identified these emissions as high frequency
multi-harmonic magnetosonic waves. This is the first time
for the observations of such high frequency multi-
harmonic magnetosonic waves with the frequencies of
harmonics higher than the lower hybrid frequency in the
Earth's magnetosphere to the best of our knowledge. In
view of the absence of ring distributions for the protons
and the easy coupling between compressed mode and its
electromagnetic term, we propose that the harmonic
structures of the observed magnetosonic waves are
generated by the non-linear wave-wave coupling among
electromagnetic terms of the fundamental and higher
harmonic waves via the wavelet bicoherence analysis
method.

1 Introduction

Magnetosonic waves are frequently occurring in the
Earth's magnetosphere (Russell et al., 1969). Since the
discovery of magnetosonic waves was decades ago, a
great deal of research has been carried out, including
theoretical work, simulations, and observations on the
magnetosonic waves (Boardsen et al., 1992; Horne et al.,
2000; Yuan et al., 2017). Generally, magnetosonic waves
are linear polarized and propagating quasi-perpendicularly
to the ambient magnetic field. The frequency range of
magnetosonic waves is usually between the proton
cyclotron frequency and the lower hybrid frequency (e.g.,
Perraut et al., 1982). Magnetosonic waves sometimes
have harmonic structures, but are often unstructured
continuous spectrum (e.g., Balikhin et al., 2015).
Although that magnetosonic waves are confined in small
latitude regions, magnetosonic waves can fulfill most of
the equatorial plane due to their propagation in the radial

and azimuthal directions, thus these waves play an
important role in the evolution of the magnetospheric
particles (e.g., Chen et al., 2015; Horne et al., 2007; Li et
al., 2016).

Based on the observation from Magnetospheric
Multiscale (MMS) mission, one new type of multi-
harmonic magnetosonic waves, with the frequencies of
harmonics higher than the lower hybrid frequency, are
detected in the magnetotail plasma sheet. Through
wavelet bicoherence analysis, the harmonics of
magnetosonic waves are possibly generated by non-linear
wave-wave  interaction  coupling  between  the
electromagnetic terms of the fundamental mode and
harmonics.

2 MMS Observations

The data from MMS mission in burst mode from MMS
are used in this study.

Figure 1 displays the perturbed magnetic and electric
fields in the field-aligned coordinate (FAC) system. It is
found that the parallel perturbed magnetic fields (the
amplitude is up to 0.5 nT, Figure 1c) are larger than the
perpendicular perturbed magnetic field (Figure la-b),
while the perpendicular electric fields (the amplitude is up
to 40 mV/m, Figure 1d-e¢) are much larger than the
parallel electric field (Figure 1f). The unipolar parallel
electric field occurs during this time interval. The unipolar
changes in E| has also been reported in parallel electric
field of the whistlers (e.g. Kellogg et al., 2010; An et al.,
2019).

To show the wave properties in more detail, we calculated
the power spectral density (PSD) of electric and magnetic
fields via Fast Fourier Transformation (FFT), which is
shown in Figure 2a. Blue line represents PSD of magnetic
field, and red line represents PSD of electric field. There
are at least two peaks in the PSD of magnetic field with
the central frequencies at f; = 11.6 Hz (f; =35.2f;, where
fei=0.33 Hz is proton cyclotron frequency), and f, = 23.2
Hz (, =70.3f), and four peaks in the PSD of electric field
with the central frequencies at f; = 11.6 Hz, f; = 23.2 Hz,
f3=34.5 Hz, and f; = 46.5 Hz. It is easy to find that f;, f;,
and f; fall on the harmonics of f, in other words, f, = 2fj,
f3 = 3f1, and f4 = 4f;. Especially, the fundamental band



observed here has enhanced spectrum at the frequency
close to the lower hybrid frequency (f,=14.2 Hz), while
the frequencies of higher bands are higher than the lower
hybrid frequency. The polarization analysis of the electric
field has been performed, and the result suggests that
these observed waves are linear polarized (Figure 2b). All
features are similar to the typical features of
magnetosonic waves except that the frequencies of
observed harmonics are higher than the lower hybrid
frequency.

Minimum variance analysis (MVA, Sonnerup and
Scheiblev, 1998) method is used to calculate the wave
vector of magnetic field fluctuations. As a result, the
eigenvectors corresponding to the minimum eigenvalue
43, namely the unit vector of the wave vector, are found as
(0.52, 0.75, 0.41) in GSM coordinates. Thus, the angle
between the wave vector and the ambient magnetic field
is 89.3°, which implies that the waves are perpendicular
propagating with respect to the ambient magnetic field.
Moreover, we perform the timing analysis on the
magnetic field and electric field data of four MMS
spacecraft. The angles between the propagation direction
of the waves and the ambient magnetic field are about
90°, and the wave phase velocity is about 1236 + 103
km/s. For the second band, the angle between the
direction of wave propagation and the ambient magnetic
field is 94.9°, and the phase velocity is about 1223 + 271
km/s. Thus, the derived features of the second band are
similar to the ones of the fundamental band, which
suggests that the fundamental and second band belong to
multi-harmonic modes. Due to the low spectral densities
of higher bands, one cannot perform any more analysis on
the fields.
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Figure 1. The perpendicular and parallel components of

the electromagnetic field during 05:15:48-05:15:49.6 UT;
(a-b) the perturbed perpendicular magnetic field
components; (c) the perturbed parallel magnetic field
component; (d-e) the perturbed perpendicular electric
field components and (f) the perturbed parallel electric
field.

Combined with the multi-harmonic structures at the
power spectral density with the frequency around lower
hybrid frequency, oblique propagation angles (~90°) and
linear polarization, as well as the fact that the parallel
perturbed magnetic field is larger than the perpendicular
one, and the perpendicular electric field is much larger
than the parallel one, we conclude that the observed
emissions in the magnetotail plasma sheet is
magnetosonic mode with high-frequency multi-harmonics
(higher than the lower hybrid frequency). It is the first
time that such high-frequency  multi-harmonics
magnetosonic wave, with the frequencies of harmonics
higher than the lower hybrid frequency, is observed in the
magnetosphere.
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Figure 2. The properties of electromagnetic fluctuations.
(a) Power spectral densities (PSDs) for electric (£,) and
magnetic fields (By) (green dotted line marks the lower
hybrid frequency); (b) polarization analysis of electric
field in the perpendicular plane (the red cross presents the
start point, and the red cycle presents the end point).

Since the frequencies of the harmonics are much higher
than fi,, nonlinear generation mechanisms are
recommended to excite these emissions. The
perpendicular electric field (parallel perturbed magnetic
field) are much larger than the parallel (perpendicular)
ones, which indicates that the observed waves belong to
compression mode. In view of that the compression wave
mode itself is easily coupled with its own electromagnetic
terms, non-linear wave-wave coupling may explain the



generation of these magnetosonic waves (Gao et al.,
2017). Wavelet bicoherence analysis is an effective
method for quantitative measurement of phase coupling
between wave-wave modes, and has been widely used in
many previous studies (Milligen et al., 1995; Gao et al.,
2016, 2017). We established a new coordinate system: Z
axis is along the direction of the background magnetic
field By, Y axis equals to (kxB), where k denotes the
wave vector, and X axis completes the right-hand
coordinate system. The waveform data of parallel
magnetic field (B,) and electric field along wave vector
direction (Ey) are selected to calculate the wavelet
bicoherent index (Gao et al., 2017). Accordingly, the
bicoherent index is defined as (Milligen et al., 1995):
|<Ex(fa)Bz(fn)Bz(fe)>12

<|Ex(fa)Bz(fp)|2><|Bz(fc)|*>

where f. =f, + fo, B;(f.) is the conjugate pair of B,(f.), and
the bracket <> denotes an average over the time interval
of the observed waves. It introduces the bicoherent index
to indicate the wave phase coupling: when the waves
satisfy the resonance condition, the bicoherent index is
close to 1, indicating strong wave-wave coupling; when
the bicoherent index is close to 0, indicating no wave-
wave coupling (Milligen et al., 1995).
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Figure 3. The distribution of bicoherent index between Ey
and B, components. Two dashed lines mark fg + f3, =18
Hz and fg, + fp, =32 Hz, respectively.

Figure 3 shows the distribution of the wavelet bicoherent
index in the fp,-fgx plane. It is clearly shown that the
maximum bicoherent index of wavelet analysis is in the
overlap region of fg,= 8-18Hz, fg, = 8-18Hz, and f, + frx
= 18-32 Hz (covers the frequencies of the second
harmonic f; = 23.2 Hz). This suggests strong coupling
among the electromagnetic fields of the fundamental
waves which leads to the generation of the second
harmonic with the frequency between 18 and 32 Hz. It is
worth noting that the power spectral density of second
harmonic are two orders of magnitude smaller than the
one of fundamental harmonic, and the power spectral
density of third harmonic is about one order smaller than
the one of the second harmonic, which leads to the power
spectral density of the third harmonic so small that the
coupling between higher harmonics is not easily observed
in Figure 3. Therefore, we suggest that the harmonic
structures of the high frequency magnetosonic wave are

excited by the nonlinear wave-wave interactions between
the electric and magnetic terms of the fundamental or the
harmonics.

3 Conclusions

Based on the observations of the MMS mission during
05:15:48 - 05:15:49.6 UT on August 24, 2017, one new
type of high-frequency magnetosonic waves with multi-
harmonics in the magnetotail plasma sheet has been
investigated in detail. By means of calculating the power
spectral density, polarization analysis, MVA and timing
analysis, it is found that these waves have the typical
properties of magnetosonic wave, such as perpendicular
propagation, linear polarization and large parallel
perturbed magnetic field and large perpendicular
perturbed electric field, except for that the frequencies of
harmonics are larger than the lower hybrid frequency. The
frequency of fundamental band is much higher than the
local proton cyclotron frequency (i.e., f1=35.2f;). Thus,
we identify these waves as high-frequency magnetosonic
waves with multi-harmonic structures, i.e. high frequency
multi-harmonic magnetosonic waves. We should point out
that this event is not unique. We identified at least five
events of such magnetosonic waves. However, due to the
limited burst mode data during the tail season of MMS
(i.e., from May to August in 2017), a statistical study
could not be carried out. We proposed the excitation
mechanism of this new magnetosonic wave is non-linear
wave-wave interaction coupling via the wavelet
bicoherence analysis method. More observations, theory
and simulations are required to further investigate the
high frequency multi-harmonic magnetosonic waves and
possible wave-particle interactions in the magnetosphere
in future.
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