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Using a novel wave-particle interaction analysis, we show observational evidence of energy transfer
from fast magnetosonic waves (MSWs) to low-energy protons in the magnetosphere. The analysis clearly
indicates that the transferred proton energies are further converted to excite electromagnetic ion cyclotron
waves. Since MSWs are excited by hot ions, cross-energy coupling of ions occurs through MSWs. The
result also suggests a new energy transfer path of exciting electromagnetic ion cyclotron waves in the
magnetosphere, and a complex interplay between various wave modes and particle populations.
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Introduction.—Fast magnetosonic waves (MSWs) are
right-hand polarized compressional electromagnetic emis-
sions above the local proton cyclotron frequency com-
monly observed in the terrestrial magnetosphere. These
emissions are also known as equatorial noise or ion
Bernstein waves and are mostly detected within a few
degrees of the geomagnetic equator in the latitudinal
direction [1-5]. Fast magnetosonic waves mainly have
frequencies between the proton cyclotron frequency and the
lower hybrid resonance frequency. They propagate with a
highly oblique wave normal angle (WNA) near 90° [1,6].
The wave polarizes nearly normally, where the magnetic
and electric field fluctuations are along the background
magnetic field and wave vector, respectively [3,7,8]. Free
energy for excitation of MSWs can be provided by a
ringlike distribution of energetic protons, which is a
positive gradient of phase space density in the perpendi-
cular velocity distribution function at a velocity comparable
to the local Alfvén speed [9-15].

Fast magnetosonic waves transfer energy to heat low-
energy ions perpendicularly. Olsen [16] found a correspon-
dence between MSWs and perpendicularly heated ions
with energies less than a few hundred electron volts.
Using the HOTRAY code, Horne et al. [11] showed
that MSWs could heat low-energy protons transversely
by energy absorption via cyclotron resonance. Through
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one-dimensional particle-in-cell simulations, Sun et al. [17]
showed that the perpendicular heating of low-energy
protons is likely caused by higher-order resonances with
MSWs. Recently, based on the in situ satellite observations
from the Van Allen Probes in plasmaspheric low-density
regions, it was found that MSW activity co-occurred with
the perpendicular heating of low-energy protons [18-20],
He™ [21], and O" [22] with energies less than a few
hundred electron volts.

These anisotropic distributions of ions with energies of
10-100 eV potentially contribute to the generation of
narrowband, high-frequency electromagnetic ion cyclotron
(EMIC) waves [20], which are left-hand polarized waves
below the local proton cyclotron frequency. Teng et al. [20]
reported that the cyclotron resonance energy of EMIC
waves just below the local proton cyclotron frequency
(~0.92f,, where f, is the proton cyclotron frequency)
reached 10 eV in the inner magnetosphere, which is much
lower than that for ~0.45f., corresponding to typical
H"-band EMIC waves (0.25-0.5 fep) [23,24]. This was
calculated from the resonance condition and cold plasma
dispersion relation using the data at the observation point,
where the ion composition ratio was assumed to be the
same as that in the energy range covered by the ion
instrument (~1 eV-50 keV). Teng et al. [20] also showed
that the observed frequency spectrum of the EMIC waves

© 2021 American Physical Society
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FIG. 1.

Arase observations on February 10, 2018. (a)-(c) Dynamic spectra of wave magnetic energy in the spin axis direction of Arase.

Solid yellow line indicates local proton cyclotron frequency. Panels (b) and (c) are magnified views of (a). (d) Energy spectra of
omnidirectional proton energy fluxes. (e) Pitch angle distribution of proton energy fluxes at an energy of 114 eV. (f) Electron density
profile calculated from the identified upper-hybrid resonance frequency using the observed frequency spectra of the wave electric field.
(g) Power spectrum density of the spin axis component of the wave magnetic field. Red and green areas indicate frequency ranges of MSWs
and EMIC waves, respectively, in the present study. Vertical dashed line in panel (g) indicates local proton cyclotron frequency (2.3 Hz).

agreed with the calculated linear growth rate based on the
hot plasma dispersion relation.

Recently, wave-particle interaction analysis (WPIA) [25]
has been applied to investigate the energy transfer between
plasma waves and particles. The WPIA method calculates
the inner product of the wave electric field vector (E) and
particle velocity vector (v), multiplies by the particle charge
(q), and then sums (Wg;,,) in velocity space. A positive
Wegin: corresponds to the Joule heating of particles by
plasma waves, whereas a negative Wg;,, indicates wave
growth due to particles. Application of the WPIA method to
in situ observation data of plasma particles and waves
provides direct evidence of energy transfer between them.
It is found that wave growth and frequency drift of EMIC
waves in the inner magnetosphere occurred with negative
WEin: [26]. Another study [27] showed the growth of EMIC
waves by hot protons and subsequent energization of
helium ions due to the generated EMIC waves in the outer
magnetosphere. Recently, energy transfer between elec-
trons and turbulent electric fields were measured using a
similar technique in the magnetosheath [28]. More recently,
we [29] identified the flux enhancement of protons moving
in antiphase with a wave electric field vector associated
with the growth of the EMIC falling tone. This is
observational evidence of EMIC wave growth due to
cyclotron trapping of particles, as predicted by the non-
linear wave growth theory [30-32]. There are also several

simulation-based works using similar techniques [33].
However, these studies have not applied the WPIA method
to MSWs in space plasma.

In the present Letter, we study an event in which an
MSW was observed simultaneously with both perpendicu-
larly heated low-energy ions and EMIC waves in the inner
magnetosphere. We applied the WPIA method to the MSW
for the first time to obtain direct evidence of energy transfer
between the MSW and low-energy ions. Additionally, the
WPIA method was applied to the EMIC waves to inves-
tigate the cross-energy coupling between them and MSWs
through the heating of low-energy ions.

Observations.—The flux enhanced in the perpendicular
component of low-energy ions simultaneously with MSW
and EMIC wave activities was detected by Arase on
February 10, 2018 [34]. Figure 1(a) shows the dynamic
spectrum of the wave magnetic energy in the spin axis
direction of Arase. Wave energy increased at 11 Hz from
17:35:30 to 17:39:30 UT. This wave was identified as an
MSW because the polarization was near zero and the WNA
approached 90° based on the Means method [44]. One
minute after the MSW activity started, a narrow band
enhancement of wave energy appeared just below f,
(2.3 Hz), as indicated by the yellow line. This wave was
identified as an EMIC wave, as it was left-hand polarized
and propagated with a small WNA (<30°), based on the
Means method. Note that statistical studies show the
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FIG. 2. Proton velocity distribution functions. Red, blue, and black colors indicate perpendicular (pitch angles within 90° £ 15°),
parallel (<30°), and antiparallel (>150°) components, respectively. The data are averaged over 56 s, corresponding to seven satellite
spins. Solid red lines show fitted lines of the perpendicular component using a nonlinear least-squares fitting method with Maxwellian
distributions, where particle energies from 26 to 230 eV are considered. Perpendicular temperature (7') indicated in a box at the upper
right in each panel was calculated by Maxwellian fitting. Energy density is for protons with energies between 26 and 725 eV.

average peak frequency of HT-band EMIC waves is
between 0.25 and 0.5f., [23,24]. However, narrowband
EMIC waves approaching f, have been found simulta-
neously with MSW activity and perpendicular heating of
10-100 eV protons [20].

Figure 1(d) shows the observed energy spectra of omni-
directional proton energy fluxes. At 17:36 UT, proton
energy fluxes began to increase at energies of 20-100 eV.
The uppermost energy of the enhanced component gradu-
ally increased up to ~1 keV and lasted until 17:40 UT. The
pitch angle spectra of proton fluxes at an energy of 114 eV
are shown in Fig. 1(e). The flux enhancement is clearly
concentrated around a pitch angle of 90°. The period of low-
energy proton flux enhancement was closely correlated with
the MSW and EMIC wave activity periods. The correlation
between the MSW activity and the heating of low-energy
protons in the perpendicular direction is consistent with
previous numerical simulations [11,17]. Figure 1(f) shows
the number density of ambient plasmas, calculated from the
identified upper-hybrid resonance frequency. The number
density gradually decreases to 20 cm~2, although Arase was
on its inbound pass (moving toward the Earth) during the
observation period. Investigation of longer scale variations
of the density showed that the event occurred in the
plasmaspheric plume [34].

The evolution of the velocity distribution functions of
protons for the perpendicular and field-aligned components
is shown in Fig. 2. The phase space densities (PSDs) of the
perpendicular components were greater than those of the
field-aligned components throughout the event period.
Assuming a gyrotropic distribution of PSDs, the temper-
atures of protons were estimated from PSDs by a nonlinear
least-squares fitting method with Maxwellian distributions,
where particle energies from 26 to 230 eV were considered.
The perpendicular temperature increased up to 79 eV at
17:38 UT but then decreased. The energy densities of
protons were also estimated with PSDs, and again, the

gyrotropic distribution of the PSDs was assumed. The
energy density in the perpendicular component (pitch
angles within 90° £ 15°) and between 26 and 725 eV also
increased and peaked at 4.6 x 10~'! J/m? at 17:38 UT,
whereas the field-aligned components were almost con-
stant. These enhancements of perpendicular temperature
and energy density indicate either possible energy transfer
from plasma waves to particles through wave-particle
interactions or transportation of plasmas from neighboring
regions to the observation location.

WPIA analysis.—For the calculation of Wg;,, (energy
transfer rate) with low-energy protons [34], we selected
protons with energies ranging from 26 to 725 eV. Because
the protons are perpendicularly heated, we further selected
them by pitch angles within 90° £ 15°. Figure 3(a) shows
the calculated Wyg;,, for the observed MSW activity,
where a frequency range between 10.5 and 11.5 Hz was
selected for the calculation. Wg;,, was mostly positive from
17:35:50 to 17:39:20 UT, which coincided with the
enhancement period of the MSW activity and the low-
energy ion fluxes. A positive Wp;,, indicates that the
MSWs gave their energies to low-energy protons.
However, at around 17:37:20 UT, Wg;,, was negative.
Having evaluated the resonance energy based on the cold
plasma dispersion relation, we found that protons with
energies above 500 eV can resonate with the observed
MSWs which were fifth order harmonics of f., [34].
Therefore, it is natural to consider that MSWs can some-
times gain energy from the ion populations with energies
greater than 500 eV. Moreover, ion heating by MSWs likely
occurs through cyclotron resonance above 500 eV, and
nonresonant heating at lower energies [45].

Energy conservation law for plasma waves is given as

0

1 1
—|zeE>+—B>|+E-J+V-§= 1
81‘(28 + ” >+ J+V-§=0, (1)

2
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Results of the WPIA calculations for the observed MSW activity. (a),(d) Wg;,;. Three solid lines indicate calculated values and

confidence intervals [26]. Vertical dashed lines indicate a period of negative peak of Wp;,, in panel (d). Green horizontal line in panel
(a) indicates averaged value between 17:35:50 and 13:39:20 UT. (b),(e) Energy density of wave magnetic field (black) and electric field
(blue). (c),(f) Poynting flux. For the WPIA calculations, the following selection criteria were applied: (1) frequency range between 10.5
and 11.5 Hz for panels (a)—(c), and that between 2.00 and 2.29 Hz for panels (d)—(f); (2) proton energies from 26 to 725 eV; and (3) pitch
angles of protons within 90° + 15°. In addition, a running average with an interval of 32 s for every 4 s was applied to the observed data.

where t, B, J, S, €, and p are the time, wave magnetic
field vector, current vector, Poynting vector, permittivity
of waves, and permeability of waves, respectively.
From Fig. 3(a), Wg;,, from MSWs to protons was
6.5x 107 J/m?s on average in the period between
17:35:50 and 17:39:20 UT. Wy;,, corresponds to the third
term of Eq. (1) because electrons do not resonate with
MSWs and EMIC waves; only ions contribute to the
resonance current through inhomogeneity in the velocity
space [30]. The magnetic energy density (B%/2u) and
electric energy density (¢E%/2) in the frequency range of
MSWs (10.5-11.5 Hz) were 2.9 x 107 J/m> and
2.1 x 10713 J/m3, respectively, on average [Fig. 3(b)],
where & was estimated based on phase velocity of
MSWs derived from dispersion relation of cold plasma.
Here, we assumed the typical ion composition ratio (H™:
77%, He™: 20%, O": 3%) in the plasmasphere [46]. The
electromagnetic energy density of MSWs is not sufficient
to supply Wg;,, by itself, as the event period is clearly
longer than 10 s. We then considered the contribution of the

Poynting flux. Based on Fig. 3(c), the averaged Poynting
flux was 7.1 x 1078 J/m?s. The divergence of the
Poynting flux is necessary to evaluate Eq. (1), which is
difficult with single satellite observations. If we assume a
uniform Wy;,, along the wave propagation path without
any other energy inputs, the damping scale was 1100 km
(=7.1 x 1078/6.5 x 10~'* m) away from the observation
location. Note that it is not always necessary for particles to
receive and consume the energy at exactly the same time
and location, because waves are propagating from other L
shells and particles are also drifting.

For the subsequent WPIA, we selected a frequency range
of 2.00-2.29 Hz for the observed EMIC waves. Figure 3(d)
shows the results of the WPIA calculations for the EMIC
waves. Wg;,, is negative throughout the event period with a
clear enhancement from 17:37:20 to 17:38:00 UT, where
Wine is —7.7 x 10713 J/m3 s, on average. This enhance-
ment coincides with enhancements of the magnetic energy
density and Poynting flux [Figs. 3(e) and 3(f)]. Since
negative Wp;,, represents energy transfer from plasma

FIG. 4.
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particles to waves, the result indicates that the heated low-
energy protons contributed to the growth of the EMIC
waves, which is consistent with a previous study on EMIC
waves with frequencies approaching f ., [20].

Discussion.—In the inner magnetosphere, MSWs can be
excited by a ringlike distribution of energetic protons with
velocities comparable to the local Alfvén speed [12]. The
ringlike distributions can be formed by injections of plasma
sheet ions or an energy-dependent drift of ions in the inner
magnetosphere [47,48]. Our results suggest that the plasma
sheet and ring current ions transfer some energy to the low-
energy ions through excitation and damping of MSWs in
the inner magnetosphere. Furthermore, a portion of the
transferred energy is then converted to excite EMIC waves
(Fig. 4). Therefore, this study shows a new cross-energy
coupling process via multi-wave-particle interactions [49],
in which MSWs work as a mediating agent for energy
transfer. Such cross-energy coupling is important for the
heating of plasmaspheric plasmas and contributes to the
generation of EMIC waves and the nonthermal population
of the inner magnetosphere, such as ion cloaks [50].

Previous ray-tracing studies in a cold plasma using the
HOTRAY code show the possibility of linear mode con-
version from MSWs to H-band EMIC waves at a location
where the wave frequency is equal to the crossover
frequency [51] and WNA is zero [52]. Multi-ion plasma
also contributes to the mode conversion from MSWs to
EMIC waves [5]. Thus, our results also show the existence
of a new origin of EMIC waves of the space plasma through
the heating of low-energy ions by MSWs. Furthermore,
MSWs are known to energize electrons of hundreds of keV
[53] and EMIC waves can cause sudden dropouts of MeV
electron flux [54,55]. The connection between MSWs and
EMIC wave generation may contribute to the transient
dynamics of relativistic electrons in the inner magneto-
sphere. The present results highlight the complex interplay
between various wave modes and particle populations in
the magnetosphere.

In the fusion plasma, it has been observed that the
geodesic acoustic mode (GAM) is excited when a fre-
quency of energetic-particle driven GAM (EGAM) reaches
twice the GAM frequency in a large helical device experi-
ment [56]. Furthermore, numerical simulations have shown
that GAM is excited by energetic particles that resonate
with EGAM [57]. This phenomenon indicates energy
transfer from EGAM to GAM through those energetic
particles. Our results show similar energy transfer proc-
esses by directly evaluating the energy transfer rate in the
space plasma, and thus, a similar approach may be
applicable to the fusion plasma.

The data used in this study are ORB L2 v03 [58], LEP-i
L2 3-D flux v03_00 [59], PWE/EFD L2 electric field
waveform data vO1_01 [60], PWE/HFA L3 electron density
data vO1_01 [61], MGF L2 high-resolution (64 Hz) mag-
netic field data v03_04 [62], and MGF L2 spin-averaged

magnetic field data v03_04 [63]. Science data from the
Arase satellite was obtained from the ERG Science
Center [64] operated by ISAS/JAXA and ISEE/Nagoya
University [64].

This work was supported by the Japan Society for
the Promotion of Science (JSPS), KAKENHI Grants
No. 17H06140, No. 20H01959, No. 20K14546 and
No. 21H04526.
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