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Abstract

As an important plasma wave mode in the geospace, magnetosonic waves can interact with both radiation belt
electrons and protons, thereby impacting the dynamics of magnetospheric particles. Based on the Doppler-shifted
resonance condition and the cold plasma dispersion relation, we investigate the profiles of resonance zone and
resonant frequency of the Landau resonance between radiation belt electrons and magnetosonic waves and the
cyclotron resonances with protons. The results demonstrate that resonant interactions between magnetosonic waves
and magnetospheric charged particles largely rely on L-shell, wave normal angle, and kinetic energy and equatorial
pitch angle of particles. Resonance zones for the Landau resonance between magnetosonic waves and radiation

belt electrons are confined to a very narrow (mostly less than 1°) extent of magnetic latitude, which tends to shift to
lower latitudes with increasing equatorial pitch angle and decreasing electron energy. Landau resonance frequencies
also increase with magnetosonic wave normal angle. In contrast, higher order cyclotron resonances of magnetosonic
waves with protons are much easier to occur in a broad range of magnetic latitude. As the resonance order increases,
the coverage of the resonance zone shrinks overall and occupies the geomagnetic equatorial region. In addition,
resonant frequencies increase with resonance order. Corresponding to higher order cyclotron resonances, protons
are more likely to interact with magnetosonic waves at intermediate to high frequencies. Our study can be useful to
elaborate the resonant interaction processes between magnetosonic waves and radiation belt electrons and protons
and improve the current understanding of the multi-aspect impact of magnetosonic waves on the magnetospheric

particle dynamics.
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Background

Magnetosonic waves in the geospace, also known as
equatorial noises, are an important space plasma wave
mode (Russell et al. 1970). Numerous observations have
shown that the frequencies of magnetosonic waves are
generally between the proton cyclotron frequency and
the lower hybrid resonant frequency. They propagate
almost perpendicular to the background magnetic field.
Magnetosonic waves are found to exist both inside and
outside the plasmasphere and occur characteristically in

*Correspondence: guxudong@whu.edu.cn
Department of Space Physics, School of Electronic Information, Wuhan
University, Wuhan 430072, Hubei, China

@ Springer Open

and indicate if changes were made.

the vicinity of the magnetic equator (Russell et al. 1970;
Laakso et al. 1990; Santolik et al. 2002; Ma et al. 2013)
and also occasionally extend to higher latitudes up to
~60° (Tsurutani et al. 2014).

In recent years, further studies have shown that space
plasma waves, including magnetosonic waves, can sig-
nificantly affect the dynamics of the magnetospheric
particles (e.g., Horne et al. 2007; Xie et al. 2007; Li et al.
2008; Gu et al. 2011; Chang et al. 2013; Xiao et al. 2015).
Based on the Cluster wave observations, Horne et al.
(2007) established a model of magnetosonic waves for
adoption to compute their quasi-linear bounce-averaged
diffusion coefficients. Their results indicated that the
Landau resonance caused by magnetosonic waves is an
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important potential mechanism to accelerate the radia-
tion belt electrons. Subsequent studies (Mourenas et al.
2013) developed a simplified formula to calculate the
quasi-linear diffusion coefficients of radiation belt elec-
trons by magnetosonic waves. They also reported that
the pitch angle scattering effect of magnetosonic waves
is weak for electron precipitation losses, but the momen-
tum diffusion is relatively strong for electron energiza-
tion. Xiao et al. (2015) found that the combined effect
of magnetosonic waves and chorus waves with radiation
belt electrons can lead to the diffusion of electrons from
high pitch angles of ~90° to intermediate pitch angles,
resulting in “butterfly-like” electron distributions (Gan-
non et al. 2007). The significance of Landau resonant
scattering by equatorial magnetosonic waves has been
further recognized to account for the formation of ener-
getic electron butterfly distributions in the inner magne-
tosphere from the outer edge of the inner zone to much
higher L-shells (e.g., Li et al. 2016a, b; Ma et al. 2016). In
addition, magnetosonic wave-induced bounce resonance
has been proposed in terms of test particle simulation
as a responsible mechanism for the rapid modulation
of butterfly distributions (Maldonado et al. 2016). All
of the above work focused on the interaction between
magnetosonic waves and radiation belt electrons. In
contrast, there was little work about the interaction
processes between magnetosonic waves and protons. A
recent study by Xiao et al. (2014) explored the poten-
tial contribution of magnetosonic wave scattering to
the generation of the proton aurora. Our study clearly
demonstrates that radiation belt electrons and protons
can undergo resonant interactions with MS waves at the
latitudes away from the geomagnetic equator, distin-
guishing it from most previous studies that focus on MS
waves at the equatorial region.

In order to study in detail the interactions between
magnetosonic waves and radiation belt electrons and
protons, the present study will calculate the resonant
frequencies for the interactions between magnetosonic
waves and magnetospheric particles, and systematically
analyze the corresponding resonance zones to which lati-
tudinal extent resonant wave—particle interactions can
take place. “Magnetosonic wave dispersion relation and
wave—particle resonance condition” will briefly introduce
the dispersion relation of magnetosonic waves and the
general resonance condition of wave—particle interac-
tions. “Resonance zones for radiation belt electrons inter-
acting with magnetosonic waves” and “Resonance zones
for protons interacting with magnetosonic waves” will
explore the resonant frequencies and resonance zones of
magnetosonic waves interacting with radiation belt elec-
trons and protons, respectively, followed by our conclu-
sions at the end.

Page 2 of 11

Magnetosonic wave dispersion relation and wave-
particle resonance condition

According to the classical cold plasma theory of wave
propagation in the magnetized plasma (Stix 1962), the
general equation that describes the dispersion relation of
space plasma wave propagation follows:

Anf —Bn? +C =0, (1)

where n, = (k¢)/w is the refractive index, k is the
wave number, ¢ is the speed of light in the vacuum,
and o is the wave angular frequency. The polyno-
mial equation coefficients are as follows: A = Sx? + P,
B = RLx* + PS(2 + x%), C = PRL(1 + x?), x = tan 6 with
0 as the wave normal angle. In addition, P, R, L, and S are
Stix parameters, which can be expressed as follows:
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respectively, the electron and ion gyrofrequencies,
wpi = (Noez/som,')l/ and @y, = (Noez/eome) are,
respectively, the ion and electron plasma frequencies, e is
the unit charge, &g is the dielectric constant in the vac-
uum, m; and m, are, respectively, the rest mass of protons
and electrons, By is the local geomagnetic field strength,
and Ny is the electron number density. In this study, we
assume that hydrogen ions (i.e., protons) are the only ion
population. According to the charge neutrality, the pro-
ton density is equal to the electron density.

According to the above cold plasma dispersion relation,
we take into account the occurrence of magnetosonic
waves both inside and outside the plasmasphere. There-
fore, this study focuses on the analysis of magnetosonic
wave dispersion at two representative spatial locations,
say L = 3 in the plasmasphere and L = 6 in the plasma
trough. Firstly, the ambient magnetic field is assumed as
dipolar, i.e.,

By = Begf (4) (nT), (6)

(1 + 3sin?)1/2
cos® A ’

Sy = (7)
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In Eq. (6), Beq=M/L® is the equatorial geo-
magnetic field strength at the Earth’s surface and
M = 30911.553nT - R, is the magnetic dipole moment.

In addition, by assuming the plasmapause location at
Lpp = 3.5, we use the empirical plasma density model of
Sheeley et al. (2001):

In the plasmasphere (L < Lpp):

3 483 .
Neg = 1390<L> (cm ) ®)
In the plasma trough (L > Lpp):
3\ 40 _3
Neg = 124(L> (cm ) ©)

Using the models above, we can calculate the disper-
sion relation of magnetosonic waves. Figure 1 shows the
dispersion relation (w, k) curves for magnetosonic waves
propagating at the wave normal angles of 87° and 89° at
the geomagnetic equator (4 = 0°) at the spatial loca-
tions of L =3 and L = 6. Following previous studies
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(Horne et al. 2007; Li et al. 2014; Chen et al. 2015), mag-
netosonic wave frequencies (w) are considered within the
range 0.0026 < ®/(§2ce)eq < 0.0044, where (£2¢c)q is the
electron gyrofrequency at the geomagnetic equator. The
frequency interval is indicated by two red vertical lines
in Fig. 1. The adopted parameters are also given in the
subplots. It can be seen from Fig. 1 that the wave normal
angle has little effect on the dispersion curve of magneto-
sonic waves. But given the normalized wave frequency of
magnetosonic waves, the phase velocity and group veloc-
ity are smaller at L = 3 in the plasmasphere thanat L = 6
outside the plasmasphere.

The Doppler-shifted resonance condition between
charged particles and plasma waves in the geospace
satisfies

w —kcBcosOcosa = nS2.; /v, (10)

where « is the particle pitch angle, y = (1 — /32)71/2
is the relativistic factor, 8 = v/c, v is the particle ther-
mal velocity, £2., is the non-relativistic particle gyro-
frequency, and N is an integer as resonant harmonic
number with N = 0 for the Landau resonance.
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Fig. 1 Dispersion relation curves of equatorial magnetosonic waves at the wave normal angles of 87 and 89: a inside the plasmasphere at L = 3
and b outside the plasmasphere at L = 6. ¢ Wave phase velocity and d group velocity
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According to the conservation of the first adiabatic
invariant, the local pitch angle o along the geomagnetic
line satisfies

sin o = sin aeq[f (1)]Y2 (11)

where oeq is the equatorial pitch angle. Whether charged
particles can resonantly interact with magnetospheric
waves is determined simultaneously by Egs. (1) and (10).
By combining these two equations, we can obtain a 10th-
order polynomial equation about resonant frequency w
as follows:

Al()a)lo + A9w9 + Aga)s + A7a)7 + A6a)6 + A5a)5

4 3 2 _ (12)
+ Agw™ + Azw” + Aro® + Ao+ Ag =0,

where Aj-A,, are the coefficients of the polynomial
equation, the exact expressions of which are given in
Appendix.

Given the spatial position (determined by the L value
and the geomagnetic latitude), the background magnetic
field and the electron density can be obtained. Other
parameters, including particle energy, pitch angle, reso-
nant harmonic number and wave normal angle, are used
to resolve Eq. (12) for solutions resonant wave frequency.
If the obtained wave frequency w is within the given fre-
quency band of magnetosonic waves, it is considered
that the resonant interaction occurs; otherwise, there
is no resonance between the waves and the particles at
the specific location. In this manner, a comprehensive
analysis can be performed to investigate the resonant
frequencies and resonance zones between magnetosonic
waves and magnetospheric particles and distinguish the
related resonance properties. Here the term ‘resonance
zone’ denotes the latitudinal extent of magnetosonic
waves that can undergo resonant interactions with mag-
netospheric particles, that is, satisfying the Doppler-
shifted resonance condition (0 — k||v|| = NQ/y, where
N=0, %1, +2,...).

Resonance zones for radiation belt electrons
interacting with magnetosonic waves

We first analyze the resonance zones between magne-
tosonic waves and radiation belt electrons, in particu-
lar the Landau resonance zone. The Landau resonance
zone denotes the latitudinal extent of MS waves that can
undergo the Landau resonance with magnetospheric
particles, that is, satisfying the Landau resonance condi-
tion (w = k||v||). When the background magnetic field
line is given, equatorial radiation belt energetic elec-
trons with different pitch angles bounce forth and back
along the geomagnetic field line between the northern
and southern hemispheres, thereby encountering mag-
netosonic waves in space. Once the resonance condition
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(Eq. (10)) is satisfied, the waves and electrons resonate
with each other and the energy is transferred between
them. By solving Eq. (12), we can determine the useful
resonant frequencies that lie within the wave frequency
spectrum. Here we consider the resonance zones for
six specific electron energies: 30 keV, 100 keV, 300 keV,
1 MeV, 3 MeV, and 10 MeV, to cover nearly three orders
of energy from low-energy electrons to ultra-relativistic
electrons. In order to quantitatively analyze the effect of
wave normal angle on the extent of resonance zones, we
choose the two cases of 0 = 87°and § = 89°.

Figure 2 shows the variations of resonant frequency
in (equatorial pitch angle aeq, magnetic latitude A)
space for the Landau resonance between magneto-
sonic waves and radiation belt electrons at L = 3 inside
the plasmasphere. The wave frequency band is adopted
as 0.0026 < w/(82ce)eq < 0.0044, corresponding to a fre-
quency range of 83—-141 Hz. When the calculated reso-
nant frequency, as color coded, is within this range, it
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Fig. 2 Regions of resonance in (equatorial pitch angle aeq, magnetic
latitude 4) space for the Landau resonance between magnetosonic
waves and radiation belt electrons at L = 3 (inside the plasmasphere)
for six indicated kinetic energies (from top to bottom: 30 keV, 100 keV,
300 keV, 1 MeV, 3 MeV, and 10 MeV) and for two specific wave normal
angles (from left to right & = 87°and # = 89°). The wave frequency
band is adopted as 0.0026 < @/(§2ce)eq < 0.0044, corresponding to a
frequency range of 83-141 Hz




Zhang et al. Geosci. Lett. (2017) 4:20

means that the Landau resonance can occur. In each
subplot, the horizontal black solid line marks the mag-
netic latitude of 5° below which magnetosonic waves are
assumed to be commonly present. The shaded regions
under the black line indicate the dominant area of reso-
nant wave—particle interactions. Resonance zones for
radiation belt electrons are more concentrated in the line
shown, and the other areas are weaker.

It can be observed from Fig. 2 that the resonance zones
along the geomagnetic field lines demonstrate a narrow
region for considered electron energies and wave normal
angles. A further check confirms that the latitudinal extent
of the Landau resonance zone between magnetosonic
waves and radiation belt electrons is no more than 1°.

Given electron energy, the resonance zones gradually
decrease with equatorial pitch angle. It is seen that for
small pitch angle close to 0°, 30 keV electrons can reso-
nate with the waves at latitudes of ~40° , while they can
only resonate with the equatorial waves for high pitch
angles of ~90°, mainly owing to the mirroring geometry
of electrons. Regarding the resonant wave frequencies,
magnetosonic waves tend to resonate with electrons at
frequencies of the lower frequency portion of the wave
spectrum, which show only small variations. But for high
electron energies (i.e., >1 MeV), resonant frequencies lie
at the high-frequency side of the wave spectrum for <~5°
equatorial pitch angles. As the equatorial pitch angle
increases, they shift quickly to the low-frequency side,
suggesting considerable changes in the Landau resonance
condition between magnetosonic waves and radiation
belt electrons at different pitch angles.

Given the equatorial pitch angle, the magnetic lati-
tudes of resonance zone elevate as the electron energy
increases. Specifically, at small pitch angles, magneto-
sonic waves with # = 87° can resonate with 30 keV elec-
trons at the latitudes of ~40° but resonate with 10 MeV
electrons near 50° latitudes. In contrast, the resonant
wave frequencies vary insignificantly with electron
energy. For the case of 6 = 89° the resonant frequen-
cies are commonly high, approaching the upper limit of
magnetosonic wave frequency spectrum adopted in this
study, regardless of electron energy.

In addition, the wave normal angle has a strong effect
on the determination of resonance zone and resonant
frequency. In general, larger wave normal angles pro-
duce resonance zones at lower latitudes. In the vicinity
of loss cone (~8°), 30 keV electrons resonate with mag-
netosonic waves with 6 = 87° at the magnetic latitudes
of ~40° but resonate with the waves with § = 89° at ~27°
latitudes. 1 MeV electrons interact resonantly with mag-
netosonic waves with the above two normal angles at the
magnetic latitudes of around 50° and 40°, respectively. A
larger electron population that covers a broader range of
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Fig. 3 The same as in Fig. 2, except for L = 6 outside the plas-
masphere. The adopted wave frequency band remains as
0.0026 < w/($2ce)eq < 0.0044, but corresponding to a frequency
range of 10-18 Hz

equatorial pitch angle can resonate with magnetosonic
waves with & = 87°. Wave normal angle is also an impor-
tant factor affecting resonant frequencies. For 300 keV
electrons, the resonant frequencies for & = 87° are close
to the low-frequency side of the selected wave spectrum,
while they tend to approach the high-frequency end for
0 = 89°.

Similar to Figs. 2 and 3 shows the spatial Landau reso-
nance regions of radiation belt electrons with magneto-
sonic waves except for L = 6 outside the plasmasphere
for the two cases of § = 87° and 6 = 89°. At this spatial
location, the corresponding magnetosonic wave fre-
quency range is 10—18 Hz. Obviously, both resonance
zones of radiation belt electrons and resonant frequen-
cies of magnetosonic waves change with the wave normal
angle, magnetic latitude, and electron energy and equato-
rial pitch angle, following a similar trend consistent with
those for L = 3 inside the plasmasphere.

However, there still exist differences between Figs. 2
and 3. Firstly, the extents of resonance zone are different
under the situation inside and outside the plasmasphere.
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For instance, for a small equatorial pitch angle and mag-
netonic waves with = 87° the Landau resonance zones
of 30 keV electrons are located near the magnetic latitude
of 40° for L = 3, but around 35° for L = 6. Secondly, under
the same circumstance, radiation belt electrons resonate
with magnetosonic waves at smaller pitch angle at L = 3
than at L = 6. Thirdly, while the resonant frequencies for
interactions both inside and outside the plasmasphere
exhibit similar overall variation features, their respective
absolute values are significantly different. It is worthwhile
to note that due to the observational confinement of
magnetosonic waves to the equatorial region, the shaded
regions below the horizontal black solid line in each sub-
plot are the favorable areas where the Landau resonance
between magnetosonic waves and radiation belt elec-
trons can occur.

For the cases of cyclotron resonances (i.e., n = 0), we
also perform the computations. While the results are not
shown, we point out that the electron energy should be
extremely high (e.g., >10 MeV) in order to undergo cyclo-
tron resonance with magnetosonic waves (e.g., Horne
et al. 2007), which however is beyond the interest of this
investigation. This also justifies our concentration on the
Landau resonance, which has been regarded as a domi-
nant mechanism responsible for the interactions between
magnetosonic waves and radiation belt electrons.

Resonance zones for protons interacting

with magnetosonic waves

We also analyze the resonance zones between magneto-
sonic waves and protons that are generally below 1 MeV.
Similar to radiation belt electrons, protons with differ-
ent pitch angles bounce forth and back along the geo-
magnetic field line and encounter magnetosonic waves
in space. Once the resonance condition (Eq. (10)) is sat-
isfied, the waves and protons resonate with each other.
We also follow the above similar way to compute the
resonant frequencies and resonance zones for protons.
We consider the resonance zones for six specific proton
energies: 30 keV, 100 keV, 300 keV, 1 MeV, 3 MeV, and
10 MeV. We also choose two cases for magnetosonic
wave normal angles of & = 87° and 6 = 89°. Besides tak-
ing into account the resonance inside and outside the
plasmasphere (i.e., L = 3 and L = 6), we analyze the reso-
nant wave—particle interactions between magnetosonic
waves and protons at different resonance orders (i.e., n
values). With a careful check, we find that the resonances
at n = 4, 5, and 6 dominate the resonant interactions
between magnetosonic waves and protons. This is con-
sistent with the study of Fu et al. (2016), which found that
the dominant scattering occurs between magnetosonic
waves and protons when the resonance harmonics are
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close to the multiple of proton gyrofrequency covered by
the wave frequency spectrum.

Figure 4 shows the resonance zones and resonant fre-
quencies for the interactions between proton and mag-
netosonic waves for different energy protons at the
cyclotron resonance harmonic #n = 4, corresponding to
two locations of L = 3 inside the plasmasphere and L = 6
inside the plasma trough and two wave normal angles of
0 = 87°and 6 = 89°. Clearly, the proton resonance zones
are confined to the magnetic latitudes below 25°. Distinct
from the results for radiation belt electrons, protons can
resonate with magnetosonic waves in a much broader
range of latitude. Moreover, the variations of resonance
zone with proton energy and pitch angle are very distin-
guishable. For instance, inside the plasmasphere (L = 3),
300 keV protons interact with magnetosonic waves with
0 = 87° at equatorial pitch angles in the range of 27°-74°,
but 1 MeV protons at 45°-82°. In addition, resonant wave
frequencies vary largely with proton energy and resonant
magnetic latitude. For lower energy protons, the resonant
frequencies mainly increase with magnetic latitude, grad-
ually approaching the upper limit of the wave spectrum.
But for high-energy (e.g., 1 MeV) protons and 6 = 87°,
resonant frequencies become smaller at higher latitudes.
By considering the major occurrence regions of magneto-
sonic waves, i.e., within a few degrees of the geomagnetic
equator, higher energy protons are more likely to undergo
cyclotron resonance with magnetosonic waves. When the
wave normal angle changes, the resonance zones and res-
onant frequencies do not change much for lower energy
protons, i.e., 3-10 keV, but vary significantly for higher
energies. For instance, for 1 MeV protons, they resonate
with 6 = 87° and 0 = 89° magnetosonic waves at the
equatorial pitch angles of 45°-82° and 0°-66°, respec-
tively. We also note that the spatial location is another
important factor affecting the wave—particle interactions.
Take the results of 300 keV protons as an example. Their
resonance zones with # = 89° magnetosonic waves cover
the equatorial region at L = 3 but well above 5° at L = 6,
which suggests that no realistic resonance can occur for
the latter case when the equatorial wave confinement is
taken into account.

Figure 5 displays the results for the resonance har-
monic # = 5. In general, the resonance zones and reso-
nant frequencies show variation features with proton
energy, pitch angle, wave normal angle, and L-shell in a
manner similar to Fig. 4. However, we can still capture
some differences. For the resonance order n = 5, the res-
onance zones can cover well the equatorial region in all
considered cases. The proton population with a broader
range of equatorial pitch angle also gets into resonance
with magnetosonic waves. In addition, the resonant
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Fig. 4 Regions of resonance in (equatorial pitch angle aeq, magnetic latitude 2) space for resonance (n = 4) between magnetosonic waves and
ring current protons at L = 3 (inside the plasmasphere) and at L = 6 (outside the plasmasphere) for six energies (from top to bottom: 3 keV, 10 keV,
30 keV, 100 keV, 300 keV, and 1 MeV) and for two wave normal angles (from left to right & = 87°and 6 = 89°). The wave frequency band is adopted
a5 0.0026 < @/(§2ce)eq < 0.0044, corresponding to a frequency range of 83-141 Hzat L =3 and 10-18 Hzat L =6

frequencies are overall higher for » = 5 than the case of
n = 4. The results for n = 6 are shown in Fig. 6. Notably,
the variations of resonance zones and resonant frequen-
cies are more pronounced. The latitudinal extent of reso-
nant zone continues to shrink overall besides covering
the equatorial region. Meanwhile, the resonant frequen-
cies of m = 6 are obviously located at the intermediate
frequency and high-frequency portion of magnetosonic
waves.

We also compute the results for other resonance har-
monics (i.e., n = 4, 5, 6). While those results are not
shown, it is worthwhile to point out that, compared to
the cases of n = 4, 5, and 6, cyclotron resonances occur-
ring at other resonance orders are less important for the
spectral distribution of magnetosonic waves selected
in this study and are therefore ignored accordingly. We

note that the dominant cyclotron resonance harmon-
ics for magnetosonic waves interacting with protons can
vary corresponding to changes in the wave frequency
spectrum.

It is worthwhile to point out that while it is uncom-
mon for MS waves to be present at latitudes above 10°,
such MS waves can indeed occur at higher latitudes.
The statistical analysis of Tsuratani et al. (2014), on the
basis of a survey of Polar observations, reported that MS
wave occurrence (and intensities) peaked within ~45°
of the magnetic equator, with half maxima at ~+10°,
and that MS waves can also be detected as far from
the equator as +20° and 60° magnetic latitude but with
lower intensities. While MS waves are hardly gener-
ated at these high latitudes, their propagation effect can
shed light on the observations of MS waves quite away
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from the geomagnetic equator, e.g., as investigated in a
recent study by Zhima et al. (2015). While the present
study has no intention to emphasize on the possibility
of high-latitude MS waves, it aims to take into account
all the possible occurrence cases of MS waves, i.e., both
equatorial and off-equator emissions, to understand the
underlying resonant interactions between MS waves and
magnetospheric particles. As a consequence, our present
investigation can help improve the current understand-
ing in this regard by incorporating the potential effect of
off-equator MS waves on the magnetospheric particle
dynamics from the perspective of resonant wave—particle
interactions.

Conclusions

MS wave in the geospace is an important space plasma
wave mode. The interactions between magneto-
sonic waves and radiation belt electrons and protons
affect the space radiation environment. Based on the

Doppler-shifted resonance condition and cold plasma
dispersion relation, we analyze the resonance zones
and resonant frequency between magnetosonic waves
and radiation belt electrons and protons. The results
show that the interactions between magnetosonic waves
and magnetospheric particles largely rely on L-shell,
wave normal angle, and kinetic energy and equato-
rial pitch angle of particles. Resonance zones for the
Landau resonance between magnetosonic waves and
radiation belt electrons are confined to a very narrow
(mostly less than 1°) extent of magnetic latitude, which
tends to shift to lower latitudes with increasing equato-
rial pitch angle and decreasing electron energy. Landau
resonance frequencies also increase with magnetosonic
wave normal angle. By comparison, higher order cyclo-
tron resonances of magnetosonic waves with protons
are much easier to occur in a broad range of magnetic
latitude. As the resonance order increases, the coverage
of the resonance zone shrinks overall and occupies the
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geomagnetically equatorial region. In addition, reso-
nant frequencies increase with resonance order. Corre-
sponding to higher order cyclotron resonances, protons
are more likely to interact with magnetosonic waves at
intermediate to high frequencies. Our study can be a
useful addition to the current literature to elaborate the
interaction processes between magnetosonic waves and
radiation belt electrons and protons, including Landau
resonance, cyclotron resonance, transit-time scattering,
and bounce resonance. On one hand, our study clearly
demonstrates that radiation belt electrons and protons
can undergo resonant interactions with MS waves at
the latitudes away from the geomagnetic equator, dis-
tinguishing it from most previous studies that focus on
MS waves in the equatorial region. On the other hand,
the Landau resonance between MS waves and radia-
tion belt electrons has been intensively investigated as
a viable candidate of electron acceleration. Our results
indicate that cyclotron resonance of MS waves may also

be important to affect the dynamics of multi-MeV radi-
ation belt electrons, which should be carefully explored
in future studies.

Abbreviation
MS waves: magnetosonic waves.
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Appendix

Regarding the 10th-order polynomial equation of reso-
nant frequency, i.e., Eq. (12), its coefficients take the
forms below:

A1o = 19 — 2n0b” + nob*,
Ag = 4an9b2 — 4an,

Ag = 6a’no — n1o + b*miz — 2a>b>no — nieb*,
A7 = danyo — 4a’no — 2an13b*,

Ag = a*no — 6a’n1o + 11 + a’b*

As = 4-6137710 —4dan + 2617’/14172,

Ag = 6a*n11 — a*nio — ma + b ms — a*b*nia — msh®,

Az = dany — 4a>ny — 2ab*ns,

Ay = a*niy — 6a*n12 + a®b*mis + bno,
Ay = 4aPn,
Ag = —a*no,

where

m = 2%+ 2%+ wp + )y,

m = ‘chi‘che + w]%i[zcze + a);%e‘QZ

ci?

n3 = 22 + 22

ce’

202
N4 = ‘Qci‘ch’

N5 = .QCZI + .che + Zwlz,i + Zw;e,

ci’

N2 = 'chigcze + wlzai‘che + w;e‘QZ

ms — b*ma + b*mz,
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2 2 2
n7 = (wpeQCL - prQCE) )

2 2
N8 = Wp; + Wy,

no=1+X>
no = mX> + n3 + 1,

M1 = mX> + na + n3ns,

N12 = 1418,

ms = nsX> + (2 +X2) +ng (2 +X2),
na = neX> + 772(2 +X2> + n1ns (2 +X2>,
ms = n7X> + nang (2 +X2),

me = (ns + ng) (14 X2),

m7 = (16 + nsns)(l +X2),

ms = (7 + 776778)(1 +X2),

n19 = 718 (1 +X2),
a=n82e./y, and b = B cosb cosa.
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