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Abstract Magnetosonic (MS) waves have been found capable of creating radiation belt electron butterfly
distributions in the inner magnetosphere. To investigate the physical nature of the interactions between
radiation belt electrons and MS waves, and to explore a preferential condition for MS waves to scatter
electrons efficiently, we performed a comprehensive parametric study of MS wave-electron interactions
using test particle simulations. The diffusion coefficients simulated by varying the MS wave frequency show
that the scattering effect of MS waves is frequency insensitive at low harmonics (f < 20 fcp), which has great
implications on modeling the electron scattering caused by MS waves with harmonic structures. The electron
scattering caused by MS waves is very sensitive to wave normal angles, and MS waves with off 90° wave
normal angles scatter electrons more efficiently. By simulating the diffusion coefficients and the electron
phase space density evolution at different L shells under different plasma environment circumstances, we
find that MS waves can readily produce electron butterfly distributions in the inner part of the plasmasphere
where the ratio of electron plasma-to-gyrofrequency (fpe/fce) is large, while they may essentially form a
two-peak distribution outside the plasmapause and in the inner radiation belt where fpe/fce is small.

1. Introduction

Fast magnetosonic (MS) waves are electromagnetic emissions that are found over a large spatial region in the
Earth’s inner magnetosphere (Boardsen et al., 2016; Ma et al., 2013, 2015). They are also known as “equatorial
noises” because they are primarily confined to a few degrees of magnetic latitude near the geomagnetic
equator (Nemec et al., 2005, 2006; Russell et al., 1970; Santolík et al., 2002). MS waves are usually observed
in the frequency range between the proton gyrofrequency (fcp) and the lower hybrid resonance frequency
(fLHR). The typical characteristics of MS waves are normal angles close to 90° (i.e., nearly perpendicularly
propagating) and ellipticity close to 0 (i.e., linearly polarized) (Chen & Thorne, 2012; Kasahara et al., 1994).
It has been suggested from theory and confirmed by observations that MS waves are excited by the free
energy of energetic proton ring distributions (e.g., Chen et al., 2010, 2011; Horne et al., 2000; Ma, Li, Chen,
Thorne, & Angelopoulos, 2014). The MS waves with harmonics of proton gyrofrequency have been observed
by many satellites (e.g., Balikhin et al., 2015; Gurnett, 1976; Perraut et al., 1982), and Chen (2015) and Chen
et al. (2016) showed that the MS waves with harmonic structure are excited even when the growth rate is
small compared to the proton gyrofrequency. Recently, MS waves with periodic rising-tone structures
have been observed by Time History of Events and Macroscale Interactions during Substorms (THEMIS)
(Fu et al., 2014), Van Allen Probes (Boardsen et al., 2014), and Cluster satellites (Neˇmec et al., 2015).

Three physical mechanisms have been proposed for the interaction between MS waves and energetic elec-
trons: Landau resonance (Horne et al., 2007), transit-time scattering (Bortnik & Thorne, 2010; Li et al., 2014),
and bounce resonance (Chen et al., 2015; Li, Ni, et al., 2016; Shprits, 2016). Landau resonance occurs when
the electron velocity along the magnetic field (v∥) equal to the wave parallel phase velocity (ω/k∥). Owing
to the equatorial confinement of the MS waves over a spatial scale less than or comparable to their parallel
wavelengths, the nonresonant electrons can also be scattered after traversing through the MS waves. The
most recent studies showed that MS waves are capable of producing electron butterfly pitch angle distribu-
tions, characterized by a flux minimum at 90°, by parallel acceleration via Landau resonance (Li, Bortnik, et al.,
2016; Ni, et al., 2016; Ma et al., 2015). Maldonado et al. (2016) showed that the bounce resonance could cause
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rapid formation of the butterfly distribution through induced negative pitch angle advection near 90°.
Bounce resonance between the magnetosonic waves and energetic electrons preferentially occurs at large
distances (e.g., L = 7) (Shprits, 2016), and it is effective usually for the first three bounce harmonics (f= nfb
where n = 1, 2, 3, and fb is the electron bounce frequency) (Chen et al., 2015) that include waves at low
frequencies (e.g., f ~ 4 Hz in Maldonado et al. 2016). This paper will focus on the scattering effects of MS
waves within the Van Allen Probe regime (L = 1.2–6) where they are mostly observed in the frequency
range of 20–200 Hz (see Figure 8a of Boardsen et al., 2016). The bounce resonance is not discussed in
the present paper.

A number of concerns about MS wave-electron interactions remain unresolved. For example, it is still not
known under what conditions and in which area the MS waves are capable of scattering electrons and
reshaping the electron pitch angle distributions, inside or outside the plasmasphere. It has been proposed
that the change of wave normal angle would change the diffusion rates substantially (Albert, 2008). But it
has not been made clear what the differences are when electrons are scattered by MS waves with
different wave normal angles and other key parameters. Moreover, MS waves are confined near the
geomagnetic equator with a narrow latitudinal extent. What role does this latitudinal extent play in
electron-MS wave interaction? To answer these questions, we have evaluated the MS wave-electron
interactions by parametric studies, which have been proven useful in investigations of VLF emissions
and electromagnetic ion cyclotron waves (e.g., Mourenas et al., 2016; Nunn, 2015; Su et al., 2010). The test
particle simulations are adopted in doing our studies, which have been intensively used in studying the
various wave-particle interactions in the magnetosphere (e.g., Albert et al., 2013; Bortnik & Thorne, 2010;
Chen et al., 2015; Ni et al., 2017; Tao et al., 2011), as well as simulating the transit-time interactions
(Bortnik & Thorne, 2010) caused by the spatial confinement of waves that is beyond the
quasilinear approximation.

The paper is organized as follows. In section 2 we display an intense MS wave event observed by the Van
Allen Probes and the modeling of the MS waves. The gyroaveraged test particle simulation method and
parameters selection are described in section 3. In section 4, we show the simulation results of the electron
scattering rates caused by the MS waves with different wave parameters under various plasma conditions,
followed by the diffusion simulation results in section 5. The diffusion signature in terms of normalized
parameters is discussed in section 6. Discussions and conclusions are presented in sections 6 and
7, respectively.

2. Observations and Models

The twin Van Allen Probes (Mauk et al., 2013), in 1.2 RE×5.8 RE orbit with an inclination angle of 10°, are
designed to measure various kinds of electromagnetic waves and energetic particles in the radiation belts.
An intense MS wave was captured by both Van Allen Probes on 29 June 2013. Figures 1a–1f show the wave
spectra and properties measured by Probe A from 10:20 through 11:50 UT, and Figures 1g–1l show the
measurements by Probe B from 12:20 through 13:40 UT with the same format. Figures 1a and 1g show the
wave electric field power spectral density measured by the High-Frequency Receiver (HFR) (Kletzing et al.,
2013) over a frequency range of 10–500 kHz, from which the upper hybrid resonance frequency (fUHR) can
be identified to infer the plasma density and the plasmapause location can be inferred. Figures 1b and 1h
show the wave magnetic field spectra measured by the Waveform Receiver (WFR) over a frequency range
of 10–12,000 Hz, and Figures 1c and 1i show the corresponding wave electric field spectral measure-
ments. Intense electromagnetic waves were observed in the frequency range of 30–300 Hz and were
identified as MS waves due to their ellipticity being close to 0 (Figures 1d and 1j) and their wave normal
angles being close to 90° (Figures 1e and 1k). The MS waves reached a maximum amplitude of 2 nT
(Figure 1f) at L = 3.2 on the duskside. On the morning side, the MS waves exhibited a clear harmonic spec-
trum (Figures 1h and 1i), which was persistently observed in the radial range of 1.4–3.2 RE. Li, Ni, et al. (2016)
studied this event and found that energetic electron butterfly distributions were observed in the same
region as the MS waves. The MS waves in this event persisted in a wide spatial range and manifested clear
wave characteristics. Therefore, we chose this event for a comprehensive parametric study on the contribu-
tions of each harmonic (frequency) and wave normal angle, and thereby to further reveal the scattering
effects of these MS waves at each L shell with different ambient magnetic field and plasma densities.
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The drift-averaged amplitude of these MS waves at the equator of L = 2.4 is Bw = 350 pT (Li, Ni, et al., 2016),
estimated from the multipoint measurements by the Van Allen Probes and THEMIS satellites (Angelopoulos,

2008), and the latitudinal distribution takes the form of Bw λð Þ ¼ Bw exp �λ2=λ2w
� �

where the latitudinal extent

is λw= 5. 4°. The wave normal angle distribution of this MS wave has been studied by Li, Ni, et al. (2016). To
simplify our model, the MS wave normal angles are assumed not to vary with latitude or change sign across
the equator. The geomagnetic field is taken to be dipole, and the plasma is assumed to be composed of
electrons and protons only.

3. Simulation Method and Parameter Selection
3.1. Simulations Method

The Lorentz force equation is the fundamental law that governs the dynamics of an electron with rest mass
me and charge q moving in an ambient electromagnetic field B0. However, it is more practical and common
to average the Lorentz equation over the gyration period and decompose the equation into a sum of cyclo-
tron harmonic resonant interactions (Bell, 1984; Bortnik & Thorne, 2010; Ginet & Albert, 1991). The energetic

Figure 1. Intense MS waves observed by RBSP A and RBSP B on 29 June 2013. (a) Electric field wave spectrum in the frequency range of 10–500 kHz measured by
HFR; (b and c) magnetic and electric field wave spectra, measured by WFR in the frequency range of 10–12,000 Hz; (d) wave ellipticity, (e) wave normal angle
calculated using singular value decomposition method; and (f) integrated magnetic field amplitude of MS waves. Figures 1g–1l are for probe B observations
measured about 2 h later than probe A.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023801

LEI ET AL. ELECTRON SCATTERING BY MS WAVES 12,340



electron motion under the Landau resonance and transit-time interactions with a MS wave can be written
as (Li, Bortnik, et al., 2016)

_p∥ ¼ Fw∥ sin η-
p2⊥

2Bγme

∂B
∂z

(1a)

_p⊥ ¼ Fw⊥ sin ηþ p⊥p∥
2Bγme

∂B
∂z

(1b)

_η ¼ ω� k∥p∥
γme

; (1c)

where

Fw∥ ¼ �e Ewz J0 βð Þ þ p⊥
γm

Bwy J1 βð Þ
� �

Fw∥ ¼ �e Ewx J1 βð Þ þ p∥
γm

Bwy J1 βð Þ
� � : (2)

Equations (1a)–(1c) represent, respectively, the dynamics of the electron parallel momentum p∥, the perpen-
dicular momentum p⊥, and the wave-particle interaction phase ?, which for Landau resonance is the wave
phase at the particle guiding center. Here Ewz , E

w
x ; and Bwy are wave magnetic and electric field components,

ω is the wave angular frequency, and k∥ and k⊥ are the parallel and perpendicular wave numbers, respec-

tively. The parameter ? is the relativistic factor defined as γ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ p2=m2c2

p
, and Jn represents the Bessel

function of the first kind of order n with argument β = k⊥p⊥/eB..

To simulate the electron scattering caused by the MS waves, we launch a group of 12 individual electrons
with uniformly distributed η0 from their mirror points into a MS wave field (Bortnik & Thorne, 2010). Then
we trace the variations of p⊥, p∥, and η until the electrons reach the mirror points at the other hemisphere.
During the interaction with small amplitude MS waves, the electron pitch angle change Δα and energy
change ΔE vary sinusoidally with η0 as indicated from equations (1a)–(1c) and shown by Bortnik and
Thorne (2010) and Li et al. (2014) in their simulations. The nonlinear interaction limit is ~300 pT for MS waves
at L = 5 and is larger at smaller L shells (Artemyev et al., 2015). But for small amplitude MS waves, the inter-
action is linear and leads to diffusive scattering. Consequently, the test particle scattering results can be
described in terms of pitch angle diffusion coefficient Dαα, momentum coefficient Dpp, and cross diffusion
coefficient Dαp as (Bortnik & Thorne, 2010)

Dαα ¼ 1
τb

∑
N

n¼1

Δαið Þ2
N

Dαp ¼ 1
τb

XN
n¼1

Δαið Þ Δpi=p0ð Þ
N

Dpp ¼ 1
τb

XN
n¼1

Δpi=p0ð Þ2
N

; (3)

where τb is the particle bounce period, which can be approximated as τb= 0.085L(c/v)(1.30� 0.56 sin αeq)
(Lyons & Williams, 1984). All three diffusion coefficients are important, especially, the cross diffusion coeffi-
cients that ensure the acceleration in the parallel direction. One of the main purposes of this paper is to
uncover the scattering range in energy and pitch angle. For purpose of conciseness, we use the pitch angle
diffusion coefficient Dαα to represent the features of all three diffusion coefficients in this paper, since these
three diffusion coefficients change with the same tendency in (Ek, α) space when we change the simulation
parameters.

3.2. Parameter Selection

We chose one harmonic of the MS wave with the frequency centered at f = 96 Hz for test particle simulation,
and the resultant pitch angle diffusion coefficients are shown in Figure 2b as a function of electron energy
and pitch angle. The white solid line represents the Landau resonance line, where v∥=ω/k∥. The interaction
is most efficient along the Landau resonance line, and the diffusion coefficients decrease significantly away
from the resonance line at v1 =ω/(k∥+2π/s) and v2 =ω/(k∥� 2π/s) (Li et al., 2014), where s=2LREλw represents
the wave latitudinal confinement. We define the region between v1 and v2 (denoted by white dashed lines) as
the Landau resonance region where the Landau resonance dominates, while the region outside is regarded
as the transit-time region, where the transit-time scattering has a strong effect. Thus, we can characterize the
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MS wave scattering features by defining (1) the resonance velocity v∥ as the location of Landau resonance
line, (2) the ratio of v1 and v2 as the width of Landau resonance region, and (3) the peak value of Dαα as
the strength of Landau resonance. The first two features denote the energy and pitch angle ranges in
which the electrons can interact with the MS waves effectively by Landau resonance. The strength of
Landau resonance measures the electron scattering rate caused by MS waves.

During a strict Landau resonant interaction (ω� k∥v∥=0), the particle’s perpendicular momentum does not
change since Fw⊥ ¼ 0 (Lyons & Williams, 1984). Although the electric field of a MS wave is dominantly in the
perpendicular direction (Ma et al., 2013), parallel acceleration can occur through the v× Bw force, which con-
verts the perpendicular particle momentum to the parallel momentum. The electron butterfly distributions
are therefore created when the Landau resonance dominates and accelerates the large pitch angle electrons
in the parallel direction (Li, Bortnik, et al., 2016; Li, Ni, et al., 2016; Ma et al., 2015). With a clear picture of MS
wave-electron interaction, we propose five important parameters for the interaction process: (1) wave normal
angle φ, (2) wave frequency f, (3) latitudinal extent λw, (4) plasma density n0, and (5) ambientmagnetic field B0.
It is worthwhile to note that since the diffusion rates of wave-particle interactions are proportional to wave
intensity in the linear regime, we do not need to consider the effect of wave intensity additionally. We will
mainly focus on the relations among the MS wave scattering features and these five measurable parameters.

4. Parametric Study
4.1. Dependence on Wave Normal Angle

In order to show how the wave normal angle influences the wave-particle interaction, we model the 96 Hz
wave at L = 2.4 with a uniform amplitude of 350 pT and a plasma density of 103 cm�3. Three different wave
normal angles—89.5°, 89°, and 87°—are chosen for the test particle simulation, because the MS wave normal
angles exhibit a statistical Gaussian distribution with a Gaussian width of 5.4° (see Figure S2 in supporting
information of Li, Ni, et al., 2016). Figures2a–2c display the resultant electron pitch angle diffusion coefficients
caused by each monochromatic MS wave with different wave normal angles. It is seen that as the wave nor-
mal angle deviates from 90°, the resonance region shrinks and narrows, and the Landau resonance line
moves toward higher pitch angle region. Mourenas et al. (2013) also found MS waves with relatively smaller
wave normal angle are more favorable for scattering electrons from the analyses of Quasi-linear theory (QLT),
which is another widely used method to study MS wave-particle interaction (e.g., Horne et al., 2007; Ma et al.,
2016). Moreover, the scattering effect is very sensitive to the wave normal angle, which is consistent with the
results of Albert (2008) and Albert et al. (2016). The reason for the sensitivity lies in the fact that the resonance
velocity vres =ω/k cos φ changes sharply as φ approaches 90°, while the overall phase velocity of ω/k remains
almost unchanged. In addition, Figure 2 indicates that MS waves with off 90° wave normal angles can effec-
tively scatter the near 90° pitch angle electrons toward lower pitch angles.

4.2. Dependence on Frequency

The MS waves observed on 29 June 2013 on the postmidnight side displayed evidence of harmonic structure
in the spectrogram, and the wave intensities were largest at the first three harmonics, centered at ~64, ~96,

Figure 2. Pitch angle diffusion coefficients for monochromatic MS waves of 96 Hz with different wave normal angles: (a) 89.5°, (b) 89°, and (c) 87°. The other para-
meters are set to the default settings: L = 2.4, n0 = 103cm�3 and wave amplitude of 350 pT. The solid white line represents where Landau resonance condition is
satisfied (v∥ =ω/k∥), and the area between the two dashed white lines represents the Landau resonance region.
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and ~128 Hz, respectively (see Figure S1 in supporting information of Li, Ni, et al., 2016). We modeled the
three monochromatic MS waves, each with the frequency at the center of each harmonic, and the wave
normal angle of 89°. The drift-averaged amplitude at each frequency is set uniformly to be 350 pT for the
sake of comparisons. Figures 3a–3c show the pitch angle diffusion coefficients Dαα arising from
interactions of electrons and with monochromatic waves at three different frequencies.

Comparing Figures 3a–3c, we found that MS scattering features are insensitive to frequency as compared
with the wave normal angle, which is again consistent with the result of Albert (2008) and Mourenas et al.
(2013). It is also seen in Figure 3 that as the frequency increases, the Landau resonance region tends to nar-
rower, but the Landau resonance line almost remains unchanged, because the MS wave phase velocity is fre-
quency insensible at low harmonics (f < 20 fcp) (Boardsen et al., 2016). Therefore, the resultant Landau
resonance velocity vres = v/ cos φ (v is the phase velocity of MS wave) hardly changes as long as the wave nor-
mal angle φ keeps unchanged. Nevertheless, the wavelength varies with the wave frequency, and the bound-
ary of the Landau resonance region expands as the frequency decreases. Figures 3a–3c also indicate that a
MS wave with higher frequency can produce a larger peak in scattering rate.

4.3. Dependence on Wave Latitudinal Extent

MS waves are primarily confined to a few degrees of magnetic latitude near the geomagnetic equator (Chen
& Thorne, 2012; Russell et al., 1970; Santolík et al., 2002). Their latitudinal width depends on their wave normal
angle and the latitudinal distribution of plasma density, which is modeled in the present study as a Gaussian

distribution Bw λð Þ ¼ Bw exp �λ2=λ2w
� �

. In our simulation study the effect of the wave latitudinal extent is illu-

strated by varying the latitudinal width λw. Figures 4a–4c show the test particle diffusion coefficients for the
cases of λw= 2°, 4°, 6°, respectively. We see that MS waves with a wider latitudinal extent cause stronger
Landau resonance, simply because the particle undergoes longer-time interaction when traversing the wave
field. This result is consistent with the analytical expression developed by Bortnik et al. (2015), where a factor

ofλ2w appears in the analytical expression of the diffusion coefficients. In addition, while the Landau resonance
line does not change, the Landau resonance region becomes narrower for increasing λw. This is consistent
with the exponential part of the analytical expressions of Bortnik et al. (2015), which imply that the wave con-
finements can broaden the range of particle energies and pitch angles that can effectively scattered by MS
waves.

To see the significant effect of wave latitudinal extent on MS wave-electron interactions, we compare the test
particle diffusion coefficients with those calculated by quasilinear theory (QLT). Figures 4d–4f show the QLT
diffusion coefficients calculated using the same parameters as in Figures 4a–4c. As the latitudinal extent
changes from 2° to 6°, the QLT diffusion coefficients, which only capture the pure Landau resonant interac-
tion, vary primarily in magnitude. The QLT diffusion coefficients and test particle simulation results are similar
when the wave latitudinal extent is larger, and hence, the diffusion is caused primarily by the Landau-
resonant interaction. In contrast, in the wave field of a small latitudinal extent, the test particle simulation
results show a clear signature of additional transit-time scattering effect (Bortnik & Thorne, 2010). It has been
known that QLT may hardly capture a broad transit-time region in (Ek, α) space (Bortnik & Thorne, 2010;

Figure 3. Pitch angle diffusion coefficients for monochromatic MS waves at three different frequencies: (a) 64 Hz, (b) 96 Hz, and (c) 128 Hz. The wave normal angle is
set at φ = 89°, and the wave amplitude is 350 pT. The wave-particle interactions are set to occur at L = 2.4 where n0 = 103 cm�3.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023801

LEI ET AL. ELECTRON SCATTERING BY MS WAVES 12,343



Bortnik et al., 2015) and is valid only if the wave spatial confinement is longer than about two wavelengths (Li
et al., 2014). We emphasize from the present study that the latitudinal extent of MS waves on the basis of
observations should be carefully taken into consideration with appropriate ways when evaluating the
impact of MS waves on radiation belt electrons.

4.4. Dependence on Ambient Magnetic Field and Plasma Density

MS waves are found in a wide radial range in Earth’s magnetosphere, from L = 1.2 to at least L = 8. Although
MS waves keep their spectral structure as they propagate in space, as indicated in Figure 1, the ambient
plasma conditions can greatly impact the scattering effects of these waves, more specifically, the ambient
magnetic field B0 and plasma density n0. Moreover, Albert (2008) anticipated the dependence of diffusion
rates on n0. Figures 5a–5d exhibit the electron pitch angle diffusion coefficients simulated at L = 2.4
(B0 ≈ 2,250 nT) and L = 3.4 (B0 ≈ 800 nT), respectively, and for each case we used two plasma densities:
1,000 cm�3 (a and c) and 100 cm�3 (b and d), respectively. The MS waves are set to have a frequency of
96 Hz, a wave normal angle of 89°, and an amplitude of 350 pT. The simulation results show that in an envir-
onment of smaller ambient magnetic field and higher plasma density, the Landau resonance line moves
toward larger pitch angles, and the resonance region becomes narrower, and the strength of Landau reso-
nance tends to be stronger. The result can also be interpreted from the view of fpe/fce. Landau resonance
velocity is close to the Alfven speed. Thus, in the large fpe/fce environment (corresponding to small B0 and
big n0) where the Alfven speed is relatively small, the Landau resonance velocity is also small, thereby causing
the Landau resonance line moves toward the large pitch angle region, where the large pitch angle electrons
can be effectively scattered. Therefore, a large fpe/fce environment enables MS waves to scatter large pitch
angle electrons efficiently.

5. Electron Diffusion Simulation

In order to illustrate how MS waves impact the radiation belt electron dynamics at different locations, we
modeled the broadband MS waves and simulated the electron phase space density (PSD) evolution at

Figure 4. Pitch angle diffusion coefficients for monochromatic MS waves with three different latitudinal extents: (a and d) 2°, (b and e) 4°, (c and f) 6°. Figures 4a–4c
are the results of test particle simulations, and Figures 4d–4f are the results of QLT simulations. The wave normal angle is set at φ = 89°, frequency is set as f = 96 Hz,
and the wave amplitude is 350 pT. The wave-particle interactions are set to occur at L = 2.4 where n0 = 103cm�3.
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different L shells in the vicinity of MS waves. The MS waves are modeled to compose of four harmonics at
frequencies of 64 Hz, 96 Hz, 128 Hz, and 160 Hz, which were the four strongest harmonics in 29 June 2013
event. Each harmonic is divided into 40 modes with different wave normal angles while the total power is
conserved. The wave normal angle distribution is assumed to be Gaussian with a peak at 90° and a width
of 5.4° (Li, Ni, et al., 2016). The gyroaveraged wave amplitudes are set as default value 350 pT. The MS
waves were intense inside the plasmasphere because they can be trapped in the high-density region (Ma,
Li, Chen, Thorne, Kletzing, et al., 2014). Figures 6a–6c show the simulated diffusion coefficients obtained
using MS wave parameters based on Van Allen Probe observation at three locations: (a) in the inner
radiation belt (L = 1.4, n0=5200 cm�3, and fpe/fce = 2.0); (b) inside the plasmapause (L = 2.4, n0=1000 cm�3,
and fpe/fce = 4.5); and (c) outside the plasmasphere (L = 3.4, n0=15 cm�3, and fpe/fce = 1.6). The calculated
diffusion coefficients suggest that the near 90° electrons are more likely to be scattered at large fpe/fce
environments (L = 2.4). For comparison, the pitch angle diffusion coefficients simulated by QLT using the
same parameters are shown in Figures 6d–6f, which are roughly consistent with the test particle
simulation results inside the plasmasphere, in agreement with Li et al. (2014).

To investigate how MS waves change electron PSD distributions at different L shells, we simulate the evolu-
tion of electron PSD by solving 2-D Fokker-Planck equation. To exclude the effect caused by significantly dif-
ferent initial conditions across L shells (e.g., the outer radiation belt may present an S-shape distribution;
Reeves et al., 2016), we use a simple kappa distribution to represent the initial distribution. Following the
study of Xiao et al. (2008), the electron distribution is set as

f α; pð Þ ¼ 1þ p2

κθ2

� �� κþ1ð Þ
sinα; (4)

Figure 5. Pitch angle diffusion coefficients for monochromatic MS waves under different conditions of ambient
magnetic field strength and plasma density. The ambient magnetic field is set as the value of the dipole magnetic field
at (a and b) L = 2.4 and (c and d) L = 3.4. The plasma density is 1,000 cm�3 in Figures 5a and 5c, and 100 cm�3 in Figures 5b
and 5d. The other parameters are the default values: f = 96 Hz, φ = 89°, and a wave amplitude 350 pT.
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Figure 6. The 2-D plots of pitch angle diffusion coefficients for broadband MS waves calculated using test particle simula-
tion. The conditions of ambient magnetic field strength and plasma density are different: (a) inner radiation belt (L = 1.4,
n0 = 5,200 cm�3, and fpe/fce = 2.0); (b) inside the plasmapause (L = 2.4, n0 = 1,000 cm�3, and fpe/fce = 4.5); (c) outside the
plasmasphere (L = 3.4, n0=15 cm�3, and fpe/fce = 1.6). (d–e) The corresponding results of QLT simulations. (g–i) The
evolution of electron PSD by solving 2-D Fokker-Planck equation with diffusion coefficients calculated at each L shell. The
dashed lines represent initial PSD distributions, and the solid lines represent the electron PSD distribution evolutions.
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where p represents the electron momentum normalized bymec,me is the electron mass, c is the light speed,
and θ2 = 0.15 is the effective thermal parameter, and we used a kappa index κ =6. The simulated electron PSD
at three L shells, corresponding to Figures 6a–6c, are shown in Figures 6g–6i, respectively, where the dashed
lines represent the initial PSD distribution and the solid lines represent the PSD distribution after 2, 4, 8, and
12 h interaction. After 12 h interaction, Figure 6g shows that MS waves in the inner belt (L = 1.4) produce a
slight PSD two peaks at α≈ 70° and 90°. Figures 6h and 6i demonstrate that strong MS waves may lead to
an electron butterfly distribution at hundreds of kev to MeV electrons both inside and outside the plasma-
sphere after 12 h interaction. However, the mechanisms are different. As shown in Figure 6h, butterfly distri-
bution is produced from the very beginning inside the plasmapause, which means MS waves accelerate and
scatter 90° electrons directly. This mechanism has been interpreted as parallel acceleration due to Landau
resonance (Li, Ni, et al., 2016) or, equivalently, the negative cross diffusion coefficients (Albert et al., 2016).
Outside the plasmapause, as shown in Figure 6i, the MS waves scatter medium pitch angle electrons and
produce a slot at around 80° pitch angles in the first few hours. The ~90° electrons are then further diffused
into this slot, causing butterfly distributions after a relatively long time. The butterfly distribution formation
outside the plasmapause takes significant longer time than inside the plasmapause. This implies MS waves
produce butterfly distribution inside plasmapause more efficiently than outside.

In real case, the disadvantage of being outside plasmapause is more significant. MS wave amplitudes are
different in various environments. Figure 7 shows the same simulation with Figure 6 except the amplitudes
are set according to observation: (a) Bw = 148 pT, (b) Bw = 417 pT, and (c) Bw = 70 pT. MS waves can still pro-
duce butterfly distribution inside the plasmapause but produce two-peak distribution outside the plasma-
pause as well as at inner radiation belt. Ma et al. (2016) showed that the electron distributions under a
typical MS wave at L = 4.5 outside the plasmasphere can also exhibit a two-peak profile at low energies.
This implies MS waves are more likely to produce two-peak distribution but not butterfly distribution outside
the plasmapause.

Such two-peak particle distributions are not realistic, because other waves, such as hiss waves, which usually
coexist with the MS waves outside the plasmasphere and play a role in scattering the electrons by forming
the butterfly distributions at large pitch angles (Li, Bortnik, et al., 2016), would smooth these two-peak distri-
butions (Ni et al., 2017). Our simulations imply that the MS waves can produce energetic electron butterfly
distributions more likely inside the plasmapause.

6. Discussions

In the parametric study above, we have investigated the effect of varying f, n0, B0 (L shell) and λw. It is
physically instructive to investigate the wave-particle interaction features in terms of dimensionless normal-
ized parameters. We use f/fcp to represent wave frequency, fpe/fce to represent the plasma environment,
and sk∥ to represent the wave latitudinal extent. Here s= 2 LREλw is the latitudinal length of the MS wave
field, and sk∥ denotes the number of wavelengths that a MS wave can propagate along the background
magnetic field. The Dαα at L = 2.5 (inside the plasmapause) and at L = 4.5 (outside the plasmasphere) simu-
lated using the same normalized parameters, f/fcp = 3, fpe/fce = 5.0, sk∥ = 2, and φ= 89°, is shown in Figures
8a and 8b, respectively. The Landau resonance line and Landau resonance region are exactly the same in
these two simulations, as the ratios f/fcp and fpe/fce determine the wave refraction index and thus the
Landau resonant velocity, while the dimensional latitudinal extent sk∥ determines the Landau resonance
region in (Ek, α) space. The diffusion coefficients are significantly larger at larger L shell, mainly because
of larger Bw/B0.

In this study, we showed that the wave normal angle of an MS wave plays a critical role in scattering energetic
electrons, and even a small variation in wave normal angle may lead to a significant change in the scattering
rate. A statistical study over 20 months of Van Allen Probe data showed that the wave normal angles of the
global MS waves are centered at 90° with a standard deviation of several degrees (Boardsen et al., 2016).
However, a single plane wave is assumed in the polarization analysis processes, which leads to an error of
~5° to the wave normal angles (Boardsen et al., 2016). The statistical wave normal angle distribution calcu-
lated by Li, Ni, et al. (2016) and adopted in this paper is so far the best estimation that we can make for this
case. In the future, more precise methods need to be developed to construct the wave normal angle
distribution of MS waves. Moreover, according to the results of our study, we suggest that MS waves with
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Figure 7. (a–c) The same as Figures 6a–6c but the wave amplitudes are (a) Bw = 148 pT, (b) Bw = 417 pT, and (c) Bw = 70 pT. (d–f) The evolution of electron PSD by
solving 2-D Fokker-Planck equation with diffusion coefficients calculated at each L shell. The dashed lines represent initial PSD distributions, and the solid lines
represent the electron PSD distribution evolutions.
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wave normal angle ≤87° deserve particular attention in the future investigations because of their strong
efficiency to scatter the near 90° pitch angle electrons.

MS waves usually consist of a number of harmonics in spectrum. To precisely model the harmonic structure, it
is required to discretize each harmonic into many frequency components. Since the Landau resonant velocity
is insensitive to MS wave frequency, it is natural to speculate whether it is feasible to use a single-frequency
wave to represent the whole harmonic other than precisely simulating the harmonic profile by discretizing it
into multifrequency components in modeling the wave-particle interactions. To validate this hypothesis, we
compared the simulation results using these two methods. Figure 9a shows the diffusion coefficients Dαα

Figure 8. Dαα distributions with the same normalized parameters: f/fcp = 3, fpe/fce = 5.0, and sk∥ = 2 but at different L shell.
(a) L = 2.5 inside the plasma pause and (b) L = 4.5 outside the plasmapause. The wave normal angles are set to be 89°.

Figure 9. (a) Pitch angle diffusion coefficient Dαα simulated with 1 mode and (b) simulated with 20 modes. (c) An illustra-
tion of a MS wave model that uses a single frequency to represent the whole harmonic and (d) one harmonic decomposed
into 20 modes.
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simulated with one single mode at 96 Hz, and Figure 9b shows the simulation results obtained by discretizing
the harmonic (a Gaussian distribution in spectral intensity distribution centered at 96 Hz with a bandwidth of
5 Hz) into 20 modes. In general, these two approaches show nearly identical results, which has a great impli-
cation for improving the simulation efficiency of both test particle simulations and quasilinear calculations.
The finding is also consistent with the study of Artemyev et al. (2015), which showed that the quasilinear
diffusion coefficients of a continuous-spectrum MS waves are very close to the test particle simulation by
discretizing the MS wave and using one single frequency to represent the whole harmonic structure.

It is well known that QLT can be also used to correctly describe MS waves-electrons interaction with low
amplitude and broad latitudinal extent. By comparing between QLT and test particle simulations, we show
that the results of these two methods are roughly similar in both single-mode and multimodes cases but
become less consistent if the waves are confined to a narrow latitudinal interval. Comparison of test particle
simulation results with QLT results helps our parametric study to gain more insight into the nature of MS
wave-electron interactions and the resultant diffusion process.

7. Conclusions

To explore the scattering effects of MS waves on the radiation belt electrons, we applied test particle simula-
tions to investigate the electron diffusion coefficients induced by monochromatic MS waves with different
frequencies, wave normal angles, latitudinal extent, ambient magnetic field, and plasma density. We also
simulated the electron PSD distribution evolution caused by MS waves under different ambient circum-
stances to investigate how MS waves change electron PSD distribution at different L shells. Our major
conclusions are summarized as follows.

1. The scattering effect of MS waves is very sensitive to wave normal angle. Within the resolution of current
instruments in measurement of wave normal angle, which is a few degrees, the resultant diffusion coeffi-
cients may vary significantly. The MS waves with off 90° wave normal angle can scatter larger pitch angle
electrons via Landau resonance and thus are of great importance in forming the radiation belt electron
butterfly distributions.

2. In the low-frequency range (f < 20 fcp), the Landau resonance velocity is insensitive to wave frequency,
whereas the resonance region becomes narrower as the frequency increases. Within the frequency range
of one fcp harmonic, we can greatly simplify and expedite the simulations of wave-particle interaction
simulations by using one-single frequency to represent the whole spectrum of the single harmonic.

3. The latitudinal extent is an important property of MS waves that has not yet been paid much attention in
the literature. Our simulations illustrate that Landau resonance line does not change with latitudinal
extent, whereas Landau resonance region appears to be narrower and the strength of Landau resonance
is significantly enhanced when the latitudinal extent becomes wider. The comparison between test
particle simulation results and QLT results shows the significance of the transit-time scattering effect
caused by the equatorially confinement feature of typical magnetosonic waves.

4. Under the condition of weaker ambient magnetic field or higher plasma density, MS waves tend to inter-
act with electrons at larger pitch angles, and the Landau resonance effect turns out stronger. MS waves at
the inner boundary of the plasmapause, where fpe/fce is large, can efficiently produce electron butterfly
distributions. While outside the plasmapause and in the inner radiation belt where fpe/fce is small, MS
waves are more likely to generate a two-peak electron PSD distribution.

The parametric studies in this paper enable us to understand MS waves scattering features comprehensively.
This method provides us with insights of the impact of MS waves on electron PSD at different locations and
the underlying physical processes.

References
Albert, J., Tao, X., & Bortnik, J. (2013). Aspects of nonlinear wave-particle interactions. In Dynamics of the Earth’s radiation belts and inner

magnetosphere (pp. 255–264). Washington, DC: American Geophysical Union. https://doi.org/10.1029/2012GM001324
Albert, J. M. (2008). Efficient approximations of quasi-linear diffusion coefficients in the radiation belts. Journal of Geophysical Research, 113,

A06208. https://doi.org/10.1029/2007JA012936
Albert, J. M., Starks, M. J., Horne, R. B., Meredith, N. P., & Glauert, S. A. (2016). Quasi-linear simulations of inner radiation belt electron pitch

angle and energy distributions. Geophysical Research Letters, 43, 2381–2388. https://doi.org/10.1002/2016GL067938
Angelopoulos, V. (2008). The THEMIS mission. Space Science Reviews, 141(1-4), 5–34. https://doi.org/10.1007/s11214-008-9336-1

Journal of Geophysical Research: Space Physics 10.1002/2016JA023801

LEI ET AL. ELECTRON SCATTERING BY MS WAVES 12,350

Acknowledgments
L. C. acknowledges the NSF grant
AGS-1705079 and the AFOSR grant of
FA9550-16-1-0344. This research is sup-
ported by the NSFC grants 41374166,
41674164, 41274167, 40831061,
41204120, 41474141, and 41674163,
and the Chinese Key Research Project
2011CB811404. The work was sup-
ported by the NSF Geospace
Environment Modeling grant AGS-
1103064. W. L. acknowledges the NSF
grant AGS-1723342 and the AFOSR
grant FA9550-15-1-0158. We
acknowledge the Van Allen Probes data
from EMFISIS instrument obtained from
https://emfisis.physics.uiowa.edu/data/
index.

https://doi.org/10.1029/2012GM001324
https://doi.org/10.1029/2007JA012936
https://doi.org/10.1002/2016GL067938
https://doi.org/10.1007/s11214-008-9336-1
https://emfisis.physics.uiowa.edu/data/


Artemyev, A. V., Mourenas, D., Agapitov, O. V., & Krasnoselskikh, V. V. (2015). Relativistic electron scattering bymagnetosonic waves: Effects of
discrete wave emission and high wave amplitudes. Physics of Plasmas, 22(6), 062901. https://doi.org/10.1063/1.4922061

Balikhin, M. A., Shprits, Y. Y., Walker, S. N., Chen, L., Cornilleau-Wehrlin, N., Dandouras, I., … Weiss, B. (2015). Observations of discrete
harmonics emerging from equatorial noise. Nature Communications, 6, 7703. https://doi.org/10.1038/ncomms8703

Bell, T. F. (1984). The nonlinear gyroresonance interaction between energetic electrons and coherent VLF waves propagating at an arbitrary
angle with respect to the Earth’s magnetic field. Journal of Geophysical Research, 89(A2), 905–918. https://doi.org/10.1029/
JA089iA02p00905

Boardsen, S. A., Hospodarsky, G. B., Kletzing, C. A., Engebretson, M. J., Pfaff, R. F., Wygant, J. R., … De Pascuale, S. (2016). Survey of the
frequency dependent latitudinal distribution of the fast magnetosonic wave mode from Van Allen Probes electric and magnetic field
instrument and integrated science waveform receiver plasma wave analysis. Journal of Geophysical Research: Space Physics, 121,
2902–2921. https://doi.org/10.1002/2015JA021844

Boardsen, S. A., Hospodarsky, G. B., Kletzing, C. A., Pfaff, R. F., Kurth, W. S., Wygant, J. R., & MacDonald, E. A. (2014). Van Allen Probe
observations of periodic rising frequencies of the fast magnetosonic mode. Geophysical Research Letters, 41, 8161–8168. https://doi.org/
10.1002/2014GL062020

Bortnik, J., & Thorne, R. M. (2010). Transit time scattering of energetic electrons due to equatorially confined magnetosonic waves. Journal of
Geophysical Research, 115, A07213. https://doi.org/10.1029/2010JA015283

Bortnik, J., Thorne, R. M., Ni, B., & Li, J. (2015). Analytical approximation of transit time scattering due to magnetosonic waves. Geophysical
Research Letters, 42, 1318–1325. https://doi.org/10.1002/2014GL062710

Chen, L. (2015). Wave normal angle and frequency characteristics of magnetosonic wave linear instability. Geophysical Research Letters, 42,
4709–4715. https://doi.org/10.1002/2015GL064237

Chen, L., Maldonado, A., Bortnik, J., Thorne, R. M., Li, J., Dai, L., & Zhan, X. (2015). Nonlinear bounce resonances between magnetosonic waves
and equatorially mirroring electrons. Journal of Geophysical Research: Space Physics, 120, 6514–6527. https://doi.org/10.1002/
2015JA021174

Chen, L., Sun, J., Lu, Q., Gao, X., Xia, Z., & Zhima, Z. (2016). Generation of magnetosonic waves over a continuous spectrum. Journal of
Geophysical Research: Space Physics, 121, 1137–1147. https://doi.org/10.1002/2015JA022089

Chen, L., & Thorne, R. M. (2012). Perpendicular propagation of magnetosonic waves. Geophysical Research Letters, 39, L14102. https://doi.org/
10.1029/2012GL052485

Chen, L., Thorne, R. M., Jordanova, V. K., & Horne, R. B. (2010). Global simulation of magnetosonic waves instability in the storm time
magnetosphere. Journal of Geophysical Research, 115, A11222. https://doi.org/10.1029/2010JA015707

Chen, L., Thorne, R. M., Jordanova, V. K., Thomsen, M. F., & Horne, R. B. (2011). Magnetosonic wave instability analysis for proton ring distri-
butions observed by the LANL magnetospheric plasma analyzer. Journal of Geophysical Research, 116, A03223. https://doi.org/10.1029/
2010JA016068

Fu, H. S., Cao, J. B., Zhima, Z., & Khotyaintsev, Y. V. (2014). Discrete magnetosonic waves as an evidence of nonlinear wave-particle
interaction. In General Assembly and Scientific Symposium (URSI GASS), 2014 XXXIth URSI. IEEE. https://doi.org/10.1109/
URSIGASS.2014.6929878

Gurnett, D. A. (1976). Plasma wave interactions with energetic ions near the magnetic equator. Journal of Geophysical Research, 81(16),
2765–2770. https://doi.org/10.1029/JA081i016p02765

Ginet, G. P., & Albert, J. M. (1991). Test particle motion in the cyclotron resonance regime. Physics of Fluids B: Plasma Physics, 3(11), 2994–3012.
https://doi.org/10.1063/1.859778

Horne, R. B., Thorne, R. M., Glauert, S. A., Meredith, N. P., Pokhotelov, D., & Santolik, O. (2007). Electron acceleration in the Van Allen radiation
belts by fast magnetosonic waves. Geophysical Research Letters, 34, L17107. https://doi.org/10.1029/2007GL030267

Horne, R. B., Wheeler, G. V., & Alleyne, H. S. C. K. (2000). Proton and electron heating by radially propagating fast magnetosonic waves. Journal
of Geophysical Research, 105(A12), 27,597–27,610. https://doi.org/10.1029/2000JA000018

Kasahara, Y., Kenmochi, H., & Kimura, I. (1994). Propagation characteristics of the ELF emissions observed by the satellite Akebono in the
magnetic equatorial region. Radio Science, 29(4), 751–767. https://doi.org/10.1029/94RS00445

Kletzing, C., Kurth, W. S., Acuna, M., MacDowall, R. J., Torbert, R. B., Averkamp, T., … Tyler, J. (2013). The Electric and Magnetic Field
Instruments Suite and Integrated Science (EMFISIS) on RBSP. Space Science Reviews, 179(1-4), 127–181. https://doi.org/10.1007/s11214-
013-9993-6

Li, J., Bortnik, J., Thorne, R. M., Li, W., Ma, Q., Baker, D. N., … Bernard, J. (2016). Ultrarelativistic electron butterfly distributions created by
parallel acceleration due to magnetosonic waves. Journal of Geophysical Research: Space Physics, 121, 3212–3222. https://doi.org/10.1002/
2016JA022370

Li, J., Bortnik, J., Xie, L., Pu, Z., Chen, L., Ni, B.,… Guo, R. (2015). Comparison of formulas for resonant interactions between energetic electrons
and oblique whistler-mode waves. Physics of Plasmas, 22, 052922. https://doi.org/10.1063/1.4914852

Li, J., Ni, B., Ma, Q., Xie, L., Pu, Z., Fu, S.,… Summers, D. (2016). Formation of energetic electron butterfly distributions by magnetosonic waves
via Landau resonance. Geophysical Research Letters, 43, 3009–3016. https://doi.org/10.1002/2016GL067853

Li, J., Ni, B., Xie, L., Pu, Z., Bortnik, J., Thorne, R. M.,… Guo, R. (2014). Interactions between magnetosonic waves and radiation belt electrons:
Comparisons of quasi-linear calculations with test particle simulations. Geophysical Research Letters, 41, 4828–4834. https://doi.org/
10.1002/2014GL060461

Lyons, L. R., & Williams, D. J. (1984). Quantitative aspects of magnetospheric physics. Dordrecht, Netherlands: D. Reidel Co. https://doi.org/
10.1007/978-94-017-2819-5

Ma, Q., Li, W., Chen, L., Thorne, R. M., & Angelopoulos, V. (2014). Magnetosonic wave excitation by ion ring distributions in the Earth’s inner
magnetosphere. Journal of Geophysical Research: Space Physics, 119, 844–852. https://doi.org/10.1002/2013JA019591

Ma, Q., Li, W., Chen, L., Thorne, R. M., Kletzing, C. A., Kurth, W. S.,… Spence, H. E. (2014). The trapping of equatorial magnetosonic waves in the
Earth’s outer plasmasphere. Geophysical Research Letters, 41, 6307–6313. https://doi.org/10.1002/2014GL061414

Ma, Q., Li, W., Thorne, R. M., & Angelopoulos, V. (2013). Global distribution of equatorial magnetosonic waves observed by THEMIS.
Geophysical Research Letters, 40, 1895–1901. https://doi.org/10.1002/grl.50434

Ma, Q., Li, W., Thorne, R. M., Bortnik, J., Kletzing, C. A., Kurth, W. S., & Hospodarsky, G. B. (2016). Electron scattering by magnetosonic waves in
the inner magnetosphere. Journal of Geophysical Research: Space Physics, 121, 274–285. https://doi.org/10.1002/2015JA021992

Ma, Q., Li, W., Thorne, R. M., Ni, B., Kletzing, C. A., Kurth, W. . S., … Angelopoulos, V. (2015). Modeling inward diffusion and slow decay of
energetic electrons in the Earth’s outer radiation belt. Geophysical Research Letters, 42, 987–995. https://doi.org/10.1002/2014GL062977

Maldonado, A. A., Chen, L., Claudepierre, S. G., Bortnik, J., Thorne, R. M., & Spence, H. (2016). Electron butterfly distribution modulation by
magnetosonic waves. Geophysical Research Letters, 43, 3051–3059. https://doi.org/10.1002/2016GL068161

Journal of Geophysical Research: Space Physics 10.1002/2016JA023801

LEI ET AL. ELECTRON SCATTERING BY MS WAVES 12,351

https://doi.org/10.1063/1.4922061
https://doi.org/10.1038/ncomms8703
https://doi.org/10.1029/JA089iA02p00905
https://doi.org/10.1029/JA089iA02p00905
https://doi.org/10.1002/2015JA021844
https://doi.org/10.1002/2014GL062020
https://doi.org/10.1002/2014GL062020
https://doi.org/10.1029/2010JA015283
https://doi.org/10.1002/2014GL062710
https://doi.org/10.1002/2015GL064237
https://doi.org/10.1002/2015JA021174
https://doi.org/10.1002/2015JA021174
https://doi.org/10.1002/2015JA022089
https://doi.org/10.1029/2012GL052485
https://doi.org/10.1029/2012GL052485
https://doi.org/10.1029/2010JA015707
https://doi.org/10.1029/2010JA016068
https://doi.org/10.1029/2010JA016068
https://doi.org/10.1109/URSIGASS.2014.6929878
https://doi.org/10.1109/URSIGASS.2014.6929878
https://doi.org/10.1029/JA081i016p02765
https://doi.org/10.1063/1.859778
https://doi.org/10.1029/2007GL030267
https://doi.org/10.1029/2000JA000018
https://doi.org/10.1029/94RS00445
https://doi.org/10.1007/s11214-013-9993-6
https://doi.org/10.1007/s11214-013-9993-6
https://doi.org/10.1002/2016JA022370
https://doi.org/10.1002/2016JA022370
https://doi.org/10.1063/1.4914852
https://doi.org/10.1002/2016GL067853
https://doi.org/10.1002/2014GL060461
https://doi.org/10.1002/2014GL060461
https://doi.org/10.1007/978-94-017-2819-5
https://doi.org/10.1007/978-94-017-2819-5
https://doi.org/10.1002/2013JA019591
https://doi.org/10.1002/2014GL061414
https://doi.org/10.1002/grl.50434
https://doi.org/10.1002/2015JA021992
https://doi.org/10.1002/2014GL062977
https://doi.org/10.1002/2016GL068161


Mauk, B. H., Fox, N. J., Kanekal, S. G., Kessel, R. L., Sibeck, D. G., & Ukhorskiy, A. (2013). Science objectives and rationale for the radiation belt
storm probes mission. Space Science Reviews, 179(1-4), 3–27. https://doi.org/10.1007/s11214-012-9908-y

Mourenas, D., Artemyev, A. V., Agapitov, O. V., & Krasnoselskikh, V. (2013). Analytical estimates of electron quasi-linear diffusion by fast
magnetosonic waves. Journal of Geophysical Research: Space Physics, 118, 3096–3112. https://doi.org/10.1002/jgra.50349

Mourenas, D., Artemyev, A. V., Ma, Q., Agapitov, O. V., & Li, W. (2016). Fast dropouts of multi-MeV electrons due to combined effects of EMIC
and whistler mode waves. Geophysical Research Letters, 43, 4155–4163. https://doi.org/10.1002/2016GL068921

Neˇmec, F., Santolík, O., Hrbácˇková, Z., Pickett, J. S., & Cornilleau-Wehrlin, N. (2015). Equatorial noise emissions with quasiperiodic
modulation of wave intensity. Journal of Geophysical Research: Space Physics, 120, 2649–2661. https://doi.org/10.1002/2014JA020816

Nemec, F., Santolik, O., Gereova, K., Macusova, E., de Conchy, Y., & Cornilleau-Wehrlin, N. (2005). Initial results of a survey of equatorial noise
emissions observed by the Cluster spacecraft. Planetary and Space Science, 53(1-3), 291–298. https://doi.org/10.1016/j.pss.2004.09.055

Nemec, F., Santolik, O., Gereova, K., Macusova, E., Laakso, H., de Conchy, Y.,… Cornilleau-Wehrlin, N. (2006). Equatorial noise: Statistical study
of its localization and the derived number density. Advances in Space Research, 37(3), 610–616. https://doi.org/10.1016/j.asr.2005.03.025

Ni, B., Hua, M., Zhou, R., Yi, J., & Fu, S. (2017). Competition between outer zone electron scattering by plasmaspheric hiss and magnetosonic
waves. Geophysical Research Letters, 44, 3465–3474. https://doi.org/10.1002/2017GL072989

Ni, B., Zou, Z., Li, X., Bortnik, J., Xie, L., & Gu, X. (2016). Occurrence characteristics of outer zone relativistic electron butterfly distribution: A
survey of Van Allen Probes REPT measurements. Geophysical Research Letters, 43, 5644–5652. https://doi.org/10.1002/2016GL069350

Nunn, D. (2015). Triggered VLF Emissions-an On-Going Nonlinear Puzzle[M]// Magnetospheric Plasma Physics: The Impact of Jim Dungey’s
Research (pp. 65–84). Springer International.

Perraut, S., Roux, A., Robert, P., Gendrin, R., Sauvaud, J., Bosqued, J., … Korth, A. (1982). A systematic study of ULF waves above FH+ from
GEOS 1 and 2 measurements and their relationships with proton ring distributions. Journal of Geophysical Research, 87(A8), 6219–6236.
https://doi.org/10.1029/JA087iA08p06219

Reeves, G. D., Friedel, R. H. W., Larsen, B. A., Skoug, R. M., Funsten, H. O., Claudepierre, S. G.,… Baker, D. N. (2016). Energy-dependent dynamics
of keV to meV electrons in the inner zone, outer zone, and slot regions. Journal of Geophysical Research: Space Physics, 121, 397–412.
https://doi.org/10.1002/2015JA021569

Russell, C. T., Holzer, R. E., & Smith, E. J. (1970). OGO 3 observations of ELF noise in themagnetosphere: The nature of equatorial noise. Journal
of Geophysical Research, 75(4), 755–768. https://doi.org/10.1029/JA075i004p00755

Santolík, O., Pickett, J. S., Gurnett, D. A., Maksimovic, M., & Cornilleau-Wehrlin, N. (2002). Spatiotemporal variability and propagation of
equatorial noise observed by Cluster. Journal of Geophysical Research, 107(A12), 1495. https://doi.org/10.1029/2001JA009159

Shprits, Y. Y. (2016). Estimation of bounce resonant scattering by fast magnetosonic waves. Geophysical Research Letters, 43, 998–1006.
https://doi.org/10.1002/2015GL066796

Su, Z., Zheng, H., & Wang, S. (2010). A parametric study on the diffuse auroral precipitation by resonant interaction with whistler mode
chorus. Journal of Geophysical Research, 115, A05219. https://doi.org/10.1029/2009JA014759

Tao, X., Bortnik, J., Albert, J. M., Liu, K., & Thorne, R. M. (2011). Comparison of quasilinear diffusion coefficients for parallel propagating whistler
mode waves with test particle simulations. Geophysical Research Letters, 38, L06105. https://doi.org/10.1029/2011GL046787

Xiao, F., Shen, C., Wang, Y., Zheng, H., & Wang, S. (2008). Energetic electron distributions fitted with a relativistic kappa-type function at
geosynchronous orbit. Journal of Geophysical Research, 113, A05203. https://doi.org/10.1029/2007JA012903

Journal of Geophysical Research: Space Physics 10.1002/2016JA023801

LEI ET AL. ELECTRON SCATTERING BY MS WAVES 12,352

https://doi.org/10.1007/s11214-012-9908-y
https://doi.org/10.1002/jgra.50349
https://doi.org/10.1002/2016GL068921
https://doi.org/10.1002/2014JA020816
https://doi.org/10.1016/j.pss.2004.09.055
https://doi.org/10.1016/j.asr.2005.03.025
https://doi.org/10.1002/2017GL072989
https://doi.org/10.1002/2016GL069350
https://doi.org/10.1029/JA087iA08p06219
https://doi.org/10.1002/2015JA021569
https://doi.org/10.1029/JA075i004p00755
https://doi.org/10.1029/2001JA009159
https://doi.org/10.1002/2015GL066796
https://doi.org/10.1029/2009JA014759
https://doi.org/10.1029/2011GL046787
https://doi.org/10.1029/2007JA012903


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


