
 

 

 

 

   Originally published as: 

 

 

 

 

 

 

 

 

Cao, X., Ni, B., Summers, D., Bortnik, J., Tao, X., Shprits, Y., Lou, Y., Gu, X., Fu, S., Shi, R., Xiang, Z., 

Wang, Q. (2017): Bounce resonance scattering of radiation belt electrons by H+ band EMIC waves. ‐ 

Journal of Geophysical Research, 122, 2, pp. 1702—1713. 

 

DOI: http://doi.org/10.1002/2016JA023607 



Bounce resonance scattering of radiation belt
electrons by H+ band EMIC waves
Xing Cao1 , Binbin Ni1 , Danny Summers2 , Jacob Bortnik3 , Xin Tao4 , Yuri Y. Shprits5,6 ,
Yuequn Lou1, Xudong Gu1 , Song Fu1, Run Shi1, Zheng Xiang1 , and Qi Wang1

1Department of Space Physics, School of Electronic Information, Wuhan University, Wuhan, China, 2Department of
Mathematics and Statistics, Memorial University of Newfoundland, St. John’s, Newfoundland, Canada, 3Department of
Atmospheric and Oceanic Sciences, University of California, Los Angeles, California, USA, 4Department of Geophysics and
Planetary Sciences, University of Science and Technology of China, Hefei, China, 5Helmholtz Centre Potsdam, GFZ German
Research Centre for Geosciences, Potsdam, Germany, 6Department of Earth, Planetary, and Space Sciences, University of
California, Los Angeles, California, USA

Abstract We perform a detailed analysis of bounce-resonant pitch angle scattering of radiation belt
electrons due to electromagnetic ion cyclotron (EMIC) waves. It is found that EMIC waves can resonate
with near-equatorially mirroring electrons over a wide range of L shells and energies. H+ band EMIC waves
efficiently scatter radiation belt electrons of energy>100 keV from near 90° pitch angles to lower pitch angles
where the cyclotron resonance mechanism can take over to further diffuse electrons into the loss cone.
Bounce-resonant electron pitch angle scattering rates show a strong dependence on L shell, wave normal
angle distribution, and wave spectral properties. We find distinct quantitative differences between EMIC
wave-induced bounce-resonant and cyclotron-resonant diffusion coefficients. Cyclotron-resonant electron
scattering by EMIC waves has been well studied and found to be a potentially crucial electron scattering
mechanism. The new investigation here demonstrates that bounce-resonant electron scattering may also be
very important. We conclude that bounce resonance scattering by EMIC waves should be incorporated into
future modeling efforts of radiation belt electron dynamics.

1. Introduction

Charged particles trapped by the Earth’s magnetic field undergo three types of periodic motion: cyclotron,
bounce, and drift. Each periodic motion can be associated with an adiabatic invariant. Resonant interactions
between plasma waves and particles can violate the invariants and result in irreversible changes to the par-
ticle dynamics, cumulatively leading to variations of the particle phase space density. Many studies have
demonstrated that cyclotron-resonant interactions with waves play an essential role in the scattering loss
and acceleration of radiation belt electrons [e.g., Horne and Thorne, 1998; Summers et al., 1998, 2007a,
2007b; Shprits et al., 2008a; Thorne, 2010] and that drift resonant interactions significantly contribute to elec-
tron radial diffusion [e.g., Elkington et al., 2003; Shprits et al., 2008b; Hudson et al., 2014]. Bounce-resonant
wave-particle interactions, however, have received much less attention so far.

It was Roberts and Schulz [1968] who suggested that bounce resonance with hydrodynamic waves could act
as a feeding mechanism for electron pitch angle scattering by whistler mode waves. Shprits [2009] further
proposed that both magnetosonic waves and electromagnetic ion cyclotron (EMIC) waves have the potential
to resonate with near-equatorially mirroring electrons over a wide range of energies. Following the early work
of Roberts and Schulz [1968], a recent study by Li et al. [2015] derived the formalism of bounce-resonant diffu-
sion coefficients for spatially confinedmagnetosonic waves and quantitatively showed that bounce-resonant
diffusion coefficients can be comparable to the gyroresonant diffusion coefficients for magnetosonic
waves. A subsequent study by Shprits [2016] presented calculations of the bounce-resonant scattering of
near-equatoriallymirroring electrons bymagnetosonicwaves and explored the sensitivity of bounce-resonant
diffusion coefficients to the resonance harmonic and assumed wave normal angle. Nonlinear processes of
bounce resonance due to magnetosonic waves were proposed by Chen et al. [2015] and Maldonado et al.
[2016] to interpret the transport of 90° pitch angle electrons to lower pitch angles.

While EMIC wave-driven electron cyclotron resonance has been comprehensively analyzed, to the best of our
knowledge, there is currently no study aimed at understanding the bounce-resonant electron interactions
with EMIC waves. Therefore, the present study is focused on the investigation of the bounce-resonant
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interactions between EMIC waves and radiation belt electrons and the quantification of the corresponding
rates of electron pitch angle scattering. We will clearly demonstrate that the bounce resonance scattering
of radiation belt electrons by EMIC waves is critically important to radiation belt energetic electron dynamics,
in particular for the electron population near 90° equatorial pitch angles.

2. Model of Bounce-Resonant Diffusion

To quantitatively investigate the role of EMIC waves in bounce-resonant electron scattering of electrons, we
calculate the bounce-resonant pitch angle diffusion coefficients Dαα, using the method of Tao and Li [2016],
which is extended from Roberts and Schulz [1968] and Li et al. [2015], to consider an arbitrary wave normal
angle distribution for a given wave frequency. The equations to compute Dαα are given as

Dαα ¼ DWW
sin2 αeq

� �
tanαeq

2MBeq

� �2

and (1)

DWW ¼ 1
2π

pcosαeq
me

� �2X∞
l¼1

∫F ω; k∥ð Þ ΔW1l þ ΔW2lð Þ2 þ ΔW3lð Þ2
h i

dk∥; (2)

where

F ω; k∥ð Þ ¼ q2E∥ ω; k∥ð Þ þM2

γ2
k∥

2B∥ ω; k∥ð Þ; (3)

ΔW1l ¼ l
zi
Jl zið Þ 2θm þ sin 2θmð Þ½ �; (4)

ΔW2l ¼
X

jl0 � lj≠1
l
0 �l¼odd

Jl0 zið Þ sin lþθmð Þ
lþ

þ sin l�θmð Þ
l�

� �
; (5)

ΔW3l ¼
X

l
0 �l¼even

Jl0 zið Þ cos lþθmð Þ � 1
lþ

þ cos l�θmð Þ � 1
l�

� �
: (6)

Here αeq is the particle equatorial pitch angle, M ¼ p2sin2αeq
2meBeq

is the first adiabatic invariant, Beq is the geo-

magnetic field intensity at the Earth’s equator, me is the electron rest mass, p is the electron momentum,
ω denotes the wave frequency, k∥ denotes the parallel component of wave normal, q denotes the
particle charge, γ is the Lorentz factor, F(ω, k∥) is the power spectral density of wave-induced external
fluctuating force acting on an oscillating particle, and E∥ and B∥ are the parallel components of the
power spectral densities of wave electric and magnetic fields, respectively. J is the Bessel function of
the first kind, with argument zi= v∥k∥/ωb, l is the resonance harmonic, and l± = l0 � l± 1. θm is given by
the following equation:

θm ¼ arcsin sm=s0ð Þ ; sm < s0

π=2 ; sm≥s0

�
; (7)

where s0 = p cos αeq/(γmωb) and sm denotes the distance from the equator to the boundary of
EMIC waves along the field line and can be easily obtained from sm ¼ 1

2 sinλm½
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3sin2λm þ 1

p
þ lnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3sin2λm þ 1
p

þ ffiffiffi
3

p
sinλm


 �
=

ffiffiffi
3

p �LRE for the adopted dipole geomagnetic field model. λm is the maximum
latitude of EMIC wave coverage along the field line, RE is the Earth’s radius, and ωb is the particle bounce
frequency, given by [Lenchek et al., 1961; Roederer, 1970; Schulz and Lanzerotti, 1974]

ωb ¼ 2πβc= 4LRET αeq
� �� �

; (8)

where β = v/c, v is the velocity of particle, c is the velocity of light, and T αeq
� � ¼ 1:3802� 0:31987

sin αeq
� �þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sin αeq
� �q
 �

. The bounce resonance condition is as follows [Shprits, 2009; Chen et al., 2015;

Li et al., 2015]:

ω ¼ lωb: (9)
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In the present study, the EMIC wave spectral density is assumed to be Gaussian, given by [e.g., Lyons, 1974;
Glauert and Horne, 2005; Summers et al., 2007b; Ni et al., 2015; Shprits, 2016]

B ωð Þ ¼ Aexp � ω� ωm

δω


 �2
� �

ωlc≤ω≤ωucð Þ; (10)

where

A ¼ B2w
δω

2
π1=2

erf
ωm � ωlc

δω


 �
þ erf

ωuc � ωm

δω


 �h i�1
: (11)

Here ωlc and ωuc are the lower and upper frequency limits of the wave spectrum, ωm is the frequency with
peak wave power, and δω is the wave spectral bandwidth. Meanwhile, the wave normal angle distribution
is also assumed to be Gaussian, given by [Glauert and Horne, 2005; Albert, 2007; Ni et al., 2015; Cao et al.,
2016; Tao and Li, 2016]

g ϕð Þ ¼ exp � tanϕ � tanϕm

tanϕw

� �2
" #

ϕlc≤ϕ≤ϕucð Þ; (12)

where ϕ is the wave normal angle, ϕw is the angular width, ϕm is the normal angle with peak wave power,
and ϕlc and ϕuc are the lower and upper bounds to the wave normal angle distribution. Then we obtain the
wave number k from the general dispersion relation of electromagnetic waves in a cold magnetized plasma
[Stix, 1962], given by

D ω; k;ϕð Þ ¼ Stan2ϕ þ P
� �

μ4 � RLtan2ϕ þ PS 2þ tan2ϕ
� �� �

μ2 þ PRL 1þ tan2ϕ
� � ¼ 0; (13)

where μ= |k|c/ω is the wave refractive index and R, L, S, and P are the Stix parameters given by

S ¼ 1
2

Rþ Lð Þ; D ¼ 1
2

R� Lð Þ; (14)

R ¼ 1�
X
s

ω2
ps

ω ωþ ωsð Þ ; (15)

L ¼ 1�
X
s

ω2
ps

ω ω� ωsð Þ ;and (16)

P ¼ 1�
X
s

ω2
ps

ω2
; (17)

in which ωps = (Nsqs
2/msε0)

1/2 are plasma frequencies and ωs= qsB/ms are cyclotron frequencies of four
particle species s= e, p, He+, and O+. Ns is the number density of particle species s, ε0 is the vacuum dielectric
constant, qs is the particle charge, B is the geomagnetic field strength, and ms is the particle rest mass.

3. Numerical Results

Figure 1 shows the line plots of proton and helium gyrofrequencies and the first to fifth harmonics of electron
bounce frequency as a function of L shell for the indicated three electron kinetic energies (from left to right:
0.1, 1, and 10MeV). The dipole magnetic field is adopted to calculate the ion gyrofrequencies. Due to the
weak dependence of bounce frequency on the equatorial pitch angle (e.g., equation (8)), we consider the
bounce frequency of αeq = 90° electrons in this figure. It is clearly shown that contributions from the reso-
nance orders l=1 to 5 have the potential for bounce-resonant scattering of>100 keV radiation belt electrons.
Since an increase of electron energy will increase the corresponding bounce frequency, only the first three
harmonics contribute to the pitch angle diffusion of relativistic (>1MeV) electrons in the outer radiation belt.
While H+ band EMIC waves can potentially drive bounce resonance with electrons over a broad energy range
from 0.1MeV to 10MeV, He+ band waves, with frequencies below the helium gyrofrequency, can only reso-
nate with electrons with energies less than hundreds of keV at low L shells. Bounce resonance by H+ band
EMIC waves can occur over a much broader range of both L shell and electron energies. Therefore, this study
focuses on investigating the role of H+ band EMIC waves in driving the bounce-resonant scattering of outer
radiation belt electrons.
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Figure 2 displays the electron bounce-resonance regions in the (Ek, L shell) space for αeq = 90° electrons by
EMIC waves corresponding to resonance harmonics l=1–3. The dashed lines indicate the proton and helium
ions gyrofrequencies, and the grey regions denote the resonance regions for a typical H+ band frequency
spectrum adopted from previous studies [e.g., Summers and Thorne, 2003; Summers et al., 2007a], that is,
ωlc = 0.5ωp, ωuc = 0.7ωp, ωw=0.1ωp, and ωm= 0.6ωp. Given the resonance order, the electron bounce-
resonance region due to H+ band EMIC waves is strictly determined by the wave spectral lower and upper
bounds, illustrating that a wider wave frequency spectrum results in a broader bounce-resonance region.
As the resonance order increases, the electron bounce-resonance shifts to lower energies and lower L shells.
Owing to the spectral upper limit at the proton gyrofrequency, EMIC waves cannot undergo bounce reso-
nance with relativistic (>1MeV) electrons for L>~6.

In this study, we adopt a relatively strongwave amplitude Bw of 1 nT based on the statistical observations of H
+

band EMIC waves [e.g., Min et al., 2012; Meredith et al., 2014]. The results for arbitrary wave amplitude can be
easily obtained, sincediffusion coefficients areproportional to the square ofwaveamplitude in thequasi-linear
regime (e.g., equation (11)). We adopt the dipole geomagnetic field model and set the maximum latitudinal
coverage of EMIC waves λm=40°, following the studies of Ni et al. [2015] and Cao et al. [2016]. We set the ion
concentration ratios as η1 = 0.85, η2 = 0.1, and η3 = 0.05 for hydrogen (H+), helium (He+), and oxygen (O+),
respectively [Albert, 2003; Meredith et al., 2003; Summers et al., 2007a; He et al., 2016], where η1 =Np/Ne, η2
¼ NHeþ=Ne, andη3 ¼ NOþ=Ne. In addition,we takeaquasi-parallel propagationmodel for thewavenormal angle
distribution by adopting ϕlc = 0°, ϕuc = 20°, ϕm=10°, and ϕw=10° in equation (12) as a reference model.

In order to investigate the sensitivity of electronbounce-resonant pitch angle diffusion coefficients byH+band
EMIC waves to the variations of L shell and electron number density, we choose three L shells (L = 3–5)
and three specific electron densities, Ne = 102, 5 × 102, and 103 cm� 3, characteristic of the plasmasphere

Figure 2. Electron bounce-resonance regions as a function of L shell and electron kinetic energy Ek for different resonance
harmonics (l = 1–3) with H+ band EMIC waves. The dashed lines denote the proton and helium gyrofrequencies in the
dipole field, and the red and blue lines denote the lower and upper frequency limits of adopted H+ band EMIC wave
spectrum, respectively.

Figure 1. Ion gyrofrequencies and harmonics of electron bounce frequencies as a function of L shell for the indicated three
electron kinetic energies (from left to right: 0.1, 1, and 10MeV).
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[e.g., Summers et al., 2007b]. Then we determine the diffusion coefficients as a function of equatorial pitch
angle αeq and electron energy Ek in Figure 3. For radiation belt electrons of interest (>100 keV), only the
first bounce-resonance harmonic l= 1 contributes to the pitch angle scattering at L = 4 and L = 5, as
shown in Figure 2. At L = 3, no bounce resonance can be found for the first resonance harmonic (l= 1),
while it is the l= 2 resonance that makes the major contribution to the bounce-resonant electron scatter-
ing. Our results demonstrate that electrons with αeq ~90° are subject to very efficient bounce-resonant
scattering (even exceeding 10�2 s�1), regardless of L shell or electron density. Figure 3 shows the weak
dependence of bounce-resonant diffusion coefficients on electron density and their strong dependence
on L shell for a given EMIC wave spectrum. Variation of electron density within an order of magnitude
produces only slight changes of the bounce-resonant scattering rates, especially for electrons with αeq
>88°. In contrast, increase of L shell clearly broadens the αeq coverage of efficient scattering rates
(>10�2 s�1). For instance, at L = 3, only αeq >86° electrons can be scattered on time scales of ≤1 day
due to bounce resonance with H+ band EMIC waves. However, for L = 4 and 5, the corresponding efficient
scattering region having a time scale of ≤1 day can extend to αeq <70° and αeq <60°, respectively. In
addition, bounce resonance with H+ band EMIC waves is more likely to occur for relativistic electrons
at lower L shells, consistent with the results in Figure 2.

To make a quantitative comparison between bounce-resonance and cyclotron-resonance induced pitch
angle scattering rates due to EMIC waves, we calculate the quasi-linear bounce-averaged pitch angle diffu-
sion coefficients by cyclotron-resonant interactions with H+ band EMIC waves, using the Full Diffusion
Code [Ni et al., 2008; Shprits and Ni, 2009]. This code has been extended by Ni et al. [2015] and Cao et al.
[2016] to consider wave-induced particle diffusion in a cold, multi-ion (H+, He+, and O+) plasma.
Contributions from cyclotron resonance harmonics from N=�5 to N= 5 are included in our calculations.
The results of bounce-averaged electron cyclotron-resonant pitch angle diffusion coefficients due to H+ band
EMIC waves are shown in Figure 4. As in Figure 3, we present the diffusion rates as a function of Ek and αeq for

Figure 3. 2-D plot of bounce-resonant pitch angle diffusion coefficients due toH+bandEMICwaves as a functionof electron
kinetic energy Ek and equatorial pitch angle αeq for the indicated sets of L shell, bounce resonance harmonic l, and electron
number density Ne. The wave amplitude Bw is 1 nT; the wave frequency spectrum is Gaussian withωlc = 0.5ωp,ωuc = 0.7ωp,
ωw = 0.1ωp, andωm = 0.6ωp; and the wave normal angle distributions are [ϕlc,ϕuc] = [0, 20]° and [ϕm,ϕw] = [10, 10]°.
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different L shells and electron number densities. Note that the wave amplitude, wave spectrum, normal angle
distribution, ambient magnetic field, and cold ion composition ratios are identical to those used to produce
the bounce-resonant diffusion rates in Figure 3. While bounce resonance with H+ band EMIC waves results in
efficient electron pitch angle scattering for αeq ~75°–90°, cyclotron resonance dominates electron scattering
at lower pitch angles extending all the way to the loss cone angle. A comparison between Figures 3 and 4 also
shows a significant difference in variations of H+ band EMIC wave-driven bounce- and cyclotron-resonant
diffusion coefficients with ambient electron density. For cyclotron resonance, an increase of electron
number density not only clearly affects the value profiles of diffusion coefficients but also significantly
lowers the minimum resonant energy at any L shell. Similar to bounce-resonant scattering, cyclotron-
resonant scattering tends to occur at lower electron energies as L shell increases. Increasing the L shell
also results in stronger rates of pitch angle scattering, mainly due to the weaker intensity of the ambient
magnetic field.

To further investigate the sensitivity of bounce-resonant pitch angle diffusion coefficients to EMIC wave nor-
mal angle distribution, spectral width, and peak frequency, we perform a careful analysis for various para-
meters. The computed results are illustrated as a function of Ek and αeq in Figure 5 for L = 4. Specifically,
Figures 5a–5c are reproduced from the second column of Figure 4 to show the effect of change in electron
density. Figures 5d–5f show the effect of varying the wave normal angle distribution. Three normal angle dis-
tributions are specified: (1) [ϕlc, ϕuc] = [0°, 20°] and [ϕm, ϕw] = [10°, 10°], (2) [ϕlc,ϕuc] = [15°, 45°] and [ϕm,ϕw]
= [30°, 15°], and (3) [ϕlc, ϕuc] = [40°, 70°] and [ϕm, ϕw] = [55°, 15°], representative of quasi-parallel propaga-
tion, intermediate-angle propagation, and highly oblique propagation, respectively. It is found that
bounce-resonant electron scattering rates are strongly dependent on the obliquity of EMIC wave normal,
peaking when the waves propagate at intermediate angles. A possible explanation is that an increase of
EMIC wave obliquity enhances the parallel component of wavefield and subsequently causes stronger rates
of bounce-resonant pitch angle scattering (see equations (2) and (3)). In Figures 5g–5i, we vary the spectral
width ωuc� ωlc (i.e., varying the lower and upper cutoff frequencies of H+ band EMIC waves) by choosing
ωuc� ωlc = 0.15ωp, 0.2ωp, and 0.25ωp. For a given peak wave frequency, an increase of the spectral width

Figure 4. Same as Figure 3, except for cyclotron-resonant electron pitch angle diffusion rates due to H+ band EMIC waves.
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results in much broader (Ek, αeq) extent of bounce resonance and produces efficient bounce-resonant
scattering at αeq ~90° for lower energy electrons down to hundreds of keV. Finally, Figures 5j–5l show the
effect of change in the peak wave frequency by choosing ωm=0.575ωp, 0.6ωp, and 0.625ωp. Clearly, when
the wave spectral width is fixed, an increase of peak wave frequency raises electron energies for bounce
resonance with H+ band EMIC waves.

Corresponding to Figure 5, EMIC wave-driven bounce-averaged cyclotron-resonant electron scattering rates
are shown in Figure 6 for L = 4. In general, variations in wave spectral width and peak wave frequency can
only introduce small differences in the cyclotron-resonant diffusion coefficients. H+ band EMIC waves can
cause cyclotron resonance with lower energy electrons when either the wave spectral width or the peak
wave frequency increases. The ambient electron density and wave normal angle distribution are two critical
factors that affect cyclotron-resonant scattering rates by H+ band EMIC waves. Specifically, an increase of
electron density enhances the cyclotron-resonant diffusion rates and shifts the peak to lower energies, while
an increase in obliquity of EMIC waves tends to decrease the cyclotron-resonant diffusion rates.

Figure 7 shows the line plots of the bounce-resonant pitch angle diffusion coefficients due to H+ band EMIC
waves as a function of αeq corresponding to different wave normal angle distributions, for L = 3.5, 4, and 4.5.
In addition to the three wave normal angle distributions considered in Figure 5, we also adopt a nearly par-
allel propagation model with [ϕlc, ϕuc] = [0°, 10°] and [ϕm, ϕw] = [0°, 5°]. As illustrated in Figure 2, at L = 3.5, it
is the second-order resonance l=2 that contributes to the bounce-resonant scattering of radiation belt elec-
trons. Owing to much lower resonant energies at L = 3.5, we show the results of diffusion coefficients for 0.2
and 0.4MeV electrons. At L = 4 and 4.5, we show the pitch angle diffusion coefficients for 2 and 10MeV elec-
trons for the bounce-resonance order l= 1. Interestingly, the bounce-resonant diffusion coefficients tend to
increase considerably with wave normal angle at small and intermediate values and then decrease gradually
for highly oblique propagation. The L shell dependence of bounce-resonant scattering rate is also demon-
strated. At L = 3.5, efficient pitch angle scattering on a time scale less than 1 day can only occur at αeq
>84°. As L increases to 4 and 4.5, pitch angle extents associated with efficient scattering on a time scale less
than 1 day can extend to ~70° and ~60°, respectively.

Figure 5. Bounce-resonant pitch angle diffusion coefficients due to the first-order resonance with 1 nT H+ band EMIC waves at L = 4 for various parameter sets.
Reproduced from the second column of Figure 4 to show the (a–c) effect of change in electron density; (d–f) varying wave normal angle distribution, i.e., [ϕlc,
ϕuc] = [0, 20]° and [ϕm, ϕw] = [10, 10]°, [ϕlc, ϕuc] = [15, 45]° and [ϕm, ϕw] = [30, 15]°, and [ϕlc, ϕuc] = [40, 70]° and [ϕm, ϕw] = [55, 15]°; (g–i) varying the spectral
width, i.e., ωuc� ωlc = 0.15ωp, 0.2ωp, and 0.25ωp; and (j–l) varying the peak wave frequency ωm, i.e., ωm = 0.575ωp, 0.6ωp, and 0.625ωp.
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In Figure 8, we show the pitch angle diffusion coefficients of radiation belt electrons due to bounce and
cyclotron resonance with H+ band EMIC waves at L = 4 corresponding to two specific cases of wave latitudinal
coverage: λm= 40° (Figure 8, top) and λm= 10° (Figure 8, bottom). Since themirror latitudesof electronswithαeq
>60° are not far from the magnetic equator [e.g., Summers et al., 2007b, Figure 9], bounce-resonant diffusion
coefficients for λm=40° are almost the same as those for λm=10°. However, cyclotron-resonant diffusion coef-
ficients vary significantly with a change in λm. Especially for electrons of energy ≥3MeV, pitch angle scattering
rates at smaller pitch angles decrease substantially when λm varies from 40° to 10°. This is because cyclotron-
resonant regions for these ultra-relativistic electrons are mainly located at geomagnetic latitudes>10°.

Figure 6. Same as Figure 5, except for cyclotron-resonant electron pitch angle diffusion rates due to H+ band EMIC waves.

Figure 7. Line plots of bounce-resonant electron pitch angle diffusion coefficients as a function of equatorial pitch angle
αeq at L = 3.5, 4, and 4.5 for the indicated four wave normal angle distributions.
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4. Discussion and Conclusions

Our results clearly indicate that bounce-resonant and cyclotron-resonant pitch angle scatterings due to H+

band EMIC waves occur at two distinct ranges of equatorial pitch angle. While bounce resonance predomi-
nantly occurs with radiation belt energetic electrons near 90°, cyclotron resonance primarily controls
electron scattering at lower pitch angles. While H+ band EMIC wave-driven bounce resonance alone cannot
directly scatter near-equatorially mirroring electrons into the loss cone for diffusive loss, these electrons
with decreased pitch angles can eventually undergo pitch angle scattering loss under the impact of
cyclotron resonance, e.g., with H+ band, He+ band, and O+ band EMIC waves, plasmaspheric hiss, or chorus
waves. Therefore, it is suggested that bounce resonance due to EMIC waves, in combination with other
wave-induced cyclotron resonance mechanisms, may contribute to the global coherency of electron fluxes
at different pitch angles as well as storm time electron flux dropouts. This, however, requires
future investigation.

As one of the most important distribution functions, the Gaussian distribution has been widely used to fit
frequency spectra of magnetospheric waves, including chorus, hiss, magnetosonic, and EMIC waves [e.g., Li
et al., 2007; Horne et al., 2007; Summers et al., 2007a, 2007b]. The Gaussian distribution can basically capture
the spectral properties of waves and can also be easily incorporated into the mathematical calculations.
Even though an arbitrary wave spectrum could be adopted for our calculations, for simplicity and with
little loss of generality, in the present study, we have assumed that the H+ band wave frequency distribution
is Gaussian.

It should be noted that, once thermal effects introduced by warm or hot ions are strong enough, the
dispersion relation of EMIC waves will be significantly modified and the cold plasma approximation will
no longer be valid [e.g., Isenberg, 1984; Brinca and Tsurutani, 1987; Lui et al., 1987]. In contrast to the
cyclotron resonance condition, the bounce resonance condition (equation (9)) is only dependent on wave
frequency and is independent on wave number. This indicates that, for a given wave spectrum, inclusion
of the warm plasma effects only influences the diffusion coefficients, which are strongly dependent on
wave number, but does not affect the energy range of resonant electrons. Although the cold plasma

Figure 8. Comparisons between bounce- and cyclotron-resonant electron pitch angle diffusion coefficients by H+ band
EMIC waves at L = 4 for two specific cases of wave latitudinal coverage: (top) λm = 40° and (bottom) λm = 10°.
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approximation has been used in this study for simplicity, it will be worthwhile in the future to take into
account warm plasma effects in order to evaluate more precisely the bounce-resonant interactions of
electrons with EMIC waves. In the present study, we follow previous studies and choose a representative
set of ion concentration ratios (H+: He+: O+ = 0.85: 0.10: 0.05). However, O+ abundances can be highly
variable and minor ion abundances play a role in the dispersion relation and the calculation of the diffu-
sion coefficients. Some previous studies have used linear kinetic theory [e.g., Mace et al., 2011; Henning
and Mace, 2014; Wang et al., 2016] or hybrid simulations [e.g., Denton and Hu, 2010; Denton et al.,
2014] to show that high He+ abundance or high O+ ion abundance strongly suppresses the growth of
H+ band EMIC waves. Since this study focuses on the role of H+ band EMIC waves in driving the bounce
resonance with radiation belt electrons, we have therefore adopted the above set of ion concentration
ratios for our numerical calculations. We note that it will be of future interest to investigate the sensitivity
of bounce-resonant interactions between H+ band EMIC waves and radiation belt electrons to the varia-
tion in ion concentration ratios.

As suggested by Shprits [2016], if the time scale associated with wave-induced pitch angle scattering is only a
few times longer than the electron bounce period or even less than one bounce period, then the method
used in the calculations of bounce-resonant diffusion coefficients becomes no longer valid. And we note that,
as we have shown in Figure 7, if the equatorial pitch angle of electrons is very close to 90°, say, 89° to 90°, then
the time scale associated with pitch angle scattering could be shorter than 10 s, which is comparable to the
electron bounce period. Therefore, the diffusion coefficients may not precisely represent the radiation belt
energetic electron dynamics when interacting with EMIC waves but simply serve as an indication of very
strong scattering. It has been recognized that nonlinear effects [e.g., Chen et al., 2015; Maldonado et al.,
2016] can be involved in the bounce-resonant interactions between equatorially mirroring electrons and
magnetosonic waves. Similarly, nonlinear effects introduced by intense EMIC emissions should also be taken
into account in evaluations of bounce-resonant electron scattering. Specifically, Maldonado et al. [2016]
considered bounce-resonant scattering as “advection” instead of “diffusion” since strong scattering due to
nonlinear wave-particle interactions is systematic or advective. The calculations of the diffusion coefficients
in the present study are based on the quasi-linear diffusion regime, in which electromagnetic waves cause
a random walk of a particle’s second invariant and the corresponding scattering is stochastic [Roberts and
Schulz, 1968]. In fact, nonlinear theory should be taken into account to evaluate more precisely the strong
pitch angle scattering of electrons with an equatorial pitch angle very close to 90°. It will then be more
appropriate to use “advection” to describe the pitch angle scattering process. Such an analysis, however, is
outside the scope of the present study.

In this study we have performed a comprehensive analysis of bounce-resonant interactions between H+ band
EMIC waves and radiation belt energetic electrons by investigating in detail the sensitivity of bounce-
resonant scattering rates to L shell, ambient electron density, wave normal angle distribution, wave spectral
properties, and wave latitudinal extent. Quantitative comparisons have also been performed between
bounce-resonant and cyclotron-resonant diffusion coefficients due to scattering by H+ band EMIC waves.
Our major conclusions are summarized as follows:

1. H+ band EMIC waves can bounce-resonate with near-equatorially mirroring electrons over a wide range of
energies and L shells. Resonant regions in (Ek, L shell) space where bounce-resonant interactions can take
place are predominantly determined by the wave spectrum and the resonance order.

2. For >100 keV radiation belt electrons, bounce resonance with H+ band EMIC waves plays as an efficient
mechanism to transport them from near 90° pitch angles to lower pitch angles on time scales of hours
or less. Resultant bounce-resonant scattering rates tend to show a weak dependence on ambient
electron density and wave latitudinal extent but a strong dependence on L shell, wave normal angle
distribution, and wave frequency spectrum. Cyclotron-resonant scattering rates due to H+ band EMIC
waves are very sensitive to ambient electron density, wave latitudinal extent, and wave normal angle
distribution.

3. Bounce resonance and cyclotron resonance by H+ band EMIC waves, in combination, have the potential
to transport near-equatorially mirroring electrons to lower pitch angles and then diffuse them into the
loss cone for precipitation loss. This may explain the global coherency of electron fluxes at different pitch
angles and contribute to storm time electron flux dropouts.
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