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Abstract We evaluate the diffusive and nonlinear scattering of ring current protons by electromagnetic ion

cyclotron (EMIC) waves in the Earth's inner magnetosphere using test particle simulations. EMIC waves are

commonly observed inside and outside the plasmasphere with wave amplitudes ranging from 100 pT to several

nT. Field‐aligned EMIC waves can scatter 1 keV–1 MeV protons counter‐streaming with respect to the waves

through first order cyclotron resonance. Through the analyses of the proton equatorial pitch angle variations

along the field line, our simulations reveal the typical interaction features including quasilinear diffusion for

small wave amplitudes, phase trapping and bunching at intermediate and large pitch angles, anomalous phase

trapping and positive phase bunching at small pitch angles, and non‐resonant scattering at pitch angles and

energies outside the resonance regime. Using different wave amplitudes from 100 pT to 5 nT, we compared the

modeling results of proton equatorial pitch angle variations between quasilinear and test particle simulations,

and between diffusive scattering and advective effects. For monochromatic He‐band EMIC waves at L = 5, the

interaction between protons and EMIC waves with amplitudes below 500 pT could be described as a diffusive

process and quantified by quasilinear theory; nonlinear interactions and advection effects become important for

wave amplitudes larger than 1 nT. The interactions between EMICwaves and ring current protons are analogous

to the interactions between whistler‐mode chorus waves and radiation belt electrons described in previous

studies, despite the quantitative differences in the wave amplitude threshold of quasilinear diffusion

applicability.

1. Introduction

Satellite missions in the Earth's magnetosphere commonly observe large amplitude electromagnetic ion cyclotron

(EMIC) waves during geomagnetic storms (e.g., Meredith et al., 2014; Remya et al., 2023). Hot ions in the ring

current undergo energy‐dependent drifts around the Earth due to the electric and magnetic fields, and a tem-

perature anisotropy gradually develops over the dusk to the dayside sectors (Daglis et al., 1999; Jordanova

et al., 1997). The velocity distribution of hot ions is unstable, leading to the generation of the left‐hand polarized

EMIC waves in the frequency bands between the ion gyrofrequencies of different species (Chen et al., 2009; Gary

et al., 1995; Jordanova et al., 2001; Min et al., 2015). Wave generation is most efficient along or anti‐parallel to

the magnetic field direction near the magnetic equator. As the waves propagate from the equator to higher lat-

itudes, the left‐hand polarized waves could travel through the latitude of wave crossover frequency and become

right‐hand polarized (Allen et al., 2015; Hanzelka, Li, Ma, et al., 2023), and subsequently, some EMIC waves

could be detected on the Earth's surface by ground‐based magnetometers (Engebretson et al., 2018; Fraser, 1985;

Jacobs, 1970; Usanova et al., 2014).

EMIC waves play a significant role in the rapid dropout and gradual decay of radiation belt electrons (Drozdov

et al., 2020; Lyu et al., 2024). The electron resonant energy can be reduced to below 1 MeV due to EMIC waves

observed in the high‐density region of the outer plasmasphere or the plasmaspheric plumes (Capannolo

et al., 2018, 2019; Qin et al., 2025; Zhang et al., 2014, 2016). As these regions overlap with the region of high

fluxes of relativistic electrons in the outer radiation belt, EMIC waves can cause efficient pitch angle scattering

and loss of MeV electrons during the recovery phase of geomagnetic storms (e.g., Ma et al., 2016). EMIC wave
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scattering has been demonstrated to be a dominant MeV electron loss mechanism in addition to magnetopause

shadowing, which requires high solar wind pressure (Staples et al., 2023).

Quasilinear theory has been traditionally used to model the electron scattering by EMIC waves in the radiation

belts (Ni et al., 2015). The quantification of electron loss as a diffusive scattering process has been validated by

comparing with satellite observations of electron flux variations (Drozdov et al., 2017; Ma et al., 2015; Shprits

et al., 2016). However, because the EMIC wave amplitude could reach several nT, corresponding to a few percent

of the background magnetic field at the equator, the applicability of the quasilinear theory remains controversial.

Test particle simulations (Bortnik et al., 2022; Hanzelka, Li, & Ma et al., 2023, Hanzelka, Li, & Ma, 2023)

revealed nonlinear interaction features of relativistic electrons due to EMIC waves, including non‐resonant

scattering, positive advection due to force bunching, and negative advection due to phase trapping, in addition

to the quasilinear diffusion effects. The importance and incorporation of nonlinear effects in global radiation belt

modeling is thus an area that remains under active research.

Recent satellite observations and modeling demonstrated the importance of EMIC waves in ion dynamics in the

ring current system, including the ion flux dropout and decay at tens of keV to several hundred keV energies (e.g.,

Lyu et al., 2022), ion precipitation to the upper atmosphere (e.g., Miyoshi et al., 2008; Ni et al., 2023), and heating

of thermal and suprathermal ion populations (Anderson & Fuselier, 1994; Horne & Thorne, 1990; Keika

et al., 2013; Mouikis et al., 2002). In addition, EMIC‐induced precipitation of hot protons from the magnetosphere

to the atmosphere could cause isolated subauroral proton arcs that appear equatorward of the main auroral oval

(Frey et al., 2004; Immel et al., 2002; Jordanova et al., 2007; Sakaguchi et al., 2012; Spasojevic et al., 2004;

Zhang, Y. et al., 2005). Through resonant interactions with ions of different energies, EMIC waves thus mediate

the energy transfer from ring current ions to lower energy ions or other species (Liu et al., 2022; Ma et al., 2019;

Thorne & Horne, 1994).

Global modeling of ring current proton scattering by EMIC waves usually adopts quasilinear theory (e.g., Cao

et al., 2016, 2019), which assumes that the waves are broadband, incoherent, and much weaker than the back-

ground magnetic field, such that each individual interaction with a charged particle is linear. However, it is known

that occasionally EMIC waves are not incoherent and in fact coherent rising tone structures of EMIC waves have

been observed by satellites in the Earth's magnetosphere (Blum et al., 2021; Clilverd et al., 2015; Nakamura

et al., 2019; Shoji et al., 2018; Sigsbee et al., 2023). Previous studies (Bortnik et al., 2010; Shoji et al., 2021;Wang

et al., 2017; Zhu et al., 2012) reported the phase trapping and phase bunching of protons at intermediate to large

pitch angles by coherent EMIC waves, inducing significant advection effects in addition to diffusive scattering.

The phase trapped protons remain in resonance with the EMIC waves for an extended period, so that their

equatorial pitch angles increase significantly when they stream through the wave fields. The phase bunched

protons are clustered near the resonance location, experience one resonance with the waves, and have similar

trajectories with some scattering in the equatorial pitch angles. Multiple parameters determine the nonlinear

effects of EMIC waves, including the proton initial energy, pitch angle, and resonant latitude (Su et al., 2014;

Zhou & Cai, 2024).

In this study, we evaluate the diffusive and nonlinear scattering of protons induced by EMIC waves in the full

pitch angle range of 0°–90° and the energy range of 1 keV–1 MeV using test particle simulations. Our meth-

odology and assumptions are described in Section 2. The monochromatic He‐band EMIC waves are launched

from the equator to higher latitudes, scattering the protons which travel toward the magnetic equator. The results

of our test particle simulations are presented in Section 3. The typical features of proton scattering are revealed,

and the wave amplitude dependence of nonlinear effects is evaluated. Section 4 evaluates proton probability

density functions due to interactions with EMIC waves. In Section 5, the major results of our paper are sum-

marized and discussed.

2. Analysis Method of Proton Scattering by EMIC Waves

The motion of protons interacting with EMIC waves can be described by the momentum equation (Bell, 1984;

Bortnik et al., 2008; Inan et al., 1978):

dp

dt
= q(Ew + p

γm
× (Bw + B0)), (1)

Journal of Geophysical Research: Space Physics 10.1029/2025JA034078

MA ET AL. 2 of 12

 2
1
6
9
9
4
0
2
, 2

0
2
5
, 8

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u
p
u
b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
2
9
/2

0
2
5
JA

0
3
4
0
7
8
 b

y
 U

n
iv

ersity
 O

f C
alifo

rn
ia, L

o
s A

n
g
eles, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [1

7
/1

1
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o

n
s L

icen
se



where t is the time, p, q, and m are the proton momentum, charge, and mass respectively, γ is the Lorentz factor,

Ew and Bw are the wave electric and magnetic fields respectively, and B0 is the Earth's magnetic field. We use the

gyro‐averaged equations of motions from Li et al. (2015) and Fu et al. (2016) to numerically solve Equation 1

following the proton trajectory along the field line. Although relativistic effects are considered in our simulations,

the ring current protons at 1 keV–1 MeV energies are not relativistic (γ ≈ 1).

The resonance condition is satisfied when the harmonics of the proton gyrophase change at the same rate as the

doppler‐shifted wave phase:

ω − k∥v∥ − N
ωcp

γ
− N

dPθ,w
dt

P⊥

= 0, (2)

where ω is the wave angular velocity, k∥ is the wave vector parallel to B0, v∥ is the proton velocity parallel to B0,

P⊥ is the proton momentum perpendicular to B0, N is the resonance harmonic number, ωcp = qB0

m
is the proton

cyclotron frequency due to B0, and dPθ,w/dt is the rate of proton momentum change in the direction of proton

gyrophase due to the waves. Assuming that the
dPθ,w/dt

P⊥
term is small, the resonance condition is simplified to the

form ω − k∥v∥ = N
ωcp

γ
, which is same as the resonance condition in quasilinear modeling. The protons counter‐

streaming with EMIC waves satisfy the cyclotron resonance (N = 1) condition.

The EMIC waves are launched from the magnetic equator and propagate to the northern hemisphere at L= 5. The

EMIC wave frequency is ω = 0.8ωcHe,eq, where ωcHe,eq is the Helium gyrofrequency at the equator. This fre-

quency is close to the frequency of peak wave intensity of He‐band EMIC waves (Zhang et al., 2016), which are

commonly observed in the high‐density regions. The total electron density at the equator (Ne,eq) is taken to be

118 cm−3 based on the plasmaspheric density model by Sheeley et al. (2001). The density changes as a function of

latitude (λ) as Ne = Ne,eq cos2 λ, simplified from the model by Denton et al. (2002). The wave normal angle was

0°. The ion plasma is assumed to be composed of 90%H+, 5% He+, and 5%O+. The latitude of the local crossover

wave frequency is thus located at∼12.7°. The wave amplitude is assumed to decrease before reaching the latitude

of crossover wave frequency as Bw = Bw,eq( tanh(10 − Lat) + 1)/2, where Lat is the latitude in degree. The

protons are launched from their mirror points to the magnetic equator. We set 89 equatorial pitch angle grids

evenly spaced from 1° to 89° and an additional pitch angle at 89.5°, 37 energy grids evenly spaced in the log-

arithmic space from 1 keV to 1 MeV, and 72 gyrophase grids evenly spaced from 0° to 354°. In total, 239,760

protons were traced until they reached the magnetic equator.

An example of protons interacting with EMIC waves is shown in Figure 1a for the protons with an initial

equatorial pitch angle (αeq) of 10° and energy (E) of 14.68 keV. The EMIC wave amplitude profile is overplotted

as the blue dashed curve (Bw,eq = 2 nT). The wave amplitude is close to 2 nT from the equator to 8° latitude and

gradually decreases to ∼0 nT as the latitude increases to 12°. This wave amplitude profile reduces non‐resonant

scattering of protons entering the wave fields from >12° latitudes, which is caused by the gradient of EMIC wave

fields (An et al., 2024), following the approach used by Bortnik et al. (2022). The protons experience positive

phase bunching by EMIC waves, resulting in a systematic increase of equatorial pitch angles with a spreading

between 17° and 37°. Figure 1b shows the proton pitch angle distribution as a function of the gyro interaction

phase when the protons travel to the equator. The protons are clustered into the phase range of 37°–160° with the

average of the scattered pitch angles higher than the initial pitch angle, suggesting an advection effect.

Using the resultant proton pitch angle distributions at the magnetic equator, we evaluate the scattering effect as the

diffusion coefficient 〈Dαα〉 = ⟨(Δα−<Δα>)2
2Δt ⟩ and the average drift effect as the drift coefficient Aα = ⟨Δα

Δt⟩, where
Δα is the equatorial pitch angle change from the mirror point to the equator, Δt is half of the proton bounce period,

and 〈…〉 represents the average over different initial wave‐particle phases. The drift term is contributed by the

proton advection and the pitch angle gradient of 〈Dαα〉 (Allanson et al., 2022). The diffusion and drift coefficients

from test particle simulations are shown in Figures 1d and 1e. As a comparison, we also calculate the quasilinear

diffusion coefficients using the Full Diffusion Code for EMIC waves (Ma et al., 2019) in Figure 1c. The wave and

background parameters in the quasilinear calculation are the same as those in the test particle simulations. The
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black area in Figure 1c indicates the pitch angles and energies where the resonance condition cannot be satisfied.

The majority of the scattering and advection effects are found within the resonance regime.

The ratio between the quasilinear diffusion coefficients and test particle diffusion coefficients is calculated in

Figure 1f to evaluate the applicability of quasilinear theory in describing the proton interaction with EMIC waves.

The brown and purple colors suggest that the quasilinear theory over‐ and under‐estimate the scattering effects,

respectively, while the white color indicates agreement between the two methods. The importance of drift is

evaluated as the ratio between the average pitch angle changes and the standard deviation of pitch angle changes

(
|<Δα>|̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

<(Δα−<Δα>)2>

√ ). As shown in Figure 1g, a low ratio (e.g., below 0.5) indicates that the interactions could be

described as scattering around the initial equatorial pitch angle, and the ratio above one indicates a significant drift

in the average pitch angle distribution. We will discuss the different regimes of typical proton scattering features

in Section 3.

Figure 1. Test particle simulations of proton scattering by He‐band EMIC waves at L = 5. (a) Variations of proton equatorial pitch angle as the protons travel from high

latitude to the equator and resonate with EMIC waves propagating from equator to high latitudes. The initial equatorial pitch angle is 10° and initial energy is 14.68 keV.

The solid lines with different colors represent protons with different initial phases. The blue dashed line is the EMIC wave amplitude distribution. (b) Proton pitch angle

as a function of their gyro interaction phase at the magnetic equator. The initial equatorial pitch angle is marked as a dashed horizontal line. (c) Bounce‐averaged pitch

angle diffusion coefficients as a function of proton energy and equatorial pitch angle calculated using quasilinear (QL) theory. (d) Proton pitch angle diffusion

coefficients calculated from test particle (TP) simulation results. (e) Proton drift coefficients calculated from test particle simulation results. (f) Ratio between the

diffusion coefficients from quasilinear theory and test particle simulations. (g) Ratio between the drift and diffusion effects, evaluated as the mean changes in proton

equatorial pitch angle and the standard deviation of the pitch angle changes.
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3. Proton Scattering Features and Wave Amplitude Dependence

We examined the proton pitch angle variations that occur during their interactions with EMIC waves of different

wave amplitudes ranging from 0.1 to 5 nT. Figure 2 summarizes the typical proton scattering features resulting

from small wave amplitudes of 0.1 nT (row 1) and large wave amplitudes of 5 nT (rows 2–4). For small wave

amplitude, and interactions taking place inside the resonance regime, the protons are scattered approximately

symmetrically around the initial pitch angle (Figures 2a and 2b). Weak scattering is also found for the pitch angles

and energies outside the resonance regime as the protons enter the wave fields (Figures 2c and 2d).

Nonlinear effects become significant for an EMIC wave amplitude of 5 nT. In Figures 2e and 2f, some protons are

phase trapped by EMIC waves and experience an extended resonant interaction path, resulting in a significant

increase in their equatorial pitch angles. For the case of lower proton energy and moderate pitch angles in

Figures 2g and 2h, the protons are phase bunched and drift toward lower equatorial pitch angles. Similar phase

trapping and bunching cases have been analyzed in previous studies (e.g., Zhu et al., 2012). At very low equatorial

Figure 2. Typical proton equatorial pitch angle variations during the interaction with EMIC waves. The figure format is the same as Figures 1a and 1b for each case.

(a–b) Quasilinear diffusion and (c–d) non‐resonant scattering of protons due to weak EMIC waves with 0.1 nT amplitude. (e–f) Phase trapping, (g–h) phase bunching,

(i–j) anomalous phase trapping, and (k–l) positive phase bunching of protons due to resonant interaction with 5 nT EMIC waves. (m–n) Positive phase bunching and (o–

p) scattering of protons at energies below the minimum resonance energy due to 5 nT EMIC waves. The initial proton equatorial pitch angle and energy are labeled for

each case.
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pitch angles (i.e., 1°, Figures 2i and 2j), protons experience anomalous phase trapping, during which the equa-

torial pitch angles jump to above 39°. The protons that were initially inside the loss cone became stably trapped in

the magnetosphere after such interactions, preventing them from precipitating into the atmosphere. At 10°

equatorial pitch angle (Figures 2k and 2l), protons experience positive phase bunching with pitch angles drifting

to above 28°. The positive phase bunching transports protons from small pitch angles to intermediate pitch angles,

potentially reducing the proton precipitation compared to the results expected from quasilinear modeling. The

nonlinear proton scattering at small pitch angles due to EMIC waves is analogous to the electron scattering at

small pitch angles due to chorus (Albert et al., 2021; Artemyev et al., 2021; Gan et al., 2023, 2025; Kitahara &

Katoh, 2019); therefore, the same terminology is used in the above descriptions. However, the proton phases due

to anomalous phase trapping are clustered into a small phase range of 1.5°–7.4° (Figure 2j), showing a similar

trend to that of positive phase bunching (Figure 2l).

Figures 2m–2p show the proton scattering at an energy (1.8 keV) that is below the minimum resonance energy

(∼10 keV). The protons could be scattered through non‐resonant scattering, as shown in Figures 2o and 2p. In

addition, protons at 1° pitch angle experience positive phase bunching effects outside the resonance regime

(Figures 2m and 2n). However, the magnitudes of scattering and advection are small compared to the variations

inside the resonance regime. Non‐resonant scattering is induced when particles enter the wave fields or when

particles are launched within the wave fields. As a result, the scattering and advection magnitudes depend on the

setup of the wave fields and the gradients.

We calculated the diffusion coefficients and drift coefficients for the EMIC wave amplitudes of 0.1–5 nT.

Figure 3 shows the diffusion coefficient comparison between test particle simulations and quasilinear theory. For

0.2 nT wave amplitude (Figures 3a and 3d), the diffusion coefficient ratios are close to one inside the resonance

regime, suggesting that the proton scattering could be well quantified by quasilinear diffusion. Although the

scattering from test particle simulations extends to broader pitch angles and energy ranges, the diffusion co-

efficients are small outside the resonance regime. At 1 nT wave amplitude (Figures 3b and 3e), the diffusion

coefficients from test particle simulations are much smaller than the quasilinear modeling at small pitch angles

close to 0° due to anomalous phase trapping. Near the minimum resonance energies for different pitch angles, the

quasilinear modeling also overestimates the diffusion effects. At 20–80° pitch angles and energies well above the

minimum resonance energy (e.g., 60° pitch angle and ∼60 keV energy), the quasilinear modeling slightly un-

derestimates the proton scattering due to the moderate phase bunching effects. At 5 nT wave amplitude, the

diffusion coefficient distribution (Figure 3c) significantly deviates from the quasilinear modeling results

Figure 3. Diffusion coefficients from test particle (TP) simulations and the comparison with quasilinear (QL) modeling at L = 5. (a–c) Diffusion coefficients as a

function of proton pitch angle and energy calculated using test particle simulations with different wave amplitudes. (d–f) Ratio of diffusion coefficients between

quasilinear modeling and test particle simulation results. (g) Mean value of the diffusion coefficient ratios as a function of wave amplitude within the resonance regime.
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(Figure 1c, scaled by B2
w). The diffusion coefficient ratio (Figure 3f) suggests that the quasilinear theory

significantly overestimates the scattering effects by more than a factor of 10 inside the resonance regime. The

mean value of the diffusion coefficient ratio for the pitch angles and energies in the resonance regime is plotted as

a function of Bw in Figure 3g. The ratio overall increases with increasing wave amplitude. Our simulations

indicate that quasilinear modeling is applicable to wave amplitudes below 0.5 nT but overestimates proton

scattering for wave amplitudes above 1 nT.

Figure 4 presents the drift coefficients and the ratio between the drift and diffusion effects, quantified using the

ratio between the average and standard deviation values of pitch angle changes. The drift coefficients in

Figures 4a–4c present positive drift effects close to 0° pitch angles due to anomalous phase trapping, at small pitch

angles (below 20°–25°) due to positive phase bunching, and at intermediate to large pitch angles (25°–80°) due to

phase trapping, as well as negative drift effects at higher pitch angles (30°–90°) or lower energies (below the

phase trapping energy) due to phase bunching.

The ratio between drift and diffusion is small for 0.2 nT wave amplitude (Figure 4d), suggesting that the proton

variation could be well described as a diffusive process. The moderate ratios at >70° pitch angle below the

minimum resonance energy (e.g., 80° pitch angle and 1 keV energy) are induced by the fact that these protons are

launched within the EMIC wave fields. However, their drift coefficients are small.

At 1 nT wave amplitude (Figure 4e), the drift becomes most significant at pitch angles below 10°, induced by

anomalous phase trapping and positive phase bunching. The proton variations at larger pitch angles could still be

described as a diffusion process, except for the regime of phase bunching with moderate advection effects.

At 5 nT wave amplitude (Figure 4f), the ratio becomes large for most of the pitch angles and energies, suggesting

that the proton pitch angle changes due to drift are much more significant than those due to diffusion. The

maximum of the drift to diffusion ratios outside the bounce loss cone within the resonance regime is plotted as a

function of wave amplitude in Figure 4g. The ratios are overall below 1.2 for wave amplitudes below 0.5 nT and

above 3 for wave amplitudes above 1 nT, which represents a threshold for non‐negligible advection effects.

4. Proton Probability Density Functions Due to EMIC Waves

We evaluated the first and second moments of the proton probability distributions of pitch angle changes as the

drift and diffusion coefficients. If the distribution function of pitch‐angle change has a single peak and negligible

Figure 4. Drift coefficients and the comparison between drift and diffusion effects from test particle simulations at L = 5. (a–c) Drift coefficients as a function of proton

pitch angle and energy for different EMICwave amplitudes. (d–f) Ratio between the average and the standard deviation of equatorial pitch angle changes, to evaluate the

importance of drift and diffusion effects. (g) Maximum of the drift to diffusion ratios outside the bounce loss cone within the resonance regime as a function of wave

amplitude.
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probability to have change much larger than the peak value, these coefficients could approximate the average net

change and spread in the proton pitch angle distributions after interacting with EMIC waves. However, the test

particle trajectories in Figure 2 suggest that the proton distribution function contains a finite probability of large

pitch‐angle changes. The probabilistic approach should be used to accurately include such large changes caused

by nonlinear resonant effects, as shown in the previous studies using the numerical Green's function approach

(Omura et al., 2015), the mapping technique (Artemyev et al., 2022), or the backward Liouville mapping

approach (Hanzelka et al., 2025).

Using the numerical results, we calculate the probability distribution functions of protons after their interaction

with EMIC waves. This function indicates the probability of protons scattered into a final pitch angle bin for each

initial proton pitch angle and energy. Figure 5 shows the probability densities as a function of proton final pitch

angle for different EMIC wave amplitudes, initial pitch angles and initial energies. Consistent with the typical

proton scattering features in Figure 2, the proton distribution functions are localized around the mean value of the

final pitch angle in the regimes of quasilinear diffusion and non‐resonant scattering. However, in the regimes of

phase trapping and phase bunching, some protons are trapped to high pitch angles while a larger number of

protons are phase bunched to low pitch angles (Panels c5 and c6, d3–d6 and e2–e6 in Figure 5). Large net pitch

angle changes also occur at small pitch angles (Panels a2–a6 and b4–b6). Thus, the probability distribution

function has a finite probability of very large pitch angle changes in these resonance regimes for sufficiently large

wave amplitudes. The probability distribution functions obtained from our numerical simulations may be used to

simulate the evolution of proton phase space density distribution due to nonlinear interactions with EMIC waves

in the future.

Figure 5. Probability density functions of protons with different initial energies (x‐axis) as a function of their final pitch angle

(y‐axis) from test particle simulations. Different rows show the results for different initial pitch angles, and different columns

show the results for different EMIC wave amplitudes.
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5. Summary and Discussion

Large amplitude (i.e., few nT) EMIC waves are frequently observed in the Earth's magnetosphere and can

potentially cause nonlinear scattering and pitch angle drift of ring current protons, resulting in pitch angle var-

iations of protons that are different from the quasilinear modeling. We performed a series of test particle sim-

ulations at L = 5 to assess the proton pitch angle variations when they counter‐stream with monochromatic He‐

band EMIC waves along the field line. The typical proton scattering features are revealed by examining the

equatorial pitch angle variations over 0–90° pitch angle and 1 keV–1 MeV energy ranges. The simulation results

are compared with quasilinear modeling results, and the drift effects are compared with the variation due to

diffusive scattering. The main conclusions from our analyses are:

• Due to interaction with EMIC waves, the typical features of proton pitch angle variation include quasilinear

diffusion for small wave amplitudes, phase trapping and bunching at intermediate and large pitch angles for

large wave amplitudes, anomalous phase trapping and positive phase bunching at small pitch angles, and non‐

resonant scattering at pitch angles and energies outside the resonance regime.

• Anomalous phase trapping and positive phase bunching efficiently transport protons from small pitch angles

to intermediate pitch angles. When the wave amplitude is sufficiently strong, these effects extend to broader

pitch angle ranges from 0° to much larger than the loss cone pitch angle. Consequently, the proton precipi-

tation may be reduced due to nonlinear interactions (Gan et al., 2023).

• Using the simulation parameters of our study, the proton scattering by EMIC waves with amplitudes below

0.5 nT at L = 5 could be accurately described by quasilinear diffusion. Although nonlinear scattering could

occur outside the resonance regime, the effects are much weaker than the scattering due to resonant in-

teractions, and their advection effects are not significant compared to diffusion.

• For EMIC waves with amplitudes above 1 nT at L = 5, the quasilinear theory generally overestimates the

diffusion coefficients, and advection effects are more significant than diffusion. As wave amplitude increases,

the drift coefficient first becomes significant at small pitch angles due to anomalous phase trapping and

positive phase bunching, and then phase trapping and phase bunching occur at intermediate and large pitch

angles.

The EMIC wave‐induced proton scattering is one of the major processes responsible for ring current flux dropout

and decay, energy coupling among different particle populations, and proton precipitation forming proton aurorae

(see the review by Jordanova (2020)). The potential nonlinear interactions are not yet incorporated into the present

ring current modeling on a global scale. Our study suggests that the quasilinear and nonlinear effects of proton

scattering by EMIC waves are qualitatively similar to the interaction features seen in the analogous interaction

between electrons and whistler‐mode chorus waves (e.g., Gan, Li, Ma, Albert, et al., 2020), despite the significant

differences in timescales and wave properties. The ring current protons at 1 keV–1 MeV energies are non‐

relativistic, so they do not experience relativistic turning acceleration, which is important for multi‐MeV elec-

tron acceleration by chorus waves (Omura et al., 2007; Summers & Omura, 2007). Recent satellite observations

with high resolutions provide increasing evidence for the operating nonlinear electron scattering by chorus waves

(e.g., Gan, Li, Ma, Artemyev, & Albert, 2020), yet less attention has been paid to the observational evidence of

nonlinear interaction between EMIC waves and ring current protons with energies in the range of 1 keV–1 MeV.

The EMIC waves in our study are assumed to be monochromatic waves with field‐aligned propagation at L = 5.

The EMIC wave amplitude threshold of quasilinear applicability is expected to be higher than 1 nT if a wave

frequency bandwidth and a wave normal angle distribution are considered. It is possible that after multiple in-

teractions with different wave fields, combined positive and negative advection effects result in pitch angle

scattering with magnitude similar to the quasilinear diffusion over a long period. However, the EMICwaves could

have coherent wave structures with a rising tone frequency spectrogram (e.g., Shoji et al., 2021). Future in-

vestigations of the proton interaction with coherent EMIC waves based on satellite observations are required to

evaluate the importance of nonlinear effects in the Earth's ring current proton dynamics.

Data Availability Statement

The data presented in this study are available at the data repository (Ma et al., 2025).
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