
Resonant Electron Signatures in the Formation of Chorus
Wave Subpackets
Xueyi Wang1 , Huayue Chen1 , Yoshiharu Omura2 , Yi‐Kai Hsieh2 , Lunjin Chen3 ,
Yu Lin1 , Xiao‐Jia Zhang3 , and Zhiyang Xia3

1Department of Physics, Auburn University, Auburn, AL, USA, 2Research Institute for Sustainable Humanosphere, Kyoto
University, Kyoto, Japan, 3William B. Hanson Center for Space Sciences, University of Texas at Dallas, Richardson,
TX, USA

Abstract A 2‐D GCPIC simulation in a dipole field system has been conducted to explore the excitation of
oblique whistler mode chorus waves driven by energetic electrons with temperature anisotropy. The rising tone
chorus waves are initially generated near the magnetic equator, consisting of a series of subpackets, and become
oblique during their propagation. It is found that electron holes in the wave phase space, which are formed due to
the nonlinear cyclotron resonance, oscillate in size with time during subpacket formation. The associated
inhomogeneity factor varies accordingly, giving rise to various frequency chirping in different phases of
subpackets. Distinct nongyrotropic electron distributions are detected in both wave gyrophase and stationary
gyrophase. Landau resonance is found to coexist with cyclotron resonance. This study provides
multidimensional electron distributions involved in subpacket formation, enabling us to comprehensively
understand the nonlinear physics in chorus wave evolution.

Plain Language Summary Subpackets are a series of wave packets within chorus waves,
characterized by wave amplitude modulation. In this study, we investigate the electron distributions in various
phase spaces associated with subpacket formation, by performing a two‐dimensional simulation in a dipole
field. It is found that the electrons can be trapped in the wave phase space through both cyclotron and Landau
resonances. These two resonance interactions can also produce the “bump” and “plateau” shapes in momentum
space, as well as the fine density structures in spatial space. Therefore, both cyclotron and Landau resonances
play an important role in subpacket formation. Our study provides new inspiration for the nonlinear theory of
chorus subpackets.

1. Introduction
Chorus waves are intense whistler‐mode emissions, commonly observed in the Earth's (Burtis & Helliwell, 1969;
Horne & Thorne, 1998; Tsurutani & Smith, 1974) and other planets' magnetospheres (Coroniti et al., 1980;
Harada et al., 2016; Hospodarsky et al., 2008). They play a crucial role in electron dynamics, including the
acceleration of hundreds of keV electrons (Meredith et al., 2001; Omura et al., 2019; Thorne et al., 2013), and the
precipitation of tens of keV electrons (L. Chen et al., 2020; Ozaki et al., 2018) due to pitch angle scattering/
diffusion (Liu et al., 2015; Xiao et al., 2009, 2010). The spectrum of chorus waves typically contains discrete
rising tone elements, and each element consists of a series of subpackets, with wave amplitude modulation at
intervals of ⇠10–100 milliseconds (R. Chen, Tsurutani, et al., 2022; H. Chen, Wang, et al., 2023; Crabtree,
Gurudas Ganguli, & Tejero, 2017; Santolík et al., 2003, 2014; Tsurutani et al., 2020; Zhang et al., 2020). The
subpackets have been suggested to play an important role in producing the fine structures in microbursts (Miyoshi
et al., 2015; Ozaki et al., 2018) and electron acceleration (Foster et al., 2021; Kubota & Omura, 2018).

The superposition theory has been proposed to explain the subpacket formation, with a requirement of an artificial
frequency difference in simultaneous presence of two chorus waves (Nunn et al., 2021; Zhang et al., 2020). Tao
et al. (2017) speculated subpacket formation as a part of nonlinear processes, in which the energy of phase‐trapped
electrons oscillates in the trapping period, and thus the wave amplitude is modulated. The authors suggested that
the process is similar to the nonlinear Landau resonance, expecting the energy conservation between waves and
particles (O’Neil, 1965). Crabtree, Ganguli, and Tejero (2017) suggested that the multiple clumps of electrons in
phase space can also cause subpacket formation, and are generated due to a higher order resonance in wave‐
particle interactions. Another model based on sequential triggering model (Omura & Nunn, 2011) has also
been developed, by assuming that a new emission is generated by resonant currents released from the upstream
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region, where the resonant currents are formed due to the nonlinear interactions with previous trigger waves
(Hanzelka et al., 2020). These models are derived only for parallel chorus subpackets, whereas the formation of
subpackets for more realistic oblique chorus waves is less understood. Chorus wave obliquity is a natural property
of wave propagation in the inhomogeneous dipole field (L. Chen et al., 2013), and subpacket structures of oblique
waves are principally important for modeling the efficiency of wave‐particle interactions.

In this study, we have performed a two‐dimensional (2‐D) particle‐in‐cell (PIC) simulation to produce the oblique
chorus waves, and provide multidimensional electron information during subpacket formation. These signals
reveal the electron dynamics associated with nonlinear wave‐particle interactions, which helps us to compre-
hensively understand the physical processes involved in subpacket formation.

2. Simulation Model and Initial Setup
The simulation has been conducted in the meridian plane by using the general curvilinear plasma simulation code
(GCPIC) model (Lu et al., 2019). In this model, the cold electrons satisfy a Maxwellian distribution, while the
energetic electrons follow a bi‐Maxwellian distribution. Both cold electrons and energetic electrons are treated as
particles and are pushed by the relativistic Lorentz force. Ions are immobile. The reflecting boundary condition is
employed for particles, and the absorbing boundary condition is used for waves. In this study, the GCPIC model
has been implemented by using three‐dimensional (3‐D) particle trajectories, in which the particles are advanced
following their 3‐D velocities and positions in the curvilinear coordinates (p,q,w), where p̂ is along the L di-
rection, q̂ is antiparallel to the background magnetic field, and ŵ is the azimuthal direction.

At the magnetic equator, the number density of cold electrons ne0 is assumed ∝L�4 (Denton et al., 2004). The ratio
between the electron plasma frequency and the electron gyrofrequency in the center of simulation domain (L0) is
ωpe/Ωe0 à 4.98, where ωpe à

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
ne0e2= meε0

p
and Ωe0 à eBe0/me, Be0 is the equatorial background magnetic field, ε0

is the vacuum permittivity, and e and me are the charge and mass of an electron. The number density, parallel
thermal momentum, and the temperature anisotropy of energetic electrons at the magnetic equator are nheq/
ne0 à 0.008, U‖t/VAe0 à 0.984 (VAe0 à Be0=

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅμ0ne0me
p is the equatorial electron Alfven speed with μ0 being the

vacuum permeability), and U2
⊥t= U2

kt à 6, where “||” and “⊥” represent the directions parallel and perpendicular to
the background magnetic field B0 here and after. A reduced dipole field system centered at p0 à 1639VAe0/Ωe0,
corresponding to L0 à 0.6, is used. The simulation domain consists of 400 ⇥ 9,984 grids in the p‐q plane and cover
a latitude range of�31° < λ < 31°, with the average grid length of Δpà 0.64VAe0/Ωe0 and Δqà 0.16VAe0/Ωe0. The
total particle number is 8 ⇥ 109. The time step is Ωe0Δt à 0.02.

3. Simulation Results
Chorus waves are excited by energetic electrons. The wave amplitudes in the southern hemisphere are shown in
Movie S1. It is seen that the waves propagate nearly opposite to field lines. Figure 1a shows the variation of δB⊥1
(“⊥1” denoting the p̂ direction) in the h‐t plane at p à 1722VAe0/Ωe0, with h denoting the distance along field line
to the magnetic equator. The negative (positive) values of h correspond to the positions in the southern (northern)
hemisphere. A series of wave subpackets with spatiotemporally modulated amplitudes, as shown as Subp#1‐#3,
constitute a chorus element. Figures 1b–1g present the wave properties at hà�242.42VAe0/Ωe0 (corresponding to
a magnetic latitude of λ à �7.57°), displaying (b) disturbed magnetic fields: δB‖, δB⊥1, and δB⊥2 (“⊥2” denoting
the ŵ direction), (c) spectrum of δB2, (d) wave normal angle θ, (e) θs, the angle between wave Poynting flux and
background magnetic field, (f) wave amplitude δB, and (g) instantaneous wave frequency ω. The instantaneous
wave frequency ω is determined as the inverse of the interval between the start and end times of the half‐wave
cycles, which are estimated from the zero‐crossings of δB⊥1. As shown in Figure 1b, the compressional
component of magnetic field is quite smaller than the transverse components with |δB‖|/δB < ⇠30%. Three
subpackets are found in Ωe0t à 2,770–3,250. The spectrum in Figure 1c exhibits a rising tone structure from
⇠0.25Ωe0 to ⇠0.60Ωe0, with a weak power gap at ω ⇠ 0.5Ωe0. In Figure 1d, the wave normal angle is close to 0° at
smaller frequency ω⇠ 0.25Ωe0, while it gets larger at ω ≥ 0.3Ωe0. The wave normal angle reaches its maximum of
⇠30° at ω ⇠ 0.6Ωe0 in the upper band. However, the angle between wave Poynting flux and background magnetic
field is still quite small (with 180° � θs < 10°). Based on the temporal evolution of wave amplitude (Figure 1f), the
growth rate for subpackets is ⇠10�2Ωe0, greatly larger than that estimated from linear calculation (⇠10�3Ωe0).
The instantaneous wave frequency in Figure 1g exhibits an overall trend of upward chirping, however, it displays
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slightly downward chirping signals between adjacent subpackets, where the wave amplitudes meet the local
minima.

We select six time points (marked by the arrows in Figure 1f) to demonstrate the electron distributions during
subpacket formation. The time points Tp1, Tp2, and Tp3 (Tt1, Tt2, and Tt3) corresponds to subpacket peaks (sub-
packet troughs), at which the wave amplitude reaches its maximum (minimum).

Figure 2 shows the disturbed distribution δf à f � f0 of energetic electrons in the phase space (ζ, v‖) at
Ωe0Tp2 à 3,000 for the v⊥ channels of v⊥/VAe0 à (a) 1–2, (b) 2–3, (c) 3–4, and (d) 4–5. Here ζ is the wave
gyrophase angle between v⊥ and δB⊥ (Figure S1 in Supporting Information S1), and f0 is the initial distribution.
The wave frequency and wave normal angle at Tp2 are ω/Ωe0 à 0.3259 and θ à 16.44°, where the wave number is
estimated as kVAe0/Ωe0 à �0.7174 from the cold plasma dispersion relation, with the negative sign denoting the
propagation against field line (k · B0 < 0). The cyclotron resonance velocity is calculated as vc à (ω � Ωe/γ)/k‖,

where Ωe à eB0/me is the local electron gyrofrequency, γ à h1 � ⇣v2
k á v2

⊥⌘= c2i�1= 2
is the Lorentz factor, and c is

the light speed. The vc is calculated as vc /VAe0 à 0.8876 (0.7634, 0.5476, and 0.1474) by using v⊥/VAe0 à 1.5 (2.5,
3.5, and 4.5). Around vc, electron hole is formed in ζ ≈ �π � π/2, exhibiting negative δf. As v⊥ increases, the

Figure 1. (a) The disturbed magnetic field δB⊥1 in the h‐t plane, where h represents the distance along the field line at p à 1722VAe0/Ωe0 from the magnetic equator. The
position of h à�242.24VAe0/Ωe0 is marked by a dashed line, corresponding to a magnetic latitude of λ à�7.57°. (b) Three disturbed magnetic components: δB‖ (black),
δB⊥1 (red), and δB⊥2 (blue), (c) spectrum of δB2, (d) wave normal angle θ, (e) 180° � θs, (f) wave amplitude δB, and (g) instantaneous wave frequency ω. In panels (a, b),
three subpackets are denoted by “Subp#1‐#3.” Six time points (Ωe0Tp1 à 2,840, Ωe0Tt1 à 2,940, Ωe0Tp2 à 3,000, Ωe0Tt2 à 3,100, Ωe0Tp3 à 3,160, and Ωe0Tt3 à 3,230)
are marked by the arrows in panel (f). At each time point, the energetic electrons are collected in a spatial scale smaller than one wavelength and in a time scale shorter
than one wave period, as illustrated by the small box in panel (a).
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electron hole shifts toward smaller v‖, consistent with the decrease of vc. Among the four v⊥ channels, the electron
hole for v⊥/VAe0 à 2–3 is the deepest. Electron hill with positive δf at relatively larger v‖ is found to accompany
with electron hole due to particle number conservation. In addition, electrons are also trapped in the phase space
around the Landau resonance velocity vL with positive δf, where vL àω/k‖ à�0.4736VAe0. The Landau resonance
dominates at larger v⊥ (Figures 2c and 2d), implying that it is controlled by the effective parallel electric field
δE∗

k à Öv⊥ ⇥ δB⊥Ü=c, in addition to the electrostatic component of electric field δE‖. Therefore, electrons can be
trapped in the wave phase of oblique chorus waves through both cyclotron and Landau resonances. The distri-
butions at another time point Ωe0Tp1 à 2,840 is presented in Figure S2 in Supporting Information S1 for reference.

Figure 3 shows the δf(ζ,v‖) of energetic electrons for v⊥/VAe0 à 2–3 at all six time points. It is found that the central
position of electron hole in v‖ is around vc, where vc decreases with time due to the upward frequency chirping
(Figure 1c). Meanwhile, the central position in ζ temporally oscillates with the period of ⇠160Ω�1

e0 , corresponding
to the period of subpackets. The electron hole locates in ζ ≈ �π � π/2 at subpacket peaks (Figures 3a, 3c, and 3e),
while it gets wider to ζ ≈ �π � π at subpacket troughs (Figures 3b, 3d, and 3f). The electron hole at subpacket
troughs is more flattered, and the area within the hole is found to be nearly constant during oscillation. The
magenta curve represents the envelope of the electron hole, which is estimated from Omura et al. (2008):

k2�vk � vc�2 á 2ω2
trâcosÖζ á πÜ � SÖζ á πÜä à C, Ö1Ü

where ωtr à ωtχγ�1/2 with the trapping frequency ωt à Ökv⊥eδB= meÜ1= 2 and χ à ⇥1 � ω2= �k2c2�⇤1= 2, S is the
inhomogeneity factor, and C is a constant. The v⊥ is set to be 2.5VAe0. The wave parameters (ω, k, δB, and vc) are
listed in Table S1 in Supporting Information S1. The S values at six time points are estimated through Equation 1
as �0.35, �0.01, �0.34, �0.02, �0.38, and �0.05, respectively. Note that at subpacket peaks, S is ⇠�0.4,
indicating the maximum energy transfer between waves and particles. While at subpacket troughs, S is ⇠0.

The theoretical inhomogeneity factor Sth can be calculated from Hsieh and Omura (2023):

Sth à
1

Ω2
t,1

(�✓ vr
vgk

� 1◆2∂ω
∂t á "vr

γ �
kkv2

⊥
2Ωe

�
v2

r ωpe
2c ✓Ωe

ω cos θ � 1◆�3
2 cos2 θ

ω # ∂Ωe
∂h ), Ö2Ü

where

a b c d

Figure 2. The disturbed distribution δf(ζ,v‖)/f0 at Ωe0Tp2 à 3,000 for the v⊥ channels of v⊥/VAe0 à(a) 1.0–2.0, (b) 2.0–3.0,
(c) 3.0–4.0, and (d) 4.0–5.0. In each panel, the dashed and dotted line represent cyclotron resonance velocity vc and Landau
resonance velocity vL, respectively.
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Ω2
t,1 à

1
γ�ω2

t,1 � ωΩd,1�, Ö3Ü

ω2
t,1 à

ekk
me

⇥δEk J1ÖβÜ á v⊥δBJ0ÖβÜ⇤, Ö4Ü

and

Ωd,1 à
e

mec2⇥vkδEk J1ÖβÜ á v⊥δEJ0ÖβÜ⇤: Ö5Ü

Here vg‖ is the parallel component of the group velocity, k‖ and k⊥ are the
parallel and perpendicular wave numbers, δE is the electric field amplitude,
and δE‖ is the parallel component. Additionally, Jn(β) is the n‐order (with n
being the nonnegative integer) Bessel function of the first kind, with β à k⊥ρ
and ρ à v⊥/Ωe0 being the electron gyroradius. By given the chirping rate and
the gradient of background magnetic field obtained from the simulation
(Table S1 in Supporting Information S1), we evaluate Sth under different
stages of subpackets: Sth à �0.34, 0.01, �0.31, 0.03, �0.33, and �0.08,
respectively. The value of Sth is well consistent with the S estimated from
electron hole in simulation. Note that at subpackets peaks, both frequency
chirping term (∂ω/∂t ⇠ 10�3) and field gradient term (∂B0/∂h à
5:6 ⇥ 10�4Be0= �VAe0Ω�1

e0 � ) contribute to negative inhomogeneities, where
the frequency chirping term is dominated, leading to Sth ⇠ �0.4. While at
amplitude troughs, the two terms are comparable but have opposite signs due
to the weak downward chirping (∂ω/∂t ⇠ �10�4), resulting in Sth ⇠ 0.

Figure 4 shows the momentum (u à γv) distributions of energetic electrons at
Tp2 and Tt2. As shown in Figures 4a and 4b, the electron distribution f(u‖,u⊥)
exhibits significantly variations around uc à (Ωe � γω)/k‖ and uL à γω/k‖,
indicating strong wave‐particle interactions through both cyclotron and
Landau resonances. The f(u‖,u⊥) decreases obviously at uc and u⊥/VAe0 > 2,
corresponding to the density reduction at electron hole in the wave phase
(Figures 3c and 3d). To specify the distribution in the parallel direction, we
plot f as a function of u‖ in Figures 4c and 4d, where uc and uL are calculated
using u⊥/VAe0 à 2.5, and the gray line represents the initial parallel distri-
bution. At subpacket peak Tp2, a “plateau” shape is around cyclotron reso-
nance velocity, while a “bump” shape is around Landau resonance velocity.
An electron “beam” is assumed in the “bump” and contributes to the exci-
tation of electron acoustic waves, which cause the time domain structures (An
et al., 2019) in δE‖ observed in our simulation. At subpacket trough Tt2, on the
other hand, a “bump” exists around cyclotron resonance velocity while a
“plateau” appears around Landau resonance velocity. The “bump” shape
corresponds to the positive derivation of the distribution ∂f/∂|u‖| > 0, indi-

cating a free energy resulting in chorus wave excitation via nonlinear/linear growth (Zonca et al., 2022). The
“plateau” shape could contribute to wave damping (Chen, Chen, et al., 2023; H. Chen, Gao, et al., 2022). The
alternating shapes at uc and uL during subpacket formation indicate the coexistence of cyclotron and Landau
resonances in oblique chorus waves. The distributions at Tp1 is also presented (Figure S3 in Supporting Infor-
mation S1) for reference.

The electron distributions in the gyrophases are also depicted in Figure 4, showing the δf in the (e, f) wave
gyrphase (uδB⊥, uδE⊥) and (g, h) stationary gyrophase (u⊥1, u⊥2). Note that the distributions have been averaged
over one gyroperiod. It is seen that the nongyrotropic distributions present in both wave gyrophase and stationary
gyrophase. In the wave gyrophase, the negative δf mainly locates in ζ ≈ �π � π/2 at subpacket peak in Figure 4e,
corresponding to the inhomogeneity factor S⇠�0.4 as shown in Figures 3a, 3c, and 3e. While at subpacket trough

a

b

c

d

e

f

Figure 3. The disturbed distribution δf(ζ,v‖)/f0 at six time points (from top to
bottom: Tp1, Tt1, Tp2, Tt2, Tp3, Tt3). In each panel, the magenta curve
represents the envelope of electron hole, and the corresponding S value is
displayed in magenta.
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in Figure 4f, the distribution rotates to ζ ≈ �π � π. The negative δf is found to be bouncing with time in the wave
gyrophase, corresponding to the oscillation of electron hole in the phase space (ζ, v‖). Meanwhile, the non-
gyrotropic distribution is also apparent in the stationary coordinates, characterized by electron bunching at large
v⊥/VAe0 ≈ 4–6. Such a pattern of electron bunching in the gyrophase has not been detected in a separated one‐
dimensional (1‐D) simulation, in which chorus waves are limited to parallel propagation. The nongyrotropic
distribution in the stationary gyrophase could be associated with the electron kinetic effects in the perpendicular
direction due to k⊥ρ ≥ 1, where the perpendicular wave number k⊥ is estimated as ⇠0.15VAe0/Ωe0.

The alternating variations in electron distribution due to cyclotron and Landau resonances also present in spatial
space. Figure 5 shows the electron distribution f in the phase space (h, v‖) at Tt2 for v⊥/VAe0 à 2–4. A series of
discrete cavity structures with decreased f labeled as #1‐#7 are observed around the cyclotron resonance velocity
vc, while the island structures with increased f labeled as #I‐#VII are formed around Landau resonance velocity vL.
Alternating cavity and island structures appear in spatial space. They propagate in the same direction as chorus
waves with the wave's group velocity (not shown), though the resonance velocities at which the island and cavity
are formed are opposite in direction. Note that the spatial scale of each structure is ⇠8VAe0/Ωe0, corresponding to

a c

b d

e g

f hb

a

Figure 4. The normalized (a, b) momentum distribution f(u‖,u⊥) and (c, d) parallel momentum distribution f(u‖), and the disturbed distributions δf in the (e, f) wave
gyrophase (uδB⊥, uδE⊥) and (g, h) stationary gyrophase (u⊥1, u⊥2). The f is normalized to its maximum value. In panels (a–d), the dashed curve or line denotes uc, and the
dotted curve or line represents uL. In panels (c, d), the gray line is the initial parallel distribution. The perpendicular momentums in the wave gyrophase uδB⊥ and uδE⊥

(stationary gyrophase u⊥1 and u⊥2) are defined along δB⊥ and δE⊥ ( p̂ and ŵ), respectively. The angle ζ(φ) represents the wave gyrophase (stationary gyrophase) angle. The
top row corresponds to Ωe0Tp2 à 3,000 and the bottom row corresponds to Ωe0Tt2 à 3,100.

Figure 5. The distribution f(h,v‖) at Ωe0Tt2 à 3,100, normalized to the maximum value in the plot. The dashed and dotted lines
denote vc and vL, respectively. Seven cavity (island) structures around vc (vL) are labeled as #1‐#7 (#I‐#VII).
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the wavelength of chorus waves (2π/k à 7.95VAe0/Ωe0). It indicates that the density fluctuation in oblique chorus
waves is due to the wave‐particle interactions through both cyclotron and Landau resonances.

4. Discussion
Electron holes are commonly detected in the wave phase of rising tone chorus waves (H. Chen, Lu, et al., 2022;
Nunn, 1974; Omura et al., 2008; Tao et al., 2021). In this study, we have found that the central position of electron
hole in ζ oscillates under of subpackets. The total number densities within the electron hole are evaluated to be
comparable at subpacket peaks and troughs in the simulation, indicating that the number of trapped electrons
remains nearly unchanged during subpacket formation. However, the locations of trapped electrons in ζ are
varied, leading to different energy transfer during electron hole oscillation. At subpacket peaks, electron hole
mainly locates in ζ ≈ �π � π/2 corresponding to an inhomogeneity factor of S ⇠ �0.4, implying the maximum
energy transfer between electrons and chorus waves. The particles' energy gain is calculated by
∆W à �R∞

0 R2π
0 R∞

�∞f �uk,ζ,u⊥� ev · δEu⊥dukdζdu⊥. We have found ∆W < 0 at subpacket peaks, while ∆W ≳ 0 at
subpacket troughs. The amplitude modulation during subpacket formation at a fixed position is controlled by two
terms: the energy transfer term ∆W between waves and particles, and the convection term vg∂(δB)/∂h. The term
∆W is associated with the absolute nonlinear growth rate, determining the amplitude variation along wave packet
d(δB)/dt (Omura, 2021). The amplitude variation of subpacket at a specific position is given by ∂(δB)/∂t à d(δB)/
dt � vg∂(δB)/∂h. From subpacket peaks to troughs, the convection term dominates, resulting in a decrease in wave
amplitude ∂(δB)/∂t < 0. On the other hand, from subpacket troughs to peaks, the energy transfer term dominates,
leading to an increase in wave amplitude ∂(δB)/∂t > 0.

The inhomogeneity factor S holds significant importance in nonlinear theory (Omura et al., 2008; Tao et al., 2021;
Vomvoridis et al., 1982; Zonca et al., 2022). Theoretical study was first proposed by Omura et al. (2008) that S is
fixed at ⇠�0.4 in chorus element excitation. However, we have found that S could change during subpacket
formation. The values of S estimated from electron hole in our simulation is well verified by the Sth given by
Equation 2, indicating that the irregular frequency chirping between adjacent subpackets (Crabtree, Gurudas
Ganguli, & Tejero, 2017; H. Chen, Wang, et al., 2023; Santolík et al., 2014; Tsurutani et al., 2020; Zhang
et al., 2020) is due to nonlinear physics. By assuming S ⇠ �0.4, Vomvoridis et al. (1982) proposed the well‐
known relationship between the chirping rate of chorus element and wave amplitude. This relationship is only
valid for subpacket peaks, implying that the chorus element spectrum can be considered as composed of sub-
packet peaks.

The variations in electron distributions have been proposed to significantly influence the frequency chirping and
nonlinear growth of chorus waves (Trakhtengerts, 1995; Zonca et al., 2022). In this study, we have found that
these variations exhibit as “plateau” and “bump” shapes in the parallel direction, and hole and hill structures in the
perpendicular direction. In addition, the nongyrotropic distributions in the stationary gyrophase are also observed.
All these variations of electron distribution could contribute to the nonlinear physics in the evolution of oblique
chorus waves.

5. Conclusions
Various electron distributions associated with the formation of oblique chorus wave subpackets are investigated
by performing a 2‐D GCPIC simulation in a dipole field. These distributions are embedded with significant
information of nonlinear physics involved in wave‐particle interactions. Our primary conclusions are as follows:

1. Cyclotron and Landau resonances alternately take effects in the nonlinear wave‐particle interaction during
subpacket formation. They can generate alternating “bump” and “plateau” patterns in the momentum space, as
well as the cavity and island structures in the spatial space.

2. Electron holes due to cyclotron resonance are observed in the wave phase space, and oscillate in size with time
during subpacket formation. The inhomogeneity factor S associated with the electron holes does not remain
constant as previously assumed; instead, S is ⇠�0.4 at subpacket peaks, while S is ⇠0 at subpacket troughs. At
subpacket peaks, the energy transfer between waves and particles reaches the maximum. These results suggest
a modified theory taking into account the variation of S is required for explaining subpacket formation.

3. Nongyrotropic electron distributions presenting in both wave gyrophase and stationary gyrophase are detected
in the simulation.
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Data Availability Statement
The data used to produce figures in this manuscript are available in Wang et al. (2023).
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