
1. Introduction
Very low frequency (VLF) triggered emissions are due to generation of new waves with different frequencies from 
the VLF radio waves transmitted from the ground station (Helliwell, 1967; Helliwell & Katsufrakis, 1974), which 
is the manifestation of the nonlinear processes (see reviews by Omura et al., 1991 and Gołkowski et al., 2019). 
The generation of the VLF triggered emissions is controlled by wave-particle interactions in the equatorial 
magnetosphere when the incident VLF waves propagate along with the geomagnetic field. The wave-particle 
interaction is also the key driver for generating whistler-mode chorus emissions. Recently, the Demonstration 
and Science eXperiments (DSX) have been conducted for a study of VLF radio wave transmission from space 
to space (McCollough et al., 2022; Reid et al., 2022), showing the feasibility and the capability of active experi-
ments in the magnetosphere (McCollough et al., 2022).

Whistler-mode chorus emissions are generated near the equator, growing initially with linear growth rates due 
to the temperature anisotropy of energetic electrons. A coherent wave grows at a fixed frequency up to a certain 
level of the wave amplitude (Omura & Nunn, 2011), and new wave packets with varying frequencies are formed 
through nonlinear wave-particle interaction (Hikishima et al., 2009). Therefore, we can regard chorus emissions 
with frequency variation as emissions triggered by wave packets naturally growing from thermal fluctuations 
because of an instability driven by temperature anisotropy of energetic electrons.

Abstract We have performed a series of simulation runs for whistler-mode wave-particle interaction in a 
parabolic magnetic field with 12 different frequencies of triggering waves and 3 different plasma frequencies 
specifying cold plasma densities. Under a given plasma condition, a specific frequency range of the triggering 
wave exists that can generate rising-tone emissions. The generation region of rising-tone emission shifts 
upstream. The velocity of the wave generation region is dependent on duration of the subpacket, which 
is controlled by the formation of the resonant current in the generation region. When the source velocity, 
which is a sum of the resonance and group velocities, is approximately the same as the velocity of the wave 
generation region, a long-sustaining rising-tone emission is generated. When the spatial and temporal gap 
between subpackets exists due to damping phase of short subpacket generation, resonant electrons in the gap 
of the subpackets are carried at the resonance velocity to the upstream region, and the velocity of the wave 
generation region becomes large in magnitude. When formation of resonant currents is delayed, the velocity 
of the generation region becomes smaller than the source velocity in magnitude. Below one quarter of the 
cyclotron frequency, coalescence of subpackets takes place, suppressing formation of the resonant current in 
the generation region. Since gradual upstream shift of the generation region is necessary for the wave to grow 
locally, the source velocity should be a small negative value.

Plain Language Summary The generation process of whistler-mode chorus emissions has been 
a mystery for a long time, while its detailed nonlinear processes are being clarified by particle simulations 
in recent years. Although it is generally understood that chorus generation regions are close to the magnetic 
equator, the exact location and process of the wave generation have not been identified yet. It has been observed 
that a rising-tone chorus emission consists of many subpackets with gradually increasing frequencies. A new 
subpacket is generated by a foregoing wave packet, and the process is repeated. Instead of the naturally growing 
wave packet, we inject a wave with a constant frequency to trigger new emissions. We have conducted many 
simulation runs with different parameters to identify the location and the motion of the generation region. We 
have found that the generation region always moves upstream from the triggering wave. These characteristics of 
triggered emissions are valuable information for understanding chorus emissions observed by spacecraft.
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The generation mechanism of triggered emissions has been studied for more than half a century. Helliwell (1967) 
proposed that resonant electrons moving with adiabatic motion generates triggered emissions. Roux and 
Pellat  (1978) have shown that phase space modulation of resonant electrons generates triggered emissions, 
which are formed by the parallel velocity differences between adiabatic and detrapped electrons. Recently, Tao 
et al. (2021) proposed Trap-Release-Amplify model, detrapped electrons from the triggering wave generate reso-
nant currents. These models suggest that detrapped resonant electrons are adiabatically transported upstream and 
generate triggered emissions. Katoh and Omura (2006) showed that resonant currents are generated by the forma-
tion of an electron hole in velocity phase space by using an electron hybrid code. Self-consistent particle-in-cell 
(PIC) simulations of triggered rising-tone emissions also showed that the formation of an electron hole generates 
resonant currents inducing nonlinear wave growth and frequency increase (Hikishima et al., 2010; Hikishima & 
Omura, 2012). Nogi and Omura (2022) have introduced the source velocity, which describes an upstream shift of 
the source region for triggered emissions. We define “upstream” and “downstream” with reference to propagation 
of waves. Harid et al. (2022) also showed the backward motion of the source region for whistler-mode chorus 
emissions by an envelope PIC code: However, parametric dependence of the upstream shift remains unclear.

Triggered emissions and chorus waves have subpacket structures (Santolík et al., 2014). Shoji and Omura (2013) 
have studied the generation models of subpacket structure of ElectroMagnetic Ion cyclotron waves, which have 
characteristics similar to whistler-mode chorus waves. Hanzelka et al. (2020) have proposed a generation model 
of subpacket structure for chorus waves. The wave amplitude increases rapidly by the nonlinear wave growth, and 
phase-organized electrons in the vicinity of the optimum amplitude generate a subsequent subpacket, showing 
the observation result by Van Allen Probes. Nunn et al. (2021) have shown that triggered emissions with short 
subpackets are generated from the triggering waves with two different frequencies by using Vlasov Hybrid Simu-
lations. Zhang et al. (2021) have reproduced short rising-tone and falling-tone emissions with high-frequency 
sweep rate by using four different self-consistent codes. Nogi and Omura (2022) have shown the generation of 
rising-tone emissions with a long subpacket. The generation process of the subpacket and the duration time of 
the subpacket remain unclear.

Falling-tone triggered emissions are also generated at the termination of the triggering waves with half the elec-
tron cyclotron frequency (Nogi et al., 2020). Generation mechanisms of falling-tone emissions have been studied. 
Nunn and Omura (2012) have reproduced falling-tone emissions by the Vlasov Hybrid Simulation code, showing 
the formation of the electron hill. Falling-tone emissions are observed in the termination of the rising-tone trig-
gered emissions when the frequency of the rising-tone emissions exceeds half the electron cyclotron frequency 
(Nogi & Omura, 2022). The frequency of the triggering waves is an important factor controlling the generation 
of rising-tone and falling-tone emissions. We conduct simulation runs with different frequencies of the triggering 
waves. We also change the background plasma frequency, which controls the frequency ranges of wave growth.

Nogi and Omura (2022) presented detailed analyses of a single PIC simulation run reproducing a long subpacket 
with increasing frequency (Foster et al., 2021), which is triggered by a finite amplitude wave with a constant 
frequency of 0.3Ωe under the background plasma density defined by the plasma frequency of 4.0Ωe. They found 
the generation region moves with the source velocity defined by the sum of the resonance velocity and the group 
velocity. However, the condition for the long subpacket formation was not clear. In the present study, we analyzed 
the dependency of the triggering process on the frequency of the triggering wave by changing it from 0.05Ωe 
to 0.6Ωe with an interval of 0.05Ωe. We also studied the triggering process with different plasma frequencies 
2.0Ωe and 6.0Ωe. The series of simulation runs with different parameters shows different processes of generation 
processes of subpackets forming rising-tone emissions. Simulation methods and parameters are described in 
Section 2. The simulation results and characteristics of the reproduced triggered emissions are described in the 
first part of Section 3. Discussions of the generation process of the triggered emissions are given in subsections 
of Section 3. We give a summary and discussion in Section 4.

2. Simulation Parameters
We conduct PIC simulations by using Kyoto university electromagnetic plasma code (KEMPO) (Omura, 2007; 
Omura & Matsumoto, 1993). In this paper, our aim is to solve Maxwell's equations and relativistic equations of 
motion for energetic electrons undergoing cyclotron motion along the magnetic field line near the equator, which 
requires a code that can resolve nonlinear cyclotron resonant interaction with a time scale of thousands of electron 
cyclotron periods. KEMPO is a code that allows us to achieve this aim since it has a good property of energy and 

 21699402, 2023, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

031024 by C
ochrane Japan, W

iley O
nline L

ibrary on [08/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

NOGI AND OMURA

10.1029/2022JA031024

3 of 22

momentum conservation by solving the equations explicitly based on central difference schemes in space and 
time. We apply a one-dimensional parabolic model of ambient magnetic field for the generation of whistler-mode 
triggered emissions. We use the same model of background magnetic field as Katoh and Omura (2006). The 
ambient magnetic field with respect to x is given by B0(1 + ax 2), while the radial components of the ambient 
magnetic field are added to the equation of motion, satisfying divB = 0. Rising-tone triggered emissions can be 
generated when the amplitude of triggering wave is greater than the threshold amplitude (Omura et al., 2009). The 
wave can grow with an increasing frequency to an amplitude close to the optimum wave amplitude as an absolute 
instability (Omura, 2021). The optimum amplitude and threshold amplitude are given by

Ωop = 0.8𝜋𝜋−5∕2
|𝑄𝑄|𝑉𝑉𝑝𝑝𝑉𝑉𝑔𝑔
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and
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where Q, Vp, Vg, VR, ω, U⊥0, Ut‖, ωph, and γ are depth of electron hole, phase velocity, group velocity, resonance 
velocity, frequency, perpendicular momentum of energetic electrons, parallel momentum of trapped electrons, 
plasma frequency of energetic electrons, and Lorentz factor, respectively. Parameters ξ and χ are defined from 
the cold dispersion relation of whistler-mode waves as 𝐴𝐴 𝐴𝐴2 = 𝜔𝜔(Ω𝑒𝑒 − 𝜔𝜔)∕𝜔𝜔2

𝑝𝑝 and χ 2 = 1/(1 + ξ 2), where ωp and 
Ωe are plasma frequency of cold electron, and electron cyclotron frequency, respectively. The electron cyclotron 
frequency at the magnetic equator is given by Ωe = eB0/m0, where m0 is the rest mass of an electron and −e is 
an electron charge. The phase velocity and the resonance velocity are given by Vp = cχξ and VR = [1 − Ωe/(γω)]
Vp, respectively, where c is speed of light in vacuum. The parameter τ is given by TN/Ttr, where TN and Ttr are 
the nonlinear transition time to the trapping time necessary for formation of nonlinear resonant current and the 
trapping time 𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡 = 2𝜋𝜋

√
𝑚𝑚0𝛾𝛾∕(𝑘𝑘𝑘𝑘⟂0𝑒𝑒𝑒𝑒𝑤𝑤)∕𝜒𝜒 , respectively. Equations 1 and 2 are calculated for electrons with 

Maxwellian distribution in the parallel direction. The perpendicular momentum U⊥ in Equations 1 and 2 is an 
averaged momentum of energetic electrons. The averaged perpendicular momentum for subtracted bi-Maxwellian 
distribution (Fujiwara et al., 2022) is given by 𝐴𝐴 𝐴𝐴⟂0 = 𝐴𝐴𝑡𝑡⟂

√
𝜋𝜋∕2

(
1 − 𝛽𝛽1.5

)
∕(1 − 𝛽𝛽) , where β and Ut⊥ are parame-

ters for subtracted Maxwellian distribution assumed in the present simulation.

We have chosen different sets of parameters for three different plasma frequencies. Each set of parameters is 
determined so that the optimum amplitude is greater than the threshold amplitude over a frequency range of 
typical rising-tone chorus frequencies. Both threshold amplitude and optimum amplitude are derived under the 
assumption of an electron hole formed by the resonant electrons in the velocity phase space. We assume depth Q 
of an electron hole as Q = 0.5. The threshold amplitude is obtained by assuming a constant gradient of the wave 
amplitude for efficient convective wave growth in a parabolic magnetic field given by B(x) = B0(1 + ax 2), where 
a is specified in Table 1.

Table 1 
Simulation Parameters Normalized by Speed of Light c and Equatorial Electron Cyclotron Frequency Ωe

Parameters Case 1 Case 2 Case 3

Plasma frequency of cold electrons, ωp/Ωe 4.0 6.0 2.0

Grid spacing, 𝐴𝐴 Δ𝑥𝑥∕
(
𝑐𝑐Ω−1

𝑒𝑒

)
0.01 0.01 0.025

Length of simulation region, 𝐴𝐴 𝐴𝐴∕
(
𝑐𝑐Ω−1

𝑒𝑒

)
327.68 327.68 819.2

Density ratio of energetic electrons to cold electrons, nh/nc 0.01 3.6 × 10 −3 0.01

Thermal momenta of cold electrons, (uc‖/c, uc⊥/c) (0.01, 0.01) (0.01, 0.01) (0.025, 0.025)

Thermal momenta of energetic electrons at equator, (uh‖/c, uh⊥/c) (0.25, 0.30) (0.25, 0.30) (0.20, 0.30)

Amplitude of triggering wave, Bw0/B0 6.0 × 10 −4 6.0 × 10 −4 2.0 × 10 −4

Length of damping region, 𝐴𝐴 𝐴𝐴𝐷𝐷∕
(
𝑐𝑐Ω−1

𝑒𝑒

)
20.48 20.48 51.2

Coefficient for parabolic magnetic field, 𝐴𝐴 𝐴𝐴∕
(
𝑐𝑐−2Ω2

𝑒𝑒

)
5.0 × 10 −6 5.0 × 10 −6 8.0 × 10 −7
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Figure 1a shows optimum and threshold amplitudes at the equator. The frequency band of triggered emissions 
shifts to the lower frequency ranges as the plasma frequency increases. Both linear growth rate and optimum wave 
amplitude maximize at lower frequencies with higher plasma frequencies. The nonlinear growth rates for the 
optimum wave amplitudes are much greater than the linear growth rates, as shown in Figure 1b. The amplitudes 
of triggering waves are indicated by horizontal dotted lines in blue, green, and red for ωp = 2.0Ωe, ωp = 4.0Ωe and 
6.0Ωe, respectively. When the amplitude of the triggering wave is greater than the threshold wave amplitude, the 
wave grows to an amplitude around the optimum wave amplitudes. Based on nonlinear theory, nonlinear growth 
is expected if both of the following conditions are satisfied; The amplitude of triggering wave as a seed wave is 
greater than the threshold amplitude Ωth, and it is smaller than the optimum amplitude Ωop. We inject triggering 
waves into the simulation system at the magnetic equator by oscillating two orthogonal external currents with 
right-handed polarization to the magnetic field. The amplitude of the external current Jext for generating a finite 
amplitude of magnetic field Bw is obtained by Fujiwara et al. (2022) as Jext = 2Bw/μ0, where μ0 is magnetic perme-
ability in a vacuum.

Three different plasma frequencies, 2.0Ωe, 4.0Ωe, and 6.0Ωe are used in the simulation. Simulation parameters 
specific for the three cases are shown in Table 1 with normalization by the speed of light c and electron cyclo-
tron frequency Ωe. Common simulation parameters are shown in Table 2, which are the same parameters as in 
the simulations by Nogi and Omura (2022). The simulation parameters in Tables 1 and 2 are determined so that 
linear and nonlinear growth rates are positive over a frequency range. We choose plasma frequency, momenta 
and density of energetic electron, and amplitude of triggering wave from two conditions. We use a reduced 
model for the present simulation because of the limitation of computer resource, while the plasma frequency 
and the density ratio of energetic electrons to cold electrons are set as typical values in the inner magnetosphere 
with L = 4–6. The plasma frequency of the cold electrons in the present study is assumed as 2.0Ωe, 4.0Ωe, and 
6.0Ωe. The density ratio of energetic electrons to cold electrons in the present study is in the range from 0.1% 
to 1% consistent with observations (Juhász et al., 2019; Kubota et al., 2018). The coefficient a for the parabolic 

magnetic field model is determined so that the critical distance for nonlinear 
wave growth (Omura et al., 2008) should be in the simulation region. The 
critical distance is given by

ℎ𝑐𝑐 =
𝑠𝑠0𝜔𝜔Ω𝑤𝑤0

5𝑐𝑐𝑐𝑐𝑠𝑠2Ω𝑒𝑒0

, (3)

where s0 and s2 are given by

𝑠𝑠0 =
𝜒𝜒𝜒𝜒⟂

𝜉𝜉𝜉𝜉
 (4)

and

𝑠𝑠2 =
1

2𝜉𝜉𝜉𝜉

{
𝛾𝛾𝛾𝛾

Ω𝑒𝑒

(
𝑣𝑣⟂

𝑐𝑐

)2

−

[
2 + Λ

𝜉𝜉2(Ω𝑒𝑒 − 𝛾𝛾𝛾𝛾)

Ω𝑒𝑒 − 𝛾𝛾

]
𝑉𝑉𝑅𝑅𝑉𝑉𝑝𝑝

𝑐𝑐2

}
. (5)

Figure 1. (a) Optimum amplitudes (solid lines), threshold amplitudes (dashed lines), and triggering wave amplitude (triangle 
marker and dotted lines) for different plasma frequencies ωp = 2.0Ωe, 4.0Ωe, and 6.0Ωe with Q = 0.5 and τ = 0.5 (b) Linear 
growth rates (dashed lines) and nonlinear growth rates (solid lines) for the optimum amplitudes.

Table 2 
Common Simulation Parameters

Parameters Value

Time step Δt/Ωe 0.0078125

Number of grids 32,768

Total number of cold electrons 1,073,741,824

Total number of energetic electrons 1,073,741,824

Parameters of subtracted Maxwellian distribution ρ, β 1, 0.3

Number of grids for damping region 2,048
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By caluclating the critical distance from real parameters fce = 7000 kHz, Ωw = 2 × 10 −3, L = 6 and the plasma 
frequency for Case 1 (ωp = 4.0Ωe), we obtain the critical distance in latitude as approximately 15°. Nogi and 
Omura (2022) have shown that the critical distance for rising-tone emission is 𝐴𝐴 75𝑐𝑐Ω−1

𝑒𝑒  , and the size of the simu-
lation region is twice as large as the critical distance. Comparing magnetic latitude for the real values with 
the simulation result (Nogi & Omura, 2022), we obtain the corresponding magnetic latitude in the simulation 
region in the range from −30° to 30°. Numerical parameters Δx and Δt satisfy the Courant condition (Omura & 
Matsumoto, 1993) and have sufficient temporal resolution for solving equation of motion with the Buneman-Boris 
method. Under the parameter Δx, number of grid points in space is sufficient for describing sinusoidal waveform 
with discrete points. We use absorbing boundaries at both edges of the simulation region with a masking method 
(Umeda et al., 2001). The size of the absorption region LD and damping coefficients are the same as those in 
Nogi and Omura (2022). We set momentum distribution functions for cold electrons and energetic electrons as 
the bi-Maxwellian distribution and the subtracted bi-Maxwellian distribution, respectively. The ratio of triggering 
amplitude to the ambient magnetic field is of the order of 10 −4.

The amplitude of triggering wave is between the optimum amplitude and the threshold amplitude. The linear 
growth rate is positive for the frequency range where the nonlinear growth is positive. As we find in Figure 2, 
the group and resonance velocities are greater in Case 3. We expand the interaction region taken over a longer 
distance along the magnetic field line for effective wave-particle interaction within the same time scale. There-
fore, we have chosen the greater value for the grid spacing to make the system length longer and specified the 
smaller magnetic field gradient. Nogi and Omura (2022) showed that the source velocity VS defined by VR + Vg 
represents the motion of the triggering points for a new wave packet in Case 1. In Figure 2, we plot VS in solid 
lines for ωp = 2.0Ωe, 4.0Ωe, and 6.0Ωe. In the present study, source velocity is defined as the shifts of the wave 
generation region in a single subpacket, which is given by VS = Vg + VR (Nogi & Omura, 2022), and the source 
region is the area where the single whistler-mode triggered emission is generated. We expand the concept to 
the multiple subpackets, and we define the wave generation velocity VW as the shifts of the multiple subpacket 
generation region. The wave generation region represents the area where the whistler-mode triggered emissions 
are generated.

3. Results
Figure 3 shows spatial and temporal profiles of magnetic field for forward waves with different triggering wave 
frequencies from (a) ω0 = 0.05Ωe to (l) 0.60Ωe for the plasma frequency ωp = 4.0Ωe. The propagation directions 
of whistler-mode waves are separated by applying discrete Fourier transformation to By and Bz with respect to x. 
Triggered emissions are observed in the cases of the triggering wave frequency with 0.20Ωe, 0.25Ωe, and 0.30Ωe 
in Figures 3d–3f, respectively. Long subpacket structures are observed during the triggered emissions, and the 
generation region of triggered emissions shifts upstream. Figures 4a–4l show spatial and temporal profiles of 
instantaneous frequencies for forward propagating triggered emissions for the plasma frequency ωp = 4.0Ωe. 
We separate triggered emissions from triggering waves by applying discrete Fourier transformation with respect 
to time. Instantaneous frequency is calculated by the inverse of the period of the wave phase of magnetic fields 
from −π to π. In Figure 4, we plot instantaneous frequencies for triggered emissions with amplitudes greater 
than 6.0 × 10 −4 of the equatorial background magnetic field. We find that triggered emissions in Figures 4d–4f 
are rising-tone emissions. The instantaneous frequency of those cases smoothly increases from the frequency of 
triggering waves.

Figure 5 shows spatial and temporal profiles of magnetic field for forward waves with different triggering wave 
frequencies from (a) ω0 = 0.05Ωe to (l) 0.60Ωe for the plasma frequency ωp = 6.0Ωe. Triggered emissions are 
observed in the cases of the triggering wave frequency with 0.15Ωe and 0.20Ωe in Figures 5c and 5d. A shorter 
subpacket is generated repeatedly, and the generation region of the subpackets moves upstream. Figures 6a–6l 
show spatial and temporal profiles of instantaneous frequency for forward propagating triggered emissions for the 
plasma frequency ωp = 6.0Ωe. We find that triggered emissions in Figures 5c and 5d are rising-tone emissions. 
The instantaneous frequencies of these cases smoothly increase from the frequencies of the triggering waves.

Figure 7 shows spatial and temporal profiles of magnetic fields of forward waves with different triggering wave 
frequencies from (a) ω0 = 0.05Ωe to (l) 0.60Ωe for the plasma frequency ωp = 2.0Ωe. In the cases of the triggering 
wave frequency from 0.35Ωe to 0.50Ωe, we observe triggered emissions as shown in Figures 7g–7j. Comparing 
Figure 7 with Figure 3, we find that shorter subpackets are intermittently generated, but the generation region 
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Figure 2. Group velocity Vg, phase velocity vp, resonance velocities VR, perpendicular velocities v⊥, and source velocity VS 
as functions of frequency for 10, 50, 100, and 200 keV electrons with plasma frequencies (a) ωp = 2.0Ωe, (b) 4.0Ωe, and (c) 
6.0Ωe, respectively.
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Figure 3. Spatial and temporal profiles of magnetic fields for forward waves for Case 1 with plasma frequency ωp = 4.0Ωe and triggering wave frequencies ω0 from (a) 
0.05Ωe to (l) 0.60Ωe, respectively. (d) (solid magenta line) The velocity of wave generation VW, (dashed white line) the resonance velocity for 100 keV electrons at the 
magnetic equator, (solid white line) the source velocity VS for 100 keV electrons at magnetic equator.
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Figure 4. Spatial and temporal profiles of instantaneous frequency of triggered emissions for Case 1 with the plasma frequency ωp = 4.0Ωe and different triggering 
wave frequencies ω0 (a) 0.05Ωe to (l) 0.60Ωe, respectively.
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Figure 5. Spatial and temporal profiles of magnetic fields for forward waves for Case 2 with plasma frequency ωp = 6.0Ωe and triggering wave frequencies ω0 from (a) 
0.05Ωe to (l) 0.60Ωe, respectively. (c) (solid magenta line) The velocity of wave generation VW, (dashed white line) the resonance velocity for 100 keV electrons at the 
magnetic equator, (solid white line) the source velocity VS for 100 keV electrons at the magnetic equator.
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Figure 6. Spatial and temporal profiles of instantaneous frequency of triggered emissions for Case 2 with the plasma frequency ωp = 6.0Ωe and different triggering 
wave frequencies ω0 from (a) 0.05Ωe to (l) 0.60Ωe, respectively.

 21699402, 2023, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

031024 by C
ochrane Japan, W

iley O
nline L

ibrary on [08/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

NOGI AND OMURA

10.1029/2022JA031024

11 of 22

Figure 7. Spatial and temporal profiles of magnetic fields for forward waves for Case 3 with plasma frequency ωp = 2.0Ωe and triggering wave frequencies ω0 from (a) 
0.05Ωe to (l) 0.60Ωe, respectively. (g) (solid magenta line) The velocity of wave generation VW, (dashed white line) the resonance velocity for 100 keV electrons at the 
magnetic equator, (solid white line) the source velocity VS for 100 keV electrons at the magnetic equator.
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of the subpackets smoothly moves upstream. Figures 8a–8l show spatial and temporal profiles of instantaneous 
frequencies for forward propagating triggered emissions for the plasma frequency ωp  =  2.0Ωe. We find that 
triggered emissions in Figures 8g–8j are rising-tone emissions. The instantaneous frequencies of these cases 
smoothly increase from the frequencies of triggering waves.

Rising-tone emissions are observed in all three cases described above. The generation regions of rising-tone 
emissions shift upstream from the triggering waves. We have shown that the source velocity varies depending 
on the triggering wave frequency and the energy of resonant electrons. The source velocity dynamically changes 
in the formation process of the rising-tone emissions with increasing frequencies. Comparing wave generation 
velocities for upstream shifts of the triggered emissions in Figures 4, 6, and 8 with the source velocity (VS) in 
Figure 2, we confirm the variation of the source velocity by changing the frequency of the triggering waves. The 
duration of the subpacket structure depends on the plasma frequency and the frequency of triggering waves. We 
discuss the formation process of rising-tone emissions based on the source velocity and subpacket structures in 
the following sections.

3.1. Triggering Wave Frequencies

Parametric surveys on plasma frequency and triggering wave frequency have shown that rising-tone triggered 
emissions are observed over a certain frequency range of triggering waves. This section discusses how the trig-
gering wave frequency controls the generation of triggered emissions. Nonlinear wave growth takes place when 
the amplitude of the triggering wave is greater than the threshold amplitude Ωop, and less than the optimum 
amplitude Ωth. Figure 1a indicates that the minimum frequency satisfying the condition is 0.35Ωe, 0.15Ωe, and 
0.12Ωe for the plasma frequencies ωp = 2.0Ωe, 4.0Ωe, and 6.0Ωe, respectively. We find triggered emissions with 
triggering waves at frequencies from 0.35Ωe, 0.20Ωe, and 0.15Ωe for plasma frequencies ωp = 2.0Ωe, 4.0Ωe, and 
6.0Ωe as shown in Figures 3, 5 and 7, respectively. The results are consistent in terms of the prerequisite of the 
nonlinear theory given by optimum and threshold amplitudes, supporting that nonlinear wave growth is a domi-
nant process in the generation of rising-tone triggered emissions.

The maximum frequency of the triggering wave for generating triggered emissions are ω = 0.5Ωe, 0.3Ωe, and 
0.2Ωe for the plasma frequency ωp = 2.0Ωe, 4.0Ωe, and 6.0Ωe in Figures 5d, 3f, and 7j. In frequency ranges higher 
than these threshold frequencies for triggered emissions, the conditions for optimum and threshold amplitude are 
satisfied. There is another condition that controls the generation of triggered emissions. Nonlinear wave growth 
involves two phases, which are absolute instability and convective wave growth. Absolute instability is defined 
as wave growth in time at a fixed position 𝐴𝐴 (𝜕𝜕Ω𝑤𝑤∕𝜕𝜕𝜕𝜕 𝜕 0) , which is dominant in the early phase of triggered emis-
sions. Convective wave growth is the amplitude increase of a seed wave generated from the absolute instability in 
a frame of reference moving with the group velocity. Since we find no emission in the higher frequency range, the 
absolute instability is suppressed because the generation region for triggered emissions does not distribute over 
the upstream region of triggering waves. The motion of generation region is given by the source velocity VS plot-
ted in Figure 2. The source velocity is less than −0.1c in magnitude or positive values for 10–100 keV electrons. 
With a small magnitude or a positive value of the source velocity, the generation region of triggered emissions 
does not expand over the interaction region. Assuming the constant growth rate in the vicinity of the equator, 
we can derive that the upstream shift of the generation region is required for obtaining the absolute instability 
growing from the same level of thermal fluctuations of the wave fields over the frequency range of emissions. 
We discuss the upstream shift of the generation region and the generation process in Section 3.2. For obtaining 
continuous subpacket emissions with long duration, both nonlinear wave growth conditions Ωop > Ωth and the 
upstream expansion of the generation region are required. The distribution and expansion of the generation region 
are strongly related to the generation process of triggered emissions.

3.2. Upstream Shift of Generation Region

With the plasma frequency 4.0Ωe, we observe the generation of strong long wave packets forming rising-tone 
emissions in Figures 3d–3f, where the generation region of the subpackets moves to the upstream region of the 
triggering wave. In Figure 3d, the velocity of the upstream shift of the wave generation region (Vw) for forward 
propagating waves at the equator is approximately −0.12c, indicated by a solid magenta line. The velocity is 
smaller than the resonance velocity VR = −0.35c in magnitude with ω = 0.2Ωe at the equator shown in white 
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Figure 8. Spatial and temporal profiles of instantaneous frequency of triggered emissions for Case 3 with the plasma frequency ωp = 2.0Ωe and different triggering 
wave frequencies ω0 from (a) 0.05Ωe to (l) 0.60Ωe, respectively.
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dashed line for 100 keV resonant electrons. Because the formation of the resonant current causes the generation 
of rising-tone emissions moving with the group velocity, the spatial structure of the resonant current moves at a 
different speed from the resonance velocity. Nogi and Omura (2022) have introduced the concept of the source 
velocity, which describes the velocity of the spatial structure of resonant current, given by VS = VR + Vg. We find 
the velocity of the upstream shift of the wave generation region is in good agreement with the source velocity for 
100 keV electrons.

The source velocity VS is plotted as a function of frequency for different kinetic energies 10, 50, 100, and 200 keV 
for ωp = 4.0Ωe in Figure 2b. As the frequency of the triggering wave increases from 0.2Ωe, the magnitude of 
the source velocity decreases, while the resonance energy decreases and compensates for the decreasing source 
velocity. Thus, the generation region shifts upstream with nearly a constant velocity. The condition of the absolute 
instability gives a necessary condition of VS < 0 for triggering new emissions.

Throughout the generation of rising-tone emissions, the triggered subpacket continuously modulates the phase 
space distribution of counter-streaming resonant electrons, and the phase-modulated electrons form a subsequent 
subpacket. The process takes place repeatedly during the generation of triggered emissions. We have confirmed 
that the upstream motion of the generation region for the plasma frequency 4.0Ωe agrees with the source velocity. 
When the source velocity becomes positive in the generation process of a series of subpackets at progressively 
higher frequencies, the generation process comes to an end with the formation of small subpackets, as we find in 
Figures 3d–3f.

In the cases of ωp = 6.0Ωe and ωp = 2.0Ωe, we find that the generation region of subpacket moves with different 
velocities from the source velocity. Figure 5c indicates that the velocity of the generation region shown in the 
solid magenta line is smaller in magnitude than the source velocity shown in the solid white line. Figure 7g 
shows an opposite tendency that the velocity of the generation region shown in the solid red line is greater than 
the source velocity shown in the solid white line. We also find that the duration and intensity of the subpacket 
in those cases are different from the case of ωp = 4.0Ωe. Comparing Figure 3d with Figures 5c and 7g, we find 
that  the durations of the subpackets are different. In the next section, we discuss the discrepancy in the velocity of 
the wave generation region by comparing the formation processes of subpackets in the three cases.

3.3. Subpacket Formation and Motion of Generation Regions

The concept of the source velocity is based on the formation of the resonant current caused by the phase-organized 
electrons. The formation of subpacket structures of rising-tone emission gives rise to deviation of the wave gener-
ation point from the source velocity. We extend the concept of the source velocity VS to include the motion of the 
generation point of subpackets, and define the velocity of the wave generation point as VW given by

𝑉𝑉𝑊𝑊 = 𝑝𝑝𝑉𝑉𝑅𝑅 + 𝑞𝑞𝑉𝑉𝑔𝑔, where

⎧
⎪
⎪
⎨
⎪
⎪
⎩

𝑝𝑝 = 1 and 𝑞𝑞 = 1, or

0 < 𝑝𝑝 < 1 and 𝑞𝑞 = 1, or

𝑝𝑝 = 1 and 0 < 𝑞𝑞 < 1.

 (6)

When the continuous formation of a wave packet takes place as shown in Case 1 (ωp = 4.0Ωe), the velocity of 
wave generation VW is identical to the source velocity, which corresponds to p = q = 1 in Equation 6. When the 
formation of a wave packet is interrupted because of the damping phase of the wave packet after the saturation, as 
shown in Case 3 (ωp = 2.0Ωe), there arises a gap between the first wave packet and the subsequent wave packet. 
The results in the absence of wave propagation over the gap, which can be represented by the reduced factor q 
(0 < q < 1) of Vg and p = 1. As shown in Case 2 (ωp = 6.0Ωe), the formation of the resonant current is delayed, 
and the period of the nonlinear wave growth is shortened. The reduction of the nonlinear wave growth period can 
be represented by the reduced factor p (0 < p < 1) of VR and q = 1. The schematic illustrations of the generation 
process of subpacket structure are shown in Figure 9.

Figure 10 shows spatial distribution of frequency spectra. In Figure 10a, three subpackets are formed with discrete 
frequency gaps, and the instantaneous frequency of each subpacket continuously increases as shown by arrows for 
sp1, sp2, and sp3. Between sp2 and sp3, the subpackets are overlapped at 𝐴𝐴 𝐴𝐴 = 200𝑐𝑐Ω−1

𝑒𝑒  . The frequency of the begin-
ning of the latter subpacket shown as sp3 is less than or equal to the frequency at the termination of the former 
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subpacket as sp2. The frequency discontinuity between subpackets remains in the later phase of triggered emis-
sions, as shown in Figure 10b. Because the group velocity with the frequency greater than 0.25Ωe monotonically 
decreases as the frequency increases, the separation distance between sp2 and sp3 increases through propagation.

Figure 9a shows a schematic illustration of the generation process of short subpackets in Case 3. The dashed 
blue lines indicate trajectories of resonance electrons moving at the resonance velocity, and the solid blue lines 
indicate the propagation of triggered waves with the group velocity. The solid thin black line indicates the source 
velocity VS, and the magenta line indicates the velocity of the wave packet VW. The first subpacket is triggered 
from the injected triggering waves, and the generation of waves continuously takes place along VS in a subpacket, 
forming a greater resonant current from ω1 to ω2. Wave amplitude of the triggered subpacket approaches to 
the optimum amplitude by virtue of greater resonant current, and the nonlinear wave growth is suppressed in 
the later phase of the subpacket from ω2 to ω3. The phase organization of resonant electrons is enhanced in the 
vicinity of the propagation path of the wave packet with ω2. In contrast, the release of the phase structure is 
suppressed due to the weak amplitude in the termination of the first subpacket, as shown in the bold black line 
toward ω3. The phase-organized electrons keep their spatial structure with phase space modulation, and some of 
the phase-organized electrons are carried with the resonance velocity as shown in the dashed black line, and the 
second subpacket is generated. As a result, the velocity of the generation point over the multiple subpackets (VW) 
becomes less than VS. This generation model of the short subpacket is similar to that by Hanzelka et al. (2020), 
while our new model indicates that the motion of each subpacket is given by the source velocity.

When a triggered wave packet is long enough in space and time, the generation region moves with the source velocity 
as we find in Case 1 (ωp = 4.0Ωe) shown in Figures 3 and 4. With the plasma frequency 4.0Ωe and triggering wave 
frequency 0.25Ωe, we observe the formation of multiple subpackets, while the spectrum analyses indicate that a single 
long sustaining subpacket is generated in the vicinity of the generation region as shown in Figures 10c, 11b3, and 11b4. 
Figure 9b shows a schematic illustration of the generation process of a triggered emission for a long subpacket. In 
the long-sustaining subpacket, phase-organized particles by the triggered wave generate a subsequent wave with a 
slightly higher frequency, and the subsequent wave modulates fresh resonant electrons. These microscopic processes 
continuously take place in the vicinity of the generation region, which moves upstream from the triggering wave. 
For a long subpacket generation, the velocity of the wave packet (VW) and the source velocity are approximately the 
same negative value so that the absolute instability is maintained in the generation region. When the magnitude of the 
source velocity is small, the growth rate of the absolute instability at a fixed position becomes small.

When the triggering wave is injected with a frequency 0.15Ωe in Case 2 (ωp = 6.0Ωe), two long subpackets 
separated at 0.25Ωe are generated in the vicinity of the generation region in Figure 11c3. The wave growth and 
frequency sweep rate below 0.25Ωe is weaker than those above 0.25Ωe. The subpacket splits into multiple short 
subpackets through convective wave growth. Nonlinear wave growth in the upstream region of the equator is 
weaker than in other cases with ωp = 2.0Ωe and 4.0Ωe. Figure 9c shows the schematic illustration of the genera-
tion process with ωp = 6.0Ωe. The ratio of the duration of the nonlinear wave growth to the propagation time of 
triggered waves becomes small, and the source velocity becomes small, while its value is still negative.

Figure 9. Schematic illustrations of the generation processes of subpacket structure with different velocities of wave generation; (a) The velocity of wave generation VW 
is less than the source velocity VS = VR + Vg. (b) VW is equal to VS. (c) VW is greater than VS.
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The wave packets below the frequency 0.25Ωe are grouped together because of the variation of group velocity 
∂Vg/∂ω > 0. As we find in Figure 2, the group velocity increases with the increasing frequency and maximizes 
at ω = 0.25Ωe. When a rising-tone emission is started below 0.25Ωe, a lower frequency packet is generated first, 
followed by a higher frequency packet with a higher group velocity. The higher frequency wave packet has a 
tendency to catch up with the lower frequency wave packet. Because of this dispersion effect, the subpackets with 
frequencies below 0.25Ωe have a tendency to coalesce with each other, as we find in Figure 5c. In the correspond-
ing spatial and temporal profile of the magnetic field, we observe that several subpackets cross at a certain point, 
as shown by the arrow in Figure 11c5. The coalescence of wave packets below 0.25Ωe is in agreement with the 
observation results reported by Foster et al. (2017).

When the electron holes are formed with two different frequency waves, while the trajectories of trapped and 
untrapped particles with two waves are mutually independent, we can regard each wave as coherent in terms 
of nonlinear wave-particle interaction (Omura, 2021). When a long triggered wave is generated as in Case 1 
(ωp = 4.0Ωe), the criterion of coherence is satisfied in both the upstream region and the downstream region of the 
triggering waves. In Case 2 (ωp = 6.0Ωe), on the other hand, the new wave packets overtake the waves with lower 

Figure 10. Snapshots of the spatial distribution of wave frequencies for plasma frequencies, (a, b)ωp = 2.0Ωe, (c, d) 4.0Ωe and (e, f) 6.0Ωe, respectively; (dotted lines) 
One quarter and one half of the local electron cyclotron frequencies. (white arrows) the injection point and frequency of triggering wave.
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Figure 11. Dynamic spectra of distinct rising-tone emissions for plasma frequencies (a) ωp = 2.0Ωe, (b) ωp = 4.0Ωe, and (c) ωp = 6.0Ωe at different positions indicated 
by labels (a1−a5), (b1−b5), and (c1−c5), respectively, which correspond to positions from the upstream region to the downstream region for forward propagating 
waves.
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frequencies in the upstream region of triggering waves, and the coherence of the waves in the generation region 
deteriorates. The formation of resonant currents becomes less effective, and the generation of wave packets is 
interrupted, resulting in the generation of a short subpacket in Case 2.

3.4. Dynamic Frequency Spectra

Figure 11 shows dynamic spectra observed at different positions for forward propagating waves from upstream 
to downstream for different plasma frequencies, (a) 2.0Ωe, (b) 4.0Ωe, and (c) 6.0Ωe. We plot the dynamic spectra 
for the runs with the frequencies of triggering wave (a) 0.35Ωe, (b) 0.25Ωe, and (c) 0.15Ωe, in which triggered 
emissions are observed. From the top to the bottom of each column, we plot dynamic spectra observed at different 
positions from the upstream region to the downstream region for forward propagating waves. We perform short-
time discrete Fourier transformation for forward propagating waves with a window size 𝐴𝐴 Δ𝑡𝑡 = 512Ω−1

𝑒𝑒  , which has 
65,536 data points and shifting the window by 𝐴𝐴 64Ω−1

𝑒𝑒  , corresponding to 8,192 data points. In all cases shown in 
Figure 11, we find that triggered emissions show rising-tone frequencies. The frequency of the triggered waves 
increases monotonically in the generation region in Figures  11b1 and  11c1, while the frequency increase is 
suppressed between the subpackets in Figure 11a1.

In the case with ωp = 2.0Ωe and ω0 = 0.35Ωe, relatively short subpackets are generated throughout the emission 
as shown in Figures 11a1–11a5. The generation region moves from the downstream region to the upstream region 
of the magnetic equator, and the frequency gap between subpackets enlarges as the triggered waves propagate, 
resulting in the discontinuity of the frequency variations between subpackets as shown in Figures 11a3 and 11a4. 
The generation of short subpackets and the frequency gap between subpackets are consistent with the generation 
model of the subpackets illustrated in Figure 9a.

Continuous long subpackets are observed in the generation region of the upstream region of triggered emissions with 
ωp = 4.0Ωe and ω0 = 0.35Ωe as shown in Figures 11b1 and 11b2. The instantaneous frequencies of triggered emis-
sions are greater than 0.25Ωe, and continuous formation of the resonant current takes place as illustrated in Figure 9b.

In the case with ωp = 6.0Ωe and ω0 = 0.15Ωe, the weak long subpacket is generated in the upstream region as 
shown in Figure 11c1. The generation region of the subpackets with the frequency below 0.25Ωe exists in the 
vicinity of the equator in Figures 11c2 and 11c3. Figures 11c2 and 11c3 clearly show the frequency sweep rate 
below 0.25Ωe is smaller than those above 0.25Ωe. We observe that the wave amplitude is enhanced at 0.25Ωe as 
indicated by a white arrow in Figure 11c5. Because the magnitude of group velocity maximizes at 0.25Ωe, the 
wave packets converge in the downstream region of triggered emissions as discussed above.

Falling-tone emissions are generated from rising-tone triggered emissions in the higher frequency range in 
Figures 11a4, 11a5, 11b4, 11b5, and 11c5. Falling-tone emissions are triggered by the termination of short rising-
tone emissions in the downstream region of the subpackets. Ground observation of VLF triggered emissions have 
shown that shorter wave duration of injected waves leads to the generation of falling-tone emissions (Helliwell & 
Katsufrakis, 1974). Nogi et al. (2020) have reproduced falling-tone emissions by using similar parameters to the 
present paper, and the difference from the present paper is the duration period of triggering waves. Short-period 
triggering waves around half the cyclotron frequency lead to falling-tone emissions, and long-period triggering 
waves lead to rising-tone emissions. The generation of falling-tone emissions from a short rising-tone subpacket 
supports that the enhancement of trapping of resonant electrons forming electron hills is caused by short trigger-
ing waves. In the case with ωp = 2.0Ωe, falling-tone emissions are generated from rising-tone emissions with the 
frequency range from 0.5Ωe to 0.7Ωe, which is upper-band chorus emissions. Liu et al.  (2021) have shown by 
using Van Allen Probes that the initial frequency of distinct falling-tone subpackets gradually increases, and the 
sequence of the initial part of subpackets is aligned as upper-band rising-tone emissions. The present result shown 
in Figure 11a5 is similar to the observation result by Liu et al. (2021), except for the frequency gap between lower-
band and upper-band chorus emissions. Because the parallel propagation in the one-dimensional model is assumed 
in the present simulation, the frequency gap due to nonlinear damping through Landau resonance cannot be formed.

3.5. Evolution of Velocity Distribution Function

Figure  12 shows the velocity distribution of energetic electrons in the vicinity of the magnetic equator. The 
initial velocity distribution function f0 is shown in Figures 12a and 12b for Case 3 (ωp = 2.0Ωe) and Case 2 
(ωp = 6.0Ωe), respectively. Figures 12c–12h show the differences from the initial velocity distribution function for 
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(c, d) beginning of the triggered emissions, (e, f) middle phase of the triggered emissions, and (g, h) termination 
of the triggered emissions, respectively. The variation of the velocity distribution for ωp = 4.0Ωe with triggering 
wave 0.3Ωe is presented in figure 11 of Nogi and Omura (2022).

The density modulation in velocity phase space takes place in the vicinity of the resonance velocity, shown with 
green lines in Figures 12a–12h. In the case with the plasma frequency 2.0Ωe, we find that the resonance velocity 
varies from the frequency for 0.40Ωe, 0.45Ωe, and 0.65Ωe in Figures  12c–12g, respectively. The frequencies 

Figure 12. Time evolution of velocity distributions of energetic electrons at the equator for plasma frequencies, ωp = 2.0Ωe and 6.0Ωe with triggering wave frequencies 
ω0 = 0.35Ωe and 0.15Ωe, respectively; (a, b) The initial distribution f0, (c, d) f/f0 variation from the initial distribution at the beginning, (e, f) the middle, and (g, h) the 
end of triggered emissions. Green lines show resonance velocities for frequencies from 0.1Ωe to 0.7Ωe.
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for the resonance velocities at which the depletion of phase space density is formed are in agreement with the 
instantaneous frequency at the equator, as shown in Figure 11a3. With ωp = 6.0Ωe, we have confirmed that the 
frequencies for resonance velocities of the density depletion are consistent with the instantaneous frequency in 
Figure 11c3.

The energy range for the case with ωp  =  2.0Ωe is presumed to be from 50 to 100  keV in the initial phase, 
10–50 keV in the end of triggered emissions. The effective energy range of nonlinear growth of chorus emissions 
is 10−100 keV. In this energy range, we find a relatively strong depletion of electrons in Figure 12. Resonant 
electrons forming a hole in velocity phase space are scattered to lower pitch angles, and some of them get into 
the loss cone. In the energy range of 10−40 keV, we can find strong precipitation due to the generation of chorus 
emissions. The acceleration of electrons takes place in the higher energy range as we find an enhanced electron 
flux around 90° of pitch angle in Figure 12g.

Comparing Figure 12c with Figure 12d, we find the difference in the depth of the electron hole. In the case with 
ωp = 2.0Ωe, intense modulation of the density takes place due to a deeper electron hole (= greater Q value), lead-
ing to greater resonant current than that with ωp = 6.0Ωe. The initial difference in the intensity of the resonant 
current controls the absolute and convective growth rates, and frequency sweep rate. In the case with ωp = 6.0Ωe, 
the modulation of the phase space density due to formation of the electron hole is suppressed at the initial phase 
of the triggered emissions, as shown in Figure 12d. The forgoing subpacket at 0.20Ωe is overtaken by the subse-
quent subpacket at 0.25Ωe, and coherent nonlinear wave-particle interaction is suppressed.

4. Summary and Discussion
We have performed simulations of whistler-mode wave-particle interaction in a parabolic magnetic field with 12 
different frequencies of triggering waves and 3 different plasma frequencies specifying cold plasma densities. 
Under a given plasma condition, specific frequency ranges of the triggering wave generate rising-tone emissions. 
We summarise the characteristics of triggered emissions as follows.

1.  The generation regions of rising-tone emissions move upstream from the triggering waves.
2.  The source velocity represents the motion of resonant current, while the velocity of the wave generation 

includes formation processes of subpackets and their intervals. The velocity of wave packet generation is 
dependent on the duration of the subpacket controlled by the formation time of resonant current in the gener-
ation region.

3.  When the source velocity is approximately the same as the velocity of wave packet generation, resonant 
current is formed continuously, leading to a long-sustaining rising-tone emission.

4.  When the spatial and temporal gap between subpackets exists due to the damping phase of the generation 
of a short subpacket, resonant electrons in the gap of the subpacket are carried at the resonance velocity to 
the upstream region, forming subsequent subpacket. As a result, the velocity of wave generation increases in 
magnitude.

5.  When the formation of resonant currents is delayed, the velocity of wave generation becomes smaller than the 
source velocity in magnitude. Coalescence of subpackets takes place below the frequency 0.25Ωe, delaying 
formation of the resonant current in the generation region.

6.  As a condition for an absolute instability of the wave, the source velocity should be a small negative value. 
Namely, a gradual upstream shift of the source region is necessary for the wave to grow locally.

7.  In the frequency range for the upper-band chorus of rising-tone emissions, short falling-tone packets are 
generated along with rising-tone packets.

In the present study, we have observed the generation of rising-tone emissions from the triggering waves below 
one half of the cyclotron frequency. The maximum frequency of rising-tone triggered emissions is greater than 
half the cyclotron frequency, while we have not observed frequency gap at 0.5Ωe, which is typically observed in 
chorus waves. Ratcliffe and Watt (2017) have proposed the model that modulated electron distribution function 
is formed and two distinct peaks of linear growth rate in frequency appear, resulting in the generation of lower-
band and upper-band chorus emissions. The modulation in the velocity distribution function in frequency can be 
caused by Landau resonance (Li et al., 2019, 2022; Sauer et al., 2020).

We have assumed parallel propagation of whistler-mode waves by taking the one-dimensional simulation system 
along the magnetic field line. Since there arises no electric field in the parallel direction, we have neglected the 
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electrostatic field. The rising-tone emissions crossing half the cyclotron frequency are expected to undergo damp-
ing near the local cyclotron frequency, resulting in lower-band and upper-band emissions (Hsieh & Omura, 2018; 
Omura et al., 2009). Self-consistent simulations in a two-dimensional system are necessary for confirmation of the 
gap formation in the rising-tone emissions propagating obliquely to the magnetic field. Such a two-dimensional 
simulation was performed by Ke et al. (2017). They did not find the gap formation possibly because of the small-
ness of the simulation system. Two-dimensional simulations with sufficiently large spatial extent are left as a 
future study.

Data Availability Statement
The simulation data are open to the public on the web (https://doi.org/10.5281/zenodo.7022941). The simulation 
data used in this paper are obtained from KEMPO1 code (http://space.rish.kyoto-u.ac.jp/software/) with minor 
modifications by Nogi et al. (2020).
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