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ABSTRACT

For over 50 years, chorus wave frequency chirping has been regarded as a nonlinear phenomenon driven by the hot electron current density
aligned with the wave magnetic field (djp). However, recent theoretical models have challenged the crucial role played by djz. Here, using
modified first-principles particle simulations, we demonstrate that chirping can occur even in the absence of djg. This result not only clarifies
the physical mechanism governing chorus wave evolution but also has broader implications for nonlinear frequency chirping in other wave
modes and plasma environments.
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Nonlinear frequency chirping, characterized by rapid temporal var-
iations in wave frequency, is a ubiquitous phenomenon observed in
diverse plasma environments." * A prominent example is whistler-mode
chorus waves in planetary magnetospheres,” which exhibit quasi-
coherent, narrowband emissions with dynamically changing frequencies.
When rendered audibly, these emissions sound like birds chirping at
dawn, hence their name. Figure 1 illustrates a representative chorus wave
spectrum captured by THEMIS A." Similar behavior is observed in elec-
tromagnetic ion cyclotron waves in space plasmas”’ and Alfvén waves in
fusion devices.”'" This phenomenon is of fundamental interest as it
underpins the generation of coherent emissions in plasmas and drives
rapid, nonlinear transport of energetic particles—processes critical to
space weather'” and fusion plasma confinement.'”'* Studies on wave-
particle interactions in other plasma regimes have also been reported.'”
Despite decades of research and broad consensus on the role of nonlin-
ear wave—particle interactions, the precise mechanisms governing fre-
quency chirping remain a subject of active debate.'”**

One approach to understanding the frequency chirping is to
make use of the narrowband nature of chorus waves from the begin-
ning.”** As shown in Fig. 1, the instantaneous bandwidth of chorus is
only about 200Hz. Assuming a narrowband parallel propagating
plasma wave and applying Maxwell equations, Omura and Nunn*
arrived at the following two equations:
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where v, is the wave group velocity, z is the coordinate along the
field line, c is the speed of light, w is the wave frequency, k is the
wave number, €Q, is the unsigned electron cyclotron frequency, and
0B is the wave magnetic field strength. These equations are derived
under the assumption of a two-component electron plasma, con-
sisting of a cold background component and a hot, energetic com-
ponent. In this context, djg represents the component of the hot
electron current, dj,, parallel to the wave electric field, while djp is
the component parallel to the wave magnetic field. It is straightfor-
ward to see that Jjp affects wave amplitude, while Jjp directly
affects the wave frequency, leading to a frequency shift. Models
using Jjp to explain the frequency chirping of chorus has a long
history.”””* For example, the “sequential triggering model” pro-
posed by Omura et al.”* is a recent and well-known example. In
this model, a triggering wave with an initial frequency wy drives
nonlinear electron dynamics, generating a nonlinear current. The
djp component of this current leads to a frequency shift dw, result-
ing in a new wave at w + dw. The newly formed wave can then act
as a triggering wave, initiating further frequency shifts in the same
direction. Repeated cycles of this process produce a continuous
upward frequency drift, ultimately generating the characteristic
chirping structure. In the following discussion, we refer to this
mechanism as the “single-wave” approach, as it builds on the
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FIG. 1. Chorus waves from satellite obser-
vations. (a) Spectrogram of magnetic field
fluctuations  showing chorus ~ emissions
observed by THEMIS A on July 26, 2008.
The x-axis coordinate is the seconds since
13:26:00 UTC. Color-coded is the power
spectral density of wave magnetic field. The
emissions exhibit discrete rising-tone ele-
ments with an instantaneous bandwidth of
about 200Hz. (b) Coresponding power
spectral density at the time indicated by the
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narrowband nature of the wave from the beginning. The single-
wave approach fundamentally relies on Jjp to explain frequency
chirping.

A different approach to understanding frequency chirping explic-
itly utilizes the continuous wave spectrum supported by the back-
ground plasma. We refer to this as the “multi-wave” approach, in
which frequency chirping is explained as the selective amplification of
narrowband emissions from a broadband spectrum of background
wave modes. This chirping process corresponds to the maximization
of wave—particle power transfer.”” For example, in the recently pro-
posed “Trap-Release-Amplify” (TaRA) model™® of chorus waves, the
excited narrowband waves are those among the broadband back-
ground modes that can resonate with nonlinearly formed electron
phase space structures. Correspondingly, the process naturally maxi-
mizes wave—particle power transfer. The narrowband nature of the
excited waves arises from the localization of the nonlinear structures in
phase space, a consequence of coherent wave—particle interactions. In
the nonlinear wave-particle interaction stage, the maximization of
power transfer is explicitly described within the framework by Zonca
et al.”® The frequency drift corresponds to the propagation of the max-
imum growth rate in frequency space. In this multi-wave approach,
the djp component of the resonant current does not play a critical role
in explaining the occurrence of nonlinear frequency chirping.”® **
Provided that the cold plasma dominates, the excited narrowband
waves satisfy the dispersion relation determined by the cold plasma.
Animations illustrating the differences between the single-wave and
multi-wave approaches are included in the supplementary material.

Other models, inspired by devices such as the backward wave
oscillator (BWO)?"**7*! and the free-electron laser (FEL),” have also
been proposed. The BWO model requires a step-like electron distribu-
tion that could arise from linear instability,”’ while the FEL model
mainly addresses wave amplification and does not directly treat fre-
quency chirping.

Both the single-wave and multi-wave approaches have been sup-
ported by different reduced numerical models. The Vlasov Hybrid
Simulation model,”” which adopts the single-wave perspective, modi-
fies the wave frequency via the electron current parallel to the wave
magnetic field (9jp). In contrast, Zonca et al.”* derived and solved gov-
erning equations of chorus wave frequency chirping based on a multi-
wave theoretical framework, demonstrating frequency chirping with-
out invoking djg. However, reduced models inherently incorporate the
specific physical assumptions on which they are based, limiting their

vertical white dashed line in the left panel,
highlighting the narrowband nature of the
observed waves.
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ability to serve as definitive tests for distinguishing between these
approaches. This makes a first-principles approach essential for
directly assessing the role of djp in chorus wave dynamics.

In this study, we present first-principles particle-in-cell (PIC)
simulations that do not embed any specific assumptions about the
chirping mechanism and demonstrate that nonlinear frequency
chirping can occur in the absence of Jjp, thereby providing direct
support for the multi-wave approach. PIC simulations of chorus
wave frequency chirping were first demonstrated by Katoh et al.”*
in 2007. In this work, we use the PIC code DAWN"""*° to simulate
chorus waves. In the standard setup for PIC simulations of
parallel-propagating chorus waves, the Ampere-Maxwell’s law to
be solved is

9 5B = @V x 0B — L (5], + 0j,), 3)
ot €p

where Jj, is the current density due to cold electrons, and Jjj, is the
current density due to hot electrons. The background magnetic field,
By, is primarily aligned with the z-axis and varies in strength according
to B, = By, (1 + £z%), where the parameter ¢ characterizes the degree
of field inhomogeneity. This form approximates the variation in the
strength of the dipole magnetic field along a field line near the equator,
where chorus waves are typically generated. In this configuration, the
waves are assumed to propagate parallel to the background field,
meaning they travel along the z direction. As a result, the wave electric
(0E) and magnetic (6B) fields have only x and y components. The hot
electron distribution is modeled as bi-Maxwellian, with a temperature
(T) anisotropy such that T > T);, where “1L” and “||” refer to direc-
tions perpendicular and parallel to the background magnetic field,
respectively.

To explicitly test whether djp drives frequency chirping, we mod-
ify the current deposition step in the simulation: after depositing the
hot electron current densities onto the simulation grid at each time
step, we remove the djp component by replacing

B, — 3jy — (3, - 9B ) B @)

before updating Eq. (3). Here, OB is the unit vector in the direction of
the wave magnetic field. This operation effectively isolates only the Jjg
component in the Maxwell equations. Under this modified setup, if we
apply the same narrowband wave assumption, the resulting system
reduces to Egs. (1) and (2) without djp, allowing a direct test of its role
in nonlinear frequency chirping.
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For the present study, we simulate the same chorus wave event as
in Tao et al.,”*"° but with the jz component removed. The background
magnetic field inhomogeneity parameter is ¢ = 2.155 x 10~°d, 2, with
d, = ¢/Q0, and the hot electron density is 6% of the total electron
number density. Here ¢ is the speed of light in vacuum, and Q, is the
electron cyclotron frequency at z = 0. The spatial and temporal grid res-
olutions are dz = 0.05d, and dt = 0.02Q,", respectively. The ratio of
plasma frequency to electron gyrofrequency is . /Qeo = 5.0. The sim-
ulation domain contains 6554 cells, spanning z = —163d, to 163d,,
with 4000 particles per cell to reduce statistical noise. To excite discrete
chorus elements, we vary the temperature anisotropy across a series of
runs. The final perpendicular and parallel thermal velocities (w) are
wy = 0.47cand w| = 0.2c.

The simulation results are presented in Fig. 2. The left panel
shows a sample of the unit vectors of the hot electron current density,
0j,» and wave magnetic field, 6B, at a specific time, tQ.y = 2300, and
location, z/d, = 30. As intended, the current density is clearly perpen-
dicular to the wave magnetic field, confirming the successful removal
of the djp component. In fact, all recorded hot electron current densi-
ties throughout the simulation are perpendicular to the wave magnetic
field, as designed.

The right panel of Fig. 2 shows the spectrogram of the wave mag-
netic field power spectral density at the same location, z/d, = 30.
Despite some background noise, three distinct chorus elements with
frequency chirping can be clearly identified. These elements exhibit
similar chirping rates of approximately dm/dt = 1.7 x 1074Q. 7,
comparable to the rate (2.6 x 10~* Q;OZ) observed in previous standard
simulations”® of chorus with djp # 0. Unlike the earlier results, which
showed only one element, the present simulation produces three.
This difference is likely due to the higher temperature anisotropy used
here.

These results demonstrate that frequency chirping can occur
without djg, providing strong support for the multi-wave approach as
a possible explanation for this phenomenon. Although the present
simulation focuses on whistler-mode chorus waves in space plasmas,
its implications extend to other wave modes that exhibit frequency
chirping. In space plasmas, a notable example is the frequency chirping
of electromagnetic ion cyclotron waves.” In fusion plasmas, chirping is
observed in Alfvénic modes such as fishbone and energetic particle
modes.”” A general theoretical framework unifying these diverse chirp-
ing phenomena based on the multi-wave approach is under develop-
ment and will be published elsewhere. For chorus waves specifically,
such a theoretical framework is provided by Zonca et al,”® where the
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evolution of the electron phase space distribution is governed by a
Dyson-type equation.

It is useful to clarify the distinction between the frequency shift
Jw caused by Jjp and the phenomenon of frequency chirping. As
shown in Eq. (2), djp produces a shift in wave frequency. Notably, Eqgs.
(1) and (2) are valid in both linear and nonlinear regimes. In the case
of chorus waves, the current density is generated by the nonlinear
motion of electrons. However, a nonlinear frequency shift is not equiv-
alent to frequency chirping. In the sequential triggering model,”* chirp-
ing is explained as a sequence of frequency shifts. This model assumes
that all frequency shifts occur in the same direction, matching the
direction of the overall chirping. In contrast, Zonca et al.”* performed
a self-consistent calculation of the frequency shift, fully accounting for
particle dynamics. Their results show that the frequency shift oscillates
in time and does not maintain a consistent sign aligned with the over-
all frequency chirping. This distinction highlights that while djz may
contribute to wave amplitude and other related quantities, it is not
essential for producing frequency chirping itself.

We also comment briefly on the challenge of distinguishing
between these models using satellite observations or laboratory plasma
experiments. In space or laboratory, one cannot simply “turn off” djj,
as we do in our numerical experiment. The Jjp may be present due to
the consistency requirement of Maxwell equations; however, its pres-
ence does not imply causality. That is, djp may appear as a conse-
quence of wave evolution, rather than as its driver. A possible
observational approach would be to compare wave events with and
without frequency chirping and examine the correlation between the
presence of djp and wave frequency chirping. Although such studies
would not involve direct control experiments, they could provide sta-
tistical evidence on whether djp is essential for frequency chirping.

Finally, we point out that single-wave models may be relevant to
systems where only one mode, or a narrowband set of modes, is sup-
ported at a given time, whereas multi-wave models apply when the sys-
tem supports a broadband, continuous spectrum of waves. This is the
fundamental reason why chorus chirping has a one-on-one correspon-
dence with energetic particle mode chirping in fusion plasmas.”**

In summary, our modified PIC simulation provides the first
direct, first-principles numerical demonstration that nonlinear fre-
quency chirping of chorus waves can occur without djg. By removing
djp from the simulation, we show unambiguously that this component
is not the driver of frequency chirping. Due to the simplicity and clar-
ity of the setup, the numerical experiment is robust and easily repro-
ducible. These results offer compelling support for the multi-wave
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FIG. 2. Results of a modified PIC simula-
= tion. (a) Unit Xectors of hot electron cur-
= rent density, 0j,, and wave magnetic field,
a OB, at tQq =2300 and z/d, = 30,
108 showing 0j, L6B as intended. (b)

Spectrogram of wave magnetic field at the
same location in normalized units (n.u.),
showing three upward-chirping chorus
elements.
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approach and challenge the long-standing assumption that djg is the
underlying cause of chorus frequency chirping.

See the supplementary material for animations of single and mul-
tiple pendulums that demonstrate frequency chirping in the single-
wave and multi-wave models, respectively.
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