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Nonlinear motion of resonant electrons is described by the pendulum equations
with the inhomogeneity factor S controlled by the frequency sweep rate, the
gradient of the magnetic field, and the wave amplitude.
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Nonlinear wave growth is caused by J. due to formation of

electromagnetic electron hole along with frequency sweep rate (rising-
tone) near the equator. The rising tone frequency is due to Jg, resonant
current parallel to the wave magnetic field.
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Nonlinear wave growth is possible between Optimum Wave Amplitude and

Threshold Amplitude.
[a) [Omura and Nunn, JGR, 2012]
Electron Hybrid Simulation
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Nonlinear wave growth also takes place through propagation away
from the equator due to the gradient of the magnetic field.
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Nonlinear wave growth is repeated around the optimum wave
amplitude with gradually increasing frequencies, forming many
subpackets in one chorus element.
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Here is an example of subpacket structure in a chorus element.
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Simulations of chorus emissions in the parallel propagation show
generation of chorus without a gap at half gyrofrequency, while
observations show the gap. Oblique propagation is essential.
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In quasi-parallel propagation (oblique), the group velocity V, and
the phase velocity V, become equal near half the gyrofrequency,
while the parallel wave electric field appears.
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Exact formulation of the second-order resonance condition for
Landau resonance is given by the following equations with S,
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Chorus element undergoes nonlinear damping at half the local
gyrofrequency. The gap increases as the distance from the equator
increases.
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Test particle simulations with different frequency wave packets
demonstrate energy variation through both Landau (n=0) and

cyclotron (n=1) resonances.
v(™: Selected electrons with  —2V, W< v, — ™ < 2y

(n: harmonic number)

Including resonant electrons and enough number of
transient electrons.
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While the wave packets grow due to cyclotron resonance, wave damping
due to Landau resonance becomes dominant as the wave packets
propagate away from the equator near half the local gyrofrequency.

P =q/m. (ZE VO +3E. v(”) wpe/Qeg =4 S:The timing when the maximum amplitude
reaches the position with local w/Q, = 0.5.
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Transverse components of P(?) contribute to nonlinear damping (Landau
resonant electron acceleration) rather than longitudinal components.

Wpe/Sleq =13, w/ey = 0.52
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» The wave damping is formed by the perpendicular components of wave electric field and electron
motions.
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Summary

. Rising tone chorus emissions are generated at the equator through
nonlinear wave growth process due to formation of electron holes.

. A series of subpackets are generated with the optimum wave amplitude
and gradually increasing frequencies covering half the electron
gyrofrequency, forming a rising-tone chorus element.

. The chorus element propagates away from the equator undergoing
convective wave growth with wave normal angle gradually deviating
from the parallel direction.

. There occurs nonlinear wave damping at half the gyrofrequency,
separating the chorus element into the upper band and the lower band.

. Test particle simulations confirm the nonlinear wave damping of chorus
emissions at half the gyrofrequency

. The wave damping is due to Landau resonance rather than cyclotron
resonance for oblique waves at half the gyrofrequency.

. Landau resonant electrons are accelerated in the nonlinear wave
damping by perpendicular wave electric field rather than parallel
component.
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