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Simulations and Cluster Observations
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Abstract — Whistler-mode chorus waves play a
crucial role in magnetospheric dynamics, particularly in
influencing radiation belt electrons. These waves are
guided to high latitudes through ducts, which tradi-
tionally have been attributed to density ducts. This
study investigates the formation of ducts by ultralow
frequency (ULF) waves and hypothesizes their role
in ducting whistler-mode waves. Ray-tracing simula-
tions, using an ULF-based magnetic duct model, are
validated with Cluster satellite observations. The
simulations reveal that phase-dependent variations in
the refractive index, induced by ULF waves, can duct
whistler-mode waves, thereby altering the frequency
and wave normal angle characteristics. Cluster data
from January 2017 show enhancements in whistler-
mode wave intensity correlated with compressional
oscillations of ULF waves, particularly around wave
phases associated with increased refractive indices.
The observed wave normal angle characteristics
align with duct propagation theory and the results of
ray-tracing simulations. These findings demonstrate
that ULF waves can generate ducts that guide whis-
tler-mode waves, unveiling a new mechanism of duct
formation. This study elucidates a key wave propaga-
tion mechanism in the magnetosphere and enhances
our understanding of wave—particle interactions within
radiation belt dynamics.

1. Introduction

This study uses ray-tracing simulations, validated
with Cluster satellite observations, to investigate the ducting
of whistler-mode waves by ultralow frequency (ULF)
waves. Whistler-mode chorus waves are commonly
observed in the Earth’s magnetosphere, typically appear-
ing in the frequency range of 0.1 times to 0.8 times the
electron gyrofrequency at the magnetic equator (Q,) [1].
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These waves are generated near the magnetic equator
through the nonlinear wave—particle interaction [2].
Cyclotron resonance with electrons contribute to wave
generation, electron acceleration, and precipitation. With
high-latitude propagation, the cyclotron resonance energy
reaches relativistic energies [3] and resonates with radia-
tion belt electrons [4-6].

Duct guides chorus waves to high latitudes charac-
terized by tubelike refractive index structures. Duct sizes
vary, as shown by simulations [7, 8] and observations
[9, 10]. Although most studies focus on density ducts,
magnetic ducts from magnetic field variations have
been proposed [11].

We hypothesize that ULF waves form magnetic
ducts through the compressional component, which
modulates the background magnetic field. The refrac-
tive index depends on both electron density and mag-
netic field:

ey = - l (1)
(w(Qecos 0 — w))

2

where w), is the plasma frequency, w is the frequency of
a whistler-mode wave, €, is the gyrofrequency, and 6 is
the wave normal angle (WNA) of whistler-mode wave.
Considering Pc4-5 ULF wave periods (45 s to 600 s) [12]
and the timescale of chorus propagation in the magneto-
sphere, ULF-induced ducts can be regarded as quasistatic
structures for chorus waves.

In this study, we use ray-tracing simulations
with an ULF-based magnetic duct model to investi-
gate whistler-mode wave propagation. The Cluster
satellite observation substantiated the ULF-induced
duct.

2. Ray-Tracing Simulation

In this study, we use a modified version of a
ray-tracing code in [13], incorporating a module to
represent magnetic duct structures in the magnetosphere
[14]. The model uses the dipole magnetic field and the
diffusive equilibrium model for plasma density. The duct
structure, defined by L-value width, is generated by ULF
wave compressional components. On the basis of observa-
tions [15] and duct models of previous studies [7, 8], we
model the magnetic field including a magnetic duct with a
Gaussian function:
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22 @0 BF 52 80 el R €9 the wave vector aligns with the magnetic field lines, indi-
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Figure 1. (a) Waveforms of the compressional and poloidal compo- region in which the refractive index is increased. Conversely,

nents of the ULF wave. (b) Ratio of the compressional component
amplitude to the background magnetic field. (¢) Refractive index distri-
bution normalized by the refractive index at the duct center.
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Here, By is the background field, B, is the compressional
component, L, is the duct center L value, and o defines
the duct width. For the ULF wave model, we use a cold
plasma approximation [16, 17], assuming a poloidal
wave [18].

Figure 1a illustrates the waveforms of the compres-
sional and poloidal components of the ULF wave. The
compressional component varies with phase, represented
by ¢ in Figure 1 (7: ULF wave period), affecting the
refractive index. Figure 1b displays the ratio of the com-
pressional component, 2.5% at the equator. We selected
the amplitude from the range of the statistical analysis
[19]. Figure 1c shows the refractive index distribution
(L=6,0="75/6371.2). We assume the magnetic duct
width on the basis of the possible radial scale of a poloi-
dal wave [15].

Figure 2 shows the results of the ray-tracing simu-
lations for whistler-mode waves with frequencies of 0.2
Q. and 0.7 Q. The initial position of the whistler-mode
wave is the magnetic equator, and the L value is 6, and the
initial WNA is 0°. The red lines represent the wave trajec-
tories, and the blue arrows indicate the wave vectors. In

in Figure 2b3, corresponding to # = Ty /2, the wave initially
propagates with a small WNA up to a magnetic latitude
of approximately 12°, but as it moves to higher latitudes,
where half the local cyclotron frequency exceeds the wave
frequency, it begins to propagate at the Gendrin angle [20].
With the Gendrin angle, the group velocity is directed
parallel to the magnetic field lines, signifying quasi-
parallel propagation in a region in which the refractive
index is decreased. Figure 3 provides detailed propagation
characteristics. The orange lines represent the variation of
the WNA, and the blue lines show the displacement from
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Figure 3. The WNA (orange) and displacement from the duct center
(blue); (a) corresponds to Figure 2al; (b) corresponds to Figure 2b3.
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Figure 4. Positions of the Cluster satellites during the event.

the duct center. For 0.2 Q. (Figure 3a), the phase rela-
tionship between the WNA and displacement oscillation
exhibits characteristics of duct propagation; the WNA
reaches zero when the wave is farthest from the duct center.
In Figure 3b, the red dashed line indicates the Gendrin
angle. For 0.7 Q,, the wave propagates with small WNAs
at lower latitudes and approaches the Gendrin angle after
the local gyrofrequency exceeds half the gyrofrequency
at the magnetic equator. These tendencies align with
theoretical expectations [21].

In summary, we modeled the duct structure induced
by ULF waves and conducted ray-tracing simulations
to demonstrate the feasibility of ducted propagation of
whistler-mode waves by ULF waves. We also elucidated
the propagation characteristics of ducted whistler-mode
waves, which depend on the phase of the ULF wave.

3. Event Analysis

This event analysis demonstrates ULF wave ducting
using Cluster data observed on January 13, 2017 (13:55
Universal Time [UT] to 14:35 UT). Cluster 1, 3, and 4
observed the events, with their positions depicted in
Figure 4. Figures 5-7 display the events observed by
each satellite. Figures 5a, 6a, and 7a, Figures 5b, 6b,
and 7b, and Figures 5f, 6f, and 7f show the whistler-mode
wave’s power spectrogram, WNA, and intensity calculated
on the basis of Spatio-Temporal Analysis of Field Fluctua-
tions (STAFF) [22] data; Figures Sc, 6¢, and 7c show the
compressional component of the ULF wave observed by
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Figure 5. Cluster 1 satellite observation data. (a) Power spectrogram
of whistler-mode waves. (b) The WNA. (c) Compressional component
of ULF wave. (d) Electron density. (¢) Refractive index. (f) Whistler-mode
wave intensity.
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Figure 6. Cluster 3 satellite observation data. This is the same as
Figure 5 but without electron density data.

fluxgate magnetometer [22, 23]; Figures 5d and 7d presents
the electron density derived from Plasma Electron and
Current Experiment (PEACE) data [24], and Figure Se
and 7e illustrate the refractive index. The magenta line in
panel (a) indicates 0.5 Q) traced by the model in [25].
The blue- and orange-shaded regions correspond to the
minimum and maximum of the compressional component
of the ULF wave, respectively, and whistler-mode wave
intensity enhancements and refractive index increases are
observed during these periods in Figures 5 and 7, except
for the green-shaded period when the refractive index
variation is not apparent. Unfortunately, because there is
no electron density data for Cluster 3, we could not esti-
mate the refractive index. Around 14:15 UT, STAFF and
PEACE moment data are lacking; therefore, we do not
highlight them.

In Figures 5 and 7, even though the phase relation
between the compressional component and electron
density oscillation differs in the blue- and orange-shaded
periods, the whistler-mode waves propagate with a small
WNA, where the refractive index increases, showing that
the feature of duct propagation is the same as Figures 2al
and 3a. In the latter half of Figure 7, even though the
wave intensity is low, the WNA is near the Gendrin
angle during 14:25 UT to 14:35 UT, corresponding to
the depletion of the refractive index. This feature con-
firms the ray-tracing results in Figures 2b3 and 3b and is
reasonable for duct propagation.

Figure 8a compares observed WNAs (dots) by
Cluster 1 with the theoretical maximum angles on the
basis of the observed refractive index variation (red line).
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Figure 7. Cluster 4 satellite observation data; it is the same as Figure 5.
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Figure 8. Comparison between observed WNA (dots) and maximum
WNA (red line) derived from refractive index variation for Cluster 1
observations. (a) Observed versus theoretical maximum WNA. (b)
Observed WNA with Gendrin angle (blue line).

Most observed WNAs are below or around the theoretical
maximum WNA, and the observational and theoretical
maximum WNAs tend to be large as the frequency
increases. The blue line in Figure 8b shows the Gendrin
angle, and the dots of 890 Hz and 1122 Hz split into two
groups, the small WNA and near the Gendrin angle
groups, respectively, corresponding to the refractive
index increase and decrease. These results provide the
feature of duct propagation predicted in [21].

4. Summary and Discussion

This study used ray-tracing simulations to dem-
onstrate the possibility of whistler-mode wave ducting
induced by ULF waves. The phase of the ULF waves
modulates the refractive index, leading to variations in the
frequency and WNA of the ducted whistler-mode waves.
Furthermore, observational evidence from the Cluster sat-
ellites supports the occurrence of duct propagation caused
by ULF waves. Specifically, Cluster observations revealed
chorus waves propagating from the magnetic equator to
latitudes exceeding 20°, with intensity variations corre-
lated with simultaneously observed compressional compo-
nents of ULF waves. The observed WNAs align with the
estimated maximum WNAs derived from changes in elec-
tron density and magnetic field strength. Also, propagation
at the Gendrin angle was observed in regions where the
refractive index decreased, even though the wave intensity
was low, likely due to effective Landau damping associ-
ated with the wave electric field component parallel to the
magnetic field lines. These findings are consistent with the
ray-tracing results, indicating that wave propagation char-
acteristics vary, depending on the phase of the ULF wave.
This study provides a new process of duct formation and
advances the understanding of magnetospheric phenom-
ena induced by multiple waves operating on completely
different temporal and spatial scales.
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