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Abstract

Whistler-mode chorus waves are vital in magnetospheric
dynamics, influencing radiation belt electrons. Ducting
guides these waves to high latitudes, traditionally attributed
to density ducts. This study explores magnetic ducts
formed by ULF waves, hypothesizing their role in whistler-
mode wave ducting. Ray-tracing simulations using a ULF-
based magnetic duct model are validated with Cluster
observations. Simulations show ULF wave phase-
dependent refractive index variations ducting whistler-
mode waves, altering the frequency and wave normal angle
characteristics. Cluster data from February 2019 reveal
chorus intensity enhancements linked to ULF wave
compressional oscillations around the wave phase
corresponding to refractive index increases. Observed
wave normal angles and ray-tracing results, using
observationally constrained ducts, agree with ducting
theory. These findings demonstrate ULF wave-driven
ducting of chorus waves and reveal a generation process of
ducts. This study reveals a key wave propagation
mechanism in the magnetosphere and enhances our
understanding of wave-particle interactions in the radiation
belt dynamics.

1. Introduction

This study investigates whistler-mode wave ducting by
ULF waves using ray-tracing simulations, validated with
Cluster observations. Whistler-mode chorus waves,
common in the magnetosphere (appear in the spectra in the
frequency range corresponding to 0.1 - 0.8 Q,,, where Q,
represents the electron gyro-frequency of at the magnetic
equator) [1], are generated near the magnetic equator
through the nonlinear wave-particle interaction [2], [3].
Cyclotron resonance with electrons contributes to wave
generation, electron acceleration, and precipitation. With
high-latitude propagation, the cyclotron resonance energy
reaches relativistic energies [4] and resonates with
radiation belt electrons [5-7].

Duct guides chorus waves to high latitudes (Smith et al.,
1960) with tube-like refractive index structures. Duct sizes
vary, as shown by simulations [8, 9] and observations [11,
12]. While most studies focus on density ducts, magnetic
ducts from magnetic field variations have been proposed
[13].

We hypothesize that ULF waves form ducts, as their
compressional components modulate the background
magnetic field, because the whistler-mode refractive index
depends on electron density and magnetic field:

2
Wp

ref = (D
et (0(Qe cos 8 — w))"/*

where w,, is the plasma frequency, w is the frequency of
whistler-mode wave, Q, is the gyro-frequency, and 6 is
the wave normal angle of whistler-mode wave.
Considering Pc4-5 ULF wave periods (45-600 s) [14] and
the time scale of chorus propagation in the
magnetosphere, ULF ducts are nearly static for chorus
waves.

This study uses ray-tracing with a ULF-based magnetic
duct model to investigate whistler-mode wave propagation
and substantiates by data analysis observed by the Cluster
satellite.

2. Ray-tracing simulation

Ray-tracing in the present study uses a modified Kimura
(1966) [15] code with a module to represent duct structure
in the magnetosphere [16]. The duct structure, defined by
L-value width, is generated by ULF wave compressional
components. Based on observations [17] and density duct
models[8,9], we model the magnetic field including a duct:
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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 [18, 19] assuming a poloidal wave
[20].

Figure 1la shows ULF wave components. The
compressional component varies with phase t (T,: ULF
wave period), affecting the refractive index. Figure 1b
shows the compressional component ratio (2.5% at the
equator). Figure 1c shows the refractive index distribution
(L =6, 0 =75/6371.2).
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Figure 1. (a) the wave forms of the compressional and
poloidal wave. (b) the ration of the compressional
component amplitude to the background magnetic field. (c)
the refractive index distribution normalized by the
refractive index at the duct center.
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Figure 2. The results of the ray-tracing simulation for (a)
0.2 and (b) 0.7 gyro frequency at the magnetic equator. The
red lines show the wave trajectory, and the blue arrows
show the wave vectors.

Figure 2 shows ray-tracing results. The red lines are
trajectories, and the blue arrows are wave vectors.
Calculations were performed for 0.2 and 0.7 Q, waves. In
Figures 2al and 2b3, the whistler-mode waves propagate
along the magnetic field lines within the duct structure. In
Figure 2al, the wave vector is oriented along the magnetic

field lines, indicating that the whistler-mode wave is
propagating quasi-parallel with a small wave normal angle
within the duct structure where the refractive index is
increased. In contrast, in Figure 2b3, the wave normal angle
corresponds to the Gendrin angle [21] and, since the group
velocity is directed parallel to the magnetic field lines, the
whistler-mode wave is propagating quasi-parallel within
the duct structure where the refractive index is decreased.
These tendencies are similar to theoretical expectations
[22].

We modeled the duct structure caused by ULF waves and
performed ray-tracing simulations to demonstrate the
possibility of ducting propagation by ULF waves. We also
clarified the propagation characteristics of ducted whistler-
mode waves depending on the phase of the ULF wave.

3. Event analysis

This event analysis demonstrates ULF wave ducting using
Cluster data observed on February 15, 2019 (02:10-02:30
UT) at L=6.5, MLT=3.2, and 20 degrees latitude.

[nTibz

[nT3Hz]

10
7S
50§
=
§ 1
iE i
E AL AE
& i " I .
Z_ 107 P
g0 (f) o
550 A H A
TR e~ | P Ao
2 10
E
: »(qg) ’
g om T
£ 20 (h)
25
s b i o
2
i By —
3 . . .
- + By —
-5
az:10 02:15 02:20 0225

02:3
2019-Fen-13

Figure 3. Cluster satellite observation data. (a-b) WBD
spectrograms. (c-¢) STAFF spectrogram and SVD analysis
results. (f) Chorus intensity. (g) Refractive index. (h)
Electron density. (i-j) ULF waves.

Figures 3a-b show WBD spectrograms with rising-tone
chorus generated near the magnetic equator via nonlinear
wave-particle interaction [1, 3, 23]. Figure 3¢ shows the
magnetic field component of the spectra measured by
STAFF, including the frequency range corresponding to
the lower-band chorus near the equator (the magenta lines
indicate 0.1 and 0.5 Q) based on the results of the field
line tracing by the Tsyganenko model [24]. Figures 3i-j
show ULF wave magnetic field oscillations for each
component, By is toroidal, B, is poloidal, and B, is



compressional component. Figure 3h shows anti-phase
electron density variations to the compressional component
of the ULF wave. The refractive index (Figure 3g) and
chorus intensity (Figure 3f) correlate well. Figure 3d shows
wave normal angles < 40 degrees, and Figure 3e shows
right-hand polarization, calculated with the singular value
decomposition method [25]. Observed waves (less than
half of the local cyclotron frequency) propagate quasi-
parallel, consistent with ducting conditions [22].

Ray-tracing used an observation-based duct model (135.88
km width, 15.9% density, -1.5% magnetic field change,
L=6.5). The initial wave position was at the equator with
0-degree angle. Figure 4a shows the simulation result of the
0.2 Q.. Trajectories (red) and wave vectors (blue) show
quasi-parallel propagation along L=6.5. Figure 4b shows
the wave normal angles and displacements from the duct
center, consistent with the ducting whistler-mode wave
[22].

Figure 4c shows maximum wave normal angles for various
frequencies. Lower frequency waves are ducted to higher
latitudes. Figure 4d compares observed wave normal
angles (black dots) with theoretical maximum angles based
on the observed refractive index variation (red line) and
ray-tracing results demonstrating duct propagation (blue
line), they show the consistent result supporting duct
propagation caused by ULF wave.
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Figure 4. The results of ray-tracing simulation with the
observation-based duct model and comparison with the
observation. Calculated whistler-mode wave of 0.2 Q, .,
(a) trajectory (red line) and wave number vectors direction
(blue arrows), and (b) WNA (orange) and displacement
(blue) from duct center. (¢) Maximum WNA for each
frequency and magnetic latitude. (d) Observed WNA
(black dots), theoretical maximum WNA based on the
observed magnetic field and electron density variation, and
maximum WNA based on the ray-tracing simulation.

4. Summary and Discussion

This study demonstrates the possibility of whistler-mode
wave ducting by ULF waves using ray-tracing simulations.
The ULF wave phase affects refractive index variations,
leading to different frequencies and wave normal angles for
ducted whistler-mode waves.

Cluster observations show chorus waves propagating from
the equator to 20 degrees latitude, with intensity variations
linked to the simultaneously observed ULF wave
compressional component. Anti-phase density variations
were also observed. The observed wave normal angles
agree with the estimated maximum wave normal angles
based on density and magnetic field changes. Furthermore,
the ray-tracing calculations using an observation-based
duct model also align with observed and theoretical values.

These findings, combining Cluster data analysis and ray-
tracing simulations, provide evidence for ULF wave-driven
ducting. ULF wave-modulated precipitation of quasi-
relativistic electrons and ionospheric TEC have been
reported [5, 26]. These phenomena can be explained by
ULF wave-induced duct propagation. The spatial structure
of ducts is thought to be related to patchy aurora [27].
Considering ULF wave-induced duct propagation, aurora
modulated by ULF wave periods may be observed. This
study provides new perspectives on the roles of duct
propagation and ULF waves in wave-particle interaction in
the radiation belt and magnetosphere-ionosphere coupling.
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