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Abstract This study investigates the propagation characteristics of Saturn's Narrowband (NB) emissions
using a 3D ray-tracing code incorporating Saturn's magnetic field and electron density parameters. The potential
source regions and propagation zones of the L-O mode, Z mode and whistler mode NB emissions are
distinguished. The L-O mode NB emissions, generated along local electron plasma frequency surfaces through
mode conversion, exhibit straight-line propagation but undergo reflections between the ionosphere, the plasma
torus, and the magnetosheath. The slot region, characterized by a lower electron density distributed around the
plasma torus boundary, significantly influences emission propagation, potentially leading to trapping and
depolarization. The 5 kHz Z mode NB emissions propagate and fill the trapping region delineated by lower cut-
off and upper hybrid resonance frequencies. In contrast, the 20 kHz Z mode NB emissions are primarily
confined near source regions at the north and south edges of the plasma torus, with the possibility of escaping
under variable plasma conditions.

Plain Language Summary Scientists have discovered low-frequency radio waves near Saturn,
roughly at 5 and 20 kHz, using data from the Voyager and Cassini spacecrafts. These waves are referred to as
narrowband (NB) emissions. The NB emissions are thought to originate from Saturn, but exhibit a puzzling
propagation pattern when they propagate far away from their source region. Recent studies propose that the
5 kHz waves might be bouncing off a dense plasma area in Saturn's magnetosheath, introducing intriguing yet
not fully understood propagation characteristics. This study employs a numerical approach, that is, the ray-
tracing technique, to trace the likely paths of these waves. Drawing on earlier theoretical studies, we pinpoint the
potential origins of these waves. Our results indicate that most of these waves, particularly the so-called L-O
mode emissions, tend to travel toward Saturn's high latitudes. This directional preference is due to interference
from a dense plasma torus in Saturn's equatorial region. The boundary of this torus can trap these waves.
Meanwhile, the so-called Z mode waves are confined to a specific region near Saturn. Our study unveils intricate
features such as multiple reflections and refractions of these waves near Saturn, shedding light on various data
observations.

1. Introduction

Saturn narrowband (NB) emissions were discovered during the Voyager 1 Saturn fly-by (Gurnett et al., 1981).
They usually appear as Z- or L-O mode emissions with the wave frequency bands near both 5 and 20 kHz
(Menietti et al., 2015, 2018a; Wang et al., 2010; Wu et al., 2021; Ye et al., 2009, 2010a). Whistler mode NB
emissions are also observed in the 5 kHz frequency band but have not been studied in detail (Menietti, Averkamp,
Ye, Sulaiman, et al., 2018). The generation of L-O mode NB emissions is attributed to a mode conversion
mechanism from Z mode waves (Menietti et al., 2016, 2019; Ye et al., 2009), while the Z mode NB emissions are
likely produced by the presence of unstable plasma near Saturn (Menietti et al., 2016, 2019), or mode converted
from the enhanced electrostatic upper hybrid waves (Ye et al., 2009). Direction-finding analysis indicates that the
source regions of 5 kHz Z mode NB emissions are located either in the high latitude auroral region near Saturn's
Kilometric Radiation (SKR) source or in the equatorial region near the inner edge of the dense plasma torus
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(Lamy et al., 2009; Menietti, Averkamp, Ye, Sulaiman, et al., 2018), formed by the cryovolcanic activities of the
Saturn's icy moon Enceladus - a significant source of plasma for the inner magnetosphere (Persoon et al., 2006,
2020). Recent investigations (Kinrade et al., 2023; Wing et al., 2020) have explored the relation between energetic
neutral atoms and NB emissions. These findings indicate a probable connection between the generation mech-
anism of NB emissions, particularly in the 5 kHz band, and events known as type-2 injections (Mitchell
et al., 2015). These injections transport hot plasma to the inner magnetosphere in proximity to the plasma torus
and are proposed to be a source of temperature anisotropy for the generation of the NB emissions. The injected hot
plasma also provides favorable conditions for the excitation of the lower hybrid waves and whistler mode chorus
emissions, which may further erode the temperature anisotropy (Wing et al., 2020). Notably, the NB emissions
usually show modulation features (Wang et al., 2010; Wu, Ye, et al., 2023; Ye et al., 2016), which exhibit a good
correlation to the periodic plasma injections (Kinrade et al., 2023; Wing et al., 2020). Hence, the source regions
and the free energy of the wave generation for the NB emissions may also be tied to these hot plasma injection
events.

The observations of NB emissions indicate various propagation characteristics that still require theoretical ex-
planations. For instance, the L-O mode NB emissions, originally generated by mode conversion from the Z mode
waves near a density gradient interior to the plasma torus, are expected to propagate freely but are probably
reflected by the dense plasma torus in the equatorial region, ultimately propagating toward high latitudes. Wu
et al. (2022) suggested that the 5 kHz L-O mode NB emissions may undergo reflection at the magnetosheath and
be redirected back to the equatorial region outside the plasma torus, while the 20 kHz L-O mode NB emissions
can escape from the magnetosphere, creating an equatorial shadow zone (Wu et al., 2021, 2022).

The Z mode NB emissions are trapped in a region close to Saturn, restricted by the lower cut-off frequency
. = %(1 / fj, + 4];28 - je> , e is the electron cyclotron frequency, and f, is the electron plasma frequency) and the

upper hybrid resonance frequency (fy, = +/ jize + fpze) Specifically, the resonance frequency of Z mode waves

indeed relies on the wave normal angle (WNA, the angle between the ambient magnetic field and the wave vector),

1
which is known as the Z mode infinity or the upper oblique resonance (f; = %[ﬁh + (foh, — At 0052(9))%]2,
where O represents the WNA; Beghin et al., 1989; Benson et al., 2006). Generally, £; is smaller than f;,, matching f,
only when the WNA is 90°. When the WNA is close to zero, £; can closely match either the local f,, or £, whichever
is higher. As a result, Z mode waves may be in resonance at different positions when propagating with varying
WNA. The trapping region (TR) of Z mode (between f; and £;) can be further divided into two regions. In TR-1,
where the wave frequency (f,,,,.) is larger than the local f., and where the Z mode exhibits right-hand circular
polarization (Zg_x mode, slow Z mode); and TR-2, where f,,,,. is smaller than the local f,,, where the Z mode
shows left-hand circular polarization (Z; yx mode, fast Z mode). The detailed propagation of these Z mode waves
within the trapping regions is still unknown. The presence of dual modulation periods in NB emissions observed
within a single hemisphere (Wu, Ye, et al., 2023; Ye, Gurnett, et al., 2010), as opposed to the modulation of SKR
which shows one period per hemisphere (Fischer et al., 2015; Gurnett et al., 2009; Lamy, 2011; Ye et al., 2016),
implies that Z mode NB emissions in the TR may traverse to the opposite hemisphere before mode converting to L-
O mode.

This study aims to investigate the propagation characteristics of NB emissions in both 5 and 20 kHz bands,
encompassing both Z- and L-O mode NB emissions. The propagation zone of whistler mode NB emissions is also
determined. The ray-tracing method and the adapted Saturn's plasma environments are detailed in Section 2.
Section 3 presents and discusses a typical observation of the 5 and 20 kHz NB emissions. In Section 4, we discuss
the potential source regions of Saturn NB emissions based on previous theories. The simulation results of L-O and
Z mode NB emissions are presented in Sections 5—7. Finally, we discuss and summarize the results in Section 8.

2. Data and Methodology

This study utilizes the Artemis-P (Anisotropic Ray Tracer for Electromagnetics in Magnetosphere, Ionosphere,
and Solar Wind, including Polarization) 3-D ray-tracing code (Gautier, 2013; Gautier et al., 2013; Gautier
et al., 2023) to calculate radio wave ray paths in a magnetized plasma environment. The code is based on the
Haselgrove equations (Haselgrove, 1963; Haselgrove & Haselgrove, 1960):
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dx
%=J*ui—K*Yvi, (1)

du; ) G aY;
L =Lx— K+u +MxYv)=—2 2
d[ *aX‘ +;( *uj + * V]) [).Xi ” ( )

1
For i = 1, 2, 3 specifies the x, y, z components of u, where

J=22(1-X-Y*)p+Y(1+(v-u)?)), 3)
K = =2X(v-u)(pY — 1), 4
L=Y(1-Y)p*-2(1-X-Y*)p—7, (3)

M =2Xp(pY — 1), (6)

2
with X =% and Y = ffi The variable u is a vector parallel to the wave normal with length equal to the refractive

index. The variable v is a unit vector and parallel to the local magnetic field. The variable p can be derived from
the cold plasma approximation-based Altar-Appleton-Hartree dispersion relation (Appleton, 1928, 1932; Har-

tree, 1931; Stix, 1992). In the differential equations, term % represents the variations of ray positions with respect

to time, and % gives the wave vector variations along the raypath. The Artemis-P code employs a fourth order
Runge-Kutta algorithm to solve these differential equations. An important note concerning the ray-tracing method
is that this code does not incorporate a reflection mechanism, as implementing reflection would require reversing
the integration direction (raypath direction) at the point of reflection, which is a challenging determination
(Haselgrove, 1963). Nevertheless, in the majority of cases, the rays exhibit behavior similar to reflection, as they
effectively undergo continuous refraction when propagating toward the cut-off surface due to the rapid variation
of the refraction index. If the angle of incidence on an interface or density gradient led to wave reflection, the code
would stop, and the rays would terminate at that point. For this reason, we refer to these “refracted” and
“terminated” rays as “reflected” rays, although this phenomenon is rarely observed in the simulations.

To adapt the Artemis-P code to Saturn's plasma environment, we constructed the electron density model by
merging various existing models (Persoon et al., 2006, 2019, 2020), as depicted in Figure 1. Panel (a) displays the
scale height plasma torus model by Persoon et al. (2006), designed for latitudes up to 20° and ranging from
L =1[3.6 ~8.6] (L-Shell corresponds to the distance, normalized to the planetary radius, of a dipolar field line apex
in the equatorial plane; Mcllwain, 1966). This model enables us to extrapolate values to higher latitudes and larger
L shells because of its rapid electron density decrease beyond the plasma torus region, making it suitable for
providing electron density estimates outside the plasma torus. Panel (b) illustrates the diffusive equilibrium model
of the plasma torus by Persoon et al. (2020), employed here for determining the electron density of the plasma
torus. This model captures finer structures at the outer boundary of the plasma torus if compared to the scale-
height model shown in Panel (a), valid for latitudes up to approximately 30° and L values ranging from 2.4 to
10. In the case of the ionosphere model by Persoon et al. (2019) presented in Panel (c), only the northern
hemisphere profile was utilized to avoid introducing large density gradients due to north-south asymmetry. The
ray-tracing calculations were exclusively conducted in the northern hemisphere.

Figure 1 Panel (d) shows the merging of these three models with the connection regions between these models
removed. To smoothly fill these white connection regions with density values and ensure monotonic variations,
we employ an inpainting algorithm based on least-square estimation (Crema et al., 2020) that is frequently used
for topographic data reconstruction in geomorphology and ecology. The resulting electron density was presented
in Panel (e). Furthermore, we constructed a magnetosheath using the magnetopause model by Kanani et al. (2010)
and the bow shock model by Went et al. (2011), considering a solar wind dynamic pressure of 0.036 nPa, which is
a typical value measured at 9.5 AU (Echer, 2019; Jackman & Arridge, 2011).

The electron density within the magnetosheath is derived using the Rankine-Hugoniot relation, which provides
the relationship between solar wind parameters (velocity, temperature, density) upstream and downstream of the
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Figure 1. Construction of Saturn’s electron density environment. Panels (a)—(c) display the plasma torus models of Persoon et al. (2006 & 2020) and the ionosphere
model of Persoon et al. (2019). Panel (d) presents the merged result of the three models in Panels (a)—(c), with the connection regions between these models removed
(highlighted in white color). Panel (e) displays the algorithm derived electron density model from Panel (d). The magnetosheath is added into the model as illustrated in
Panel (f) using the magnetopause and bow shock model with solar wind dynamic pressure Pdy=0.036 nPa. The electron density inside the magnetosheath is determined
based on the Rankine-Hugoniot relation and remains mostly constant in the modeled region.

collisionless shock. By combining the shock geometry from the model of Went et al. (2011) and the upstream
solar wind parameters, the electron number density downstream of the bow shock within the magnetosheath can
be determined. We assume typical solar wind parameters near Saturn (Echer, 2019): 90° angle between the
interplanetary magnetic field and shock normal, interplanetary magnetic field strength = 0.48 nT, solar wind
density = 0.098 cm™>, solar wind speed = 430 km/s, and solar wind flow direction along the -X axis (horizontal
axis in Figure 1 Panel (f)). We derive the magnetosheath electron density along the Y direction (vertical axis in
Figure 1 Panel (f)). The magnetosheath electron density remains nearly constant within the modeled range, as
shown in Figure 1 Panel (f), with a minimum electron density >0.3 cm™ (corresponding to a local Je = 5 kHz).
Note that for clarity, the size of the magnetosheath is reduced in the calculation with the bow shock shifted inward
by 5 Rs (Saturn Radii = 60,268 km), as depicted in Figure 1 Panel (f). The magnetic field model used was from
Dougherty et al. (2018). The final adapted magnetic field and electron density profiles at Saturn are presented in
Figure 2.

3. Observations of Saturn Narrowband Emissions

A typical Cassini observation of NB emissions is depicted in Figure 3, Panel (a). The NB emissions, characterized
by frequencies near 5 and 20 kHz, are evident in the spectrogram. At 11 July and near 12:00 UT, Cassini is in the
dayside magnetosheath (inferred from the boundary crossing list of Jackman et al., 2019) as marked by the text in
Panel (a). The 5 kHz NB emission shows a cut-off at the magnetopause, whereas the 20 kHz NB emissions can
propagate into the magnetosheath with some attenuation, as previously discussed in Wu et al. (2022). The ob-
servations shown in Figure 3 Panels (a)—(b), including the wave electric field spectrogram and circular polari-
zation, were obtained from measurements of the Cassini RPWS (Radio and Plasma Wave Science) High
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Figure 2. Illustration of the magnetic field and the constructed electron density model at Saturn. Panel (a) displays Saturn's magnetic field model with the white arrows
indicating the direction of the magnetic field (Dougherty et al., 2018). The color-code represents the strength of the magnetic field. Panel (b) presents the constructed

electron density model.

Frequency Receiver (Gurnett et al., 2004). Circular polarization data were derived using the method of Cecconi
and Zarka (2005).

The circular polarization (Stokes parameter V) in Panel (b) is determined by assuming pure circular polarization
with no linear polarization (Q = U = 0; Cecconi & Zarka, 2005). By examining the circular polarization, the wave
magnetoionic mode can be identified. For example, L-O mode emissions can only propagate in regions where the
wave frequency exceeds the local f;, and exhibit left-hand circular polarization (V > 0 in the northern hemisphere
and V < 0 in the southern hemisphere in the data due to distinct magnetic field orientations in the two hemi-
spheres). The identified L-O mode NB emissions are indicated by the black arrows in Panel (b). Z mode waves
propagate both below and above f,, with an opposite sense of polarization. These Z mode waves are trapped
roughly in the region highlighted by red text below Panel (b) and indicated by the green and pink arrows in Panels
(©)-(d).

Figure 3 Panels (c)—(d) provide the trajectory (black line) of Cassini during the time interval of Panel (a), with the
observed Narrowband (NB) emissions (indicated by the black, green, and pink arrows in Panel (b)) marked by
black (L-O mode), green (Zg_x mode), and pink (Z; x mode) squares along the trajectory. As identified and
indicated by the black arrows in Panel (b), the majority of the NB emissions are observed to be L-O mode
emissions. In Panels (c)-(d), the Z mode trapping regions are analytically determined by utilizing the magnetic
field and electron density model as described in Section 2. The Z mode TR can be further divided into two regions:
TR-1 with f,, < fyave <fi (corresponding to Zg_x mode, indicated by the green arrow in Panels (c)—(d)) and TR-2
with f, > fiave > f (corresponding to Z; _x mode, indicated by the pink arrow in Panels (c)—(d)). These frequency
surfaces are derived from the magnetic field and electron density model by calculating these characteristic fre-
quencies at 5 and 20 kHz. TR-1 for Zg_x mode waves is relatively extensive, delimited by the f,;, surface and f,
surface, while TR-2 for Z; y mode waves is narrow, constrained by f,, and f; surfaces along the edge of the plasma
torus. As illustrated by the characteristic frequency lines in Panels (c)—(d), the TR for 20 kHz NB emissions is
much smaller than the 5 kHz TR due to the higher wave frequency.

It is evident that the 5 kHz Zy x mode (green squares in Panel (c)) waves are observed within the TR-1
(pe=5 rrz < fwave < fin=s k- indicated by the green text), which is consistent with the theoretical prediction
and suggests these frequency surfaces well represent the plasma environment around the TR-1. The 5 kHz Z; x
mode events (pink squares in Panel (c)) are observed near TR-2 (f—s wz; > fuwave > f=siu» indicated by the pink
text) but are not exclusively restricted to TR-2, indicating a more complex plasma environment than our
meridional model can account for. A detailed analysis of this event including local estimates of f, from Langmuir
probe measurements is presented in Woodfield et al. (2018). Due to the uncertainty of the measured plasma
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Figure 3. Observation examples of Saturn Narrowband emissions during an interval from 2008-07-11 6:00 to 2008-07-15 10:00. Panels (a)—(b) present the spectrogram
of the Cassini Radio and Plasma Wave Science (RPWS) electric field intensity, as well as the circular polarization (Stokes parameter V) determined by the inversion
method of Cecconi and Zarka (2005). The arrows in Panel (b) indicate the different modes of NB emissions: black for L-O mode, green for Z;_y mode, and pink for Z;
mode. The white and black curves in Panels (a)—(b) represent the local f,. The intensity modulation of the spectrogram (vertical stripes) near 07-11 22:00 and 07-12
18:00 is due to the rolling of Cassini spacecraft. Panels (c)—(d) illustrate the Cassini orbit in the meridional plane during the time interval of Panel (a). The overlapping
black, green, and pink squares along the trajectory of Cassini denote the locations where the 5 kHz and 20 kHz NB emissions (in Panel (a)) are observed in L-O mode, Z «
mode, and Z;_y mode, respectively. The contour lines (f,, (pink), f. (black dashed), f;;, (green)) in Panels (c)—(d) are derived using the magnetic field and electron density
model described in Section 3. Additionally, the blue lines mark the locations of the magnetopause and bow shock, obtained from the model of Kanani et al. (2010) and Went
et al. (2011), considering a typical solar wind dynamic pressure at Saturn, Pdy = 0.036 nPa (Jackman et al., 2011; Echer, 2019).

parameters during this time interval, all 20 kHz NB emissions observed are identified as L-O mode emissions and
marked as black squares in Panels (b) and (d).

Figure 3 presents typical observation patterns of Saturn NB emissions, where L-O mode waves are commonly
observed away from the equatorial region, while Z mode emissions are prevalent when Cassini approaches the
region near Saturn, below the £, lines in Panels (a)—(b). In summary, the distributions of the different modes of NB
emissions are described. The later ray-tracing calculations for the L-O mode and Z mode NB emissions are
conducted in the relevant propagation region.

4. Source Region of Saturn Narrowband Emissions

The initial conditions for ray-tracing calculations in terms of source positions and initial WNAs of rays are based
on several theoretical studies on the generation mechanism of NB emissions. These are discussed in the following.

The frequently observed L-O mode NB emissions (at both 5 and 20 kHz bands) are mode converted from the Z
mode waves near the density gradients at the boundary of the plasma torus (Menietti et al., 2016, 2019; Ye,
Menietti, et al., 2010). This mode conversion takes place when Z mode waves propagate to density gradients with
a WNA close to 0° and the local f,, matches the wave frequency (Ellis, 1956; Menietti et al., 2016), that is,
Se =5 kHz & 20 kHz.
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Table 1

Summary of the Proposed Generation Mechanisms of Z Mode Narrowband Emissions

NB emissions

Previous works Mechanism Z mode WNA el Fe Tatio at sources

5 kHz
20 kHz

Menietti et al. (2016) CMI operating at f,,/ f, <1 ~0° Jel fe=0.21
Menietti et al. (2009, 2010, 2019) CMI operating at f, = nf,, (n =2 ~ 6) >80° Jel fe =14 ~5.9]
Ye et al. (2009)

UHW: Mode conversion from enhanced upper highly oblique ~90° Jel e =[1.1 ~2.7]
hybrid waves when f, = (n+3)f,, (2 = 1 ~ 5)

Previous studies have proposed two generation mechanisms for Z mode NB emissions. One related mechanism is
the cyclotron maser instability (CMI) operating under a certain range of plasma conditions (Wu & Lee, 1979;
Yoon et al., 1996, 1998). For instance, Menietti et al. (2016) found that the 5 kHz Z mode waves are generated
within sources with f,./f, & 0.21, and the maximum Z mode growth rate occurs at WNA = 0°. This result aligns
with the calculations of Melrose et al. (1984), indicating that the Z mode growth rate becomes dominant when
0.3 < f/fe < 1.3. Additionally, when f,/f, values become larger and meet the condition f,;, = nf, (n = 2,3,4,5,6,
equivalent to 1.4 < f,./f, < 5.9), the so-called Z mode maser mechanisms come into play, generating Z mode
waves with f ... = f, =nf,, (Yietal, 2013; Yoon et al., 1996, 1998). This mechanism is proposed for the 20 kHz
Z mode emissions, and the maximum growth rate calculated within the possible source regions occurs at
WNA = 90° (Menietti et al., 2009, 2010, 2019). We refer to the CMI mechanisms as CMI in subsequent dis-
cussions. Note that due to the low resolution of particle measurements by Cassini, previous works on the growth
rate calculations relied heavily on assumptions about the observed electron distribution. As a result, the true
picture of the generation mechanism is still under investigation.

The second mechanism for the Z mode NB emissions is proposed by Ye, Menietti, et al. (2010), suggesting that
the enhanced upper hybrid waves could be responsible for generating the Z mode waves. When the condition
fn = (n+ 1/2) £, is met, the enhanced upper hybrid waves may convert into Z mode waves (Gurnett et al., 1981;
Kurth, Ashour-Abdalla, et al., 1979, Kurth, Carven, et al., 1979). Observations in Ye et al. (2009) support this
mechanism for the 20 kHz Z mode waves. However, for the 5 kHz Z mode waves, there are scarce observations of
the upper hybrid waves in the frequency range near 5 kHz. This lack of observation could be due to the sensitivity
limitations of the 10-m monopoles of the Cassini RPWS instrument. The dipole of the RPWS instrument consists
of two monopole arms, which are each 10-m in length (Gurnett et al., 2004). The wavelength of these electrostatic
waves near 5 kHz, which is proportional to the local 1, (where 4, is the Debye length), can be much larger than
the antenna length, leading to sensitivity issues in detecting these waves with RPWS to detect these upper hybrid
waves near 5 kHz (Gurnett, 1998, 2020). In subsequent discussions, we refer to the generation mechanism of Z
mode from the enhanced upper hybrid waves as UHW. Table 1 provides a summary of these previous works on
the generation mechanisms of Z mode NB emissions.

In Menietti, Averkamp, Ye, Sulaiman, et al. (2018), whistler mode NB emissions at the 5 kHz band were observed
when Cassini crossed Saturn's equatorial ionosphere inside the inner region of the plasma torus during Cassini's
last year orbits. The presence of whistler mode emissions at 5 kHz and possibly at 20 kHz is restricted to regions

where the f is smaller than the local f, or £, whichever is lower. These regions are located inside the plasma

wave
torus and in close proximity to Saturn (see Figure 4 for details), where Cassini had limited orbital coverage. The
whistler mode NB emissions may also arise from mode conversion of Z mode emissions at density gradients on
the f, surface (Ellis, 1956; Yoon et al., 1998), propagating with small WNAs along the magnetic field lines.
However, due to the limited observations, there has been no further investigation into these emissions. Therefore,
this work only gives an estimation of the whistler mode propagation zones and no ray-tracing calculation is

carried out due to the lack of observation.

Based on the aforementioned studies, we have distinguished potential source regions for L-O mode, Z mode, and
whistler mode NB emissions using the constructed electron density and magnetic field model shown in Figure 3.
The sources for L-O mode NB emissions at both 5 and 20 kHz are identified along the f,, surfaces with f,, = 5 and
20 kHz, as indicated by transparent blue dots in Figure 4 Panels (a) and (d) (shown as blue dots or thick blue lines
due to the overlapping of the dots). The extension of the L-O mode sources along the f,, contour line to the outer
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Figure 4. The source regions of Saturn NB emissions. In Panel (a), the possible source region of 5 kHz L-O NB emissions is represented by blue dots (or as thick blue
lines due to the overlapping of the dots) along the f, contour line, assuming mode conversion from Z mode waves there. The orange color indicates the region where
these emissions can propagate. Panel (b) displays the possible source region of 5 kHz Z mode NB emissions, with three source regions denoted by blue and green shading
and blue dots. Contour lines for f, 1. f., and f./f, = 0.3, 1, 2.8 are derived from the constructed electron density and magnetic field model. The propagation zone of Z
mode waves is marked by the orange (TR-1) and light blue (TR-2) regions. Panel (c) shows the possible source region of 5 kHz whistler mode NB emissions as marked by
the blue dots along f,, lines. The propagation zone of whistler mode emissions is indicated by the orange region. Panels (d)—(f) demonstrate the possible sources for 20 kHz
NB emissions in a similar format to Panels (a)—(c).

part of the plasma torus is restricted to the f;, = 5 and 20 kHz surfaces due to the trapping of Z mode waves within
the f;, contour lines. The propagation zones, where L-O mode NB emissions can travel, are color-shaded in orange
in Panels (a) and (d).

Figure 4 Panel (b) identifies the 5 kHz Z mode wave sources using the cyclotron maser instability (CMI) theory
with the ratio of f,/f, ranging from 0.3 (red line) to 1 (dark red line), and within the region bounded by the f;;, (cyan
line) and f, (black dashed line) contour lines based on the previous studies and summarized in Table 2. These lines
encircle two distinct regions separated by the f, line, falling within TR-1 for Zgx mode emissions and TR-2 for
Z; x mode emissions, as indicated by the grid shaded area. Additionally, we examine the possible UHW sources
for the 5 kHz Z mode Narrowband (NB) emissions (shown as blue dots or thick blue lines) along the f;;, contour
line when condition 1 < f,/f, < 2.8 is met. For 20 kHz Z mode NB emissions (in Panel (¢)), the source regions are
determined using both CMI and UHW parameters, requiring 1 < f,./f. < 6 for CMI parameters and 1 < f,./f, <2.8
for UHW parameters along the f;, line based on the previous studies. The UHW sources (indicated by blue dots in
Panel (e)) align with the source region predicted by CMI, as demonstrated in Panel (e). As will be detailed in
Section 6, rays initiated along the f;, line become trapped within these source regions quickly. Consequently, we
explore an extended scenario of the source regions, extending the source regions to the inner boundary of the
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Table 2

Ray-Tracing Parameters of the Source Regions and Initial Propagation Angle of Narrowband Emissions

NB emissions Wave mode

Source location Launch WNA

5 kHz (6]
Z

20 kHz (6]

Source close to f, line and within Z mode trapping region 180° (northern hemisphere)

CMI (Melrose et al., 1984; Menietti et al., 2016): (1) ./ fo = [0.3 1] Q) f. < fyave <A 0° & 180°

UHW (Ye et al., 2009): (1) fo/ £, = [1 2.81 2) fyave 2 fn = (1 + 1) fe 70° & 80° & 90° & 100° & 110°

Source close to f, line and within Z mode trapping region 180° (northern hemisphere)
CMI (Menietti et al., 2009, 2010, 2019):(1) f./ f. = [1 6] (2) £ < fyave <fin 90° & 270°
UHW (Ye et al., 2009): (1) f./ fe = [1 2.8] (2) Tyave S 70° & 80° & 90° & 100° & 110°

plasma torus (outlined by the grid shaded region). This extended region still satisfies condition 1 < f./f, < 6,
although it diverges from the f}, line. The trapping regions (propagation zones) of Z mode waves are color-shaded
in Panels (b) and (e), with TR-1 in orange and TR-2 in light blue.

Although this study did not calculate the raypath of the whistler mode emissions, the possible source region and
propagation zone were identified using the constructed model (Panels (c) and (f)). Whistler mode NB emissions
can propagate into the region between the inner part of the plasma torus and the planet, suggesting the possibility
of emissions traversing from one hemisphere to the other through the whistler mode. It should be noted that in the
TR-2 region (light blue shaded areas in Panels (b) and (e)), Z; x mode emissions can also cross the equator from
the region between the inner part torus and the planet, as constructed from the algorithm described in Section 2.

Once the source region of the NB emissions is determined, rays are launched from the identified region with
specific initial WNAs, as summarized in Table 2 based on previous studies. The initial WNAs for L-O mode NB
emissions are set to be parallel to the background magnetic field (anti-parallel in the northern hemisphere,
WNA = 180°). For Z mode emissions at both 5 and 20 kHz, CMI rays are launched with theoretical WNAs from
previous studies (0° & 180° for 5 kHz Z mode, 90° & 270° for 20 kHz Z mode), while UHW rays are launched
with larger WNAs ranging from 70° to 110° with a stepping of 10°.

5. Propagation of the L-O Mode Narrowband Emissions

The L-O mode NB emissions at both frequency bands are launched anti-parallel to the background magnetic field
along the f,,. = f. contours, as shown by the pink lines in Figure 5 Panels (a) and (d).

In Figure 5 Panel (a), the propagation pattern of the 5 kHz L-O mode NB emissions is displayed, showing re-
flections and multi-reflections between the ionosphere, magnetosheath, and the plasma torus. Observations by
Wu et al. (2021) suggested that a certain proportion of 5 kHz L-O NB emissions can be reflected in the equatorial
region outside the plasma torus. However, our calculations suggest that rays reach these regions only rarely,
possibly due to the smooth magnetopause boundary considered in this study. This highlights the importance of
small-scale density structures, such as Kelvin-Helmholtz instability vortices (Burkholder et al., 2020; Ma
etal., 2022), for the propagation of L-O mode NB emissions near the magnetosheath. The KHI-generated electron
density structures will further influence the reflection direction of the waves near the magnetopause, either toward
low or high latitudes, back toward the lobe, the planet, or the plasma torus. Panel (a) also demonstrates the
tendency of the 5 kHz L-O mode NB emissions launched along the inner edge of the plasma torus to propagate
toward or reflect higher latitudes. Moreover, magnetosheath reflection enables emissions to traverse the
magnetosphere, allowing the propagation of O mode emissions from one side of the planet (e.g., duskside) to the
other side (e.g., dawnside). The shape of the edge of the plasma torus and its small-scale structures also cause the
rays to be reflected on the other side of the planet. The electron density model of Persoon et al. (2020) presents
“slot” or “trough” regions with lower electron density in the north-south inner edge of the plasma torus near
Saturn, which tend to trap the L-O mode waves. Multi-reflections inside this slot region are observed in the
zoomed-in view of Panel (a) in Panels (b)—(c). These multi-reflections, caused by the slot region, can effectively
explain the depolarization features of the NB emissions in this area, as observed in the statistical study by Wu
et al. (2021).

The 20 kHz L-O mode NB emissions exhibit reflections at the ionosphere and plasma torus, as seen in Figure 5
Panel (d). Unlike the 5 kHz emissions, which are reflected by the magnetosheath, the 20 kHz rays can pass
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Figure 5. L-O mode Narrowband (NB) propagation within the Saturnian magnetosphere. Panel (a) shows the propagation paths of 5 kHz NB emissions in the meridional
plane, with the initial wave normal angle restricted to 180°. The background color-code represents the electron density, while the color along the raypath indicates the
ray start location (pink) and the ray end location (cyan). Panels (b)—(c) offer a zoomed-in view of Panel (a) specifically near Saturn, with only a subset of rays displayed.
The launch points of the rays are marked by pink squares in Panel (c). Panels (d)—(f) present the results for 20 kHz NB emissions using the same format as Panels (a)—(c).

through the magnetosheath and escape from the magnetosphere due to the lower electron density in that region as
shown in Figure 3, albeit with some attenuation. Sometimes, 5 kHz NB emissions can also traverse the mag-
netosheath when the electron density is low enough. The “slot” region for the 20 kHz emissions, formed by the
Je =20 kHz contour line, appears more “open” compared to the 5 kHz “slot” region. Although theoretically, the
20 kHz L-O NB emissions could be trapped within the slot region under appropriate propagation angles, our
calculations in Panels (d)—(f) show that all rays propagate outward from the slot region and are reflected at the
ionosphere, hence no “trapping” is observed.

6. Propagation of the Z Mode Narrowband Emission

The Z mode NB emissions at the two frequency bands are launched using CMI parameters, with the initial WNA
parallel (both at 0° and 180°) to the background magnetic field for the 5 kHz Z mode and perpendicular (both at
90° and 270°) to the magnetic field for the 20 kHz, as shown in Figure 6. Panel (a) provides the overall prop-
agation pattern of the 5 kHz Z mode NB emissions within the TR using CMI source parameters. Z mode waves
stop when they encounter the f;, surface, leading to resonance as indicated by cyan colors on the raypaths near the
Jin surface. Reflections of Z mode waves occur at the ionosphere and the inner boundary of the plasma torus,
where the Z mode reaches the f, frequency surface. Similar to the 5 kHz L-O mode emissions, the Z mode waves
also exhibit a trapping tendency (multi-reflections) in the “slot” region near the boundary of the plasma torus, as
shown by the zoom-in views in Panels (b)—(c). As shown in Figure 4 Panel (b), the Z mode rays are launched at
both the Zg source region (within TR-1 with £, > f,.) and the Z; x source region (within TR-2 with f,,,.e <fe)-
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Figure 6. Z mode Narrowband (NB) propagation within the Saturnian magnetosphere using the cyclotron maser instability source parameters. In Panel (a), the
propagation paths of the 5 kHz Z mode NB emissions are shown in the meridional plane, with the initial wave normal angle restricted to 0° and 180°. Panels (b)—(c)
provide a zoomed-in view of Panel (a) near Saturn, with only selected rays displayed. The launch point of the rays is indicated by a pink square in Panel (c). Similar
results for the 20 kHz Z mode NB emissions are presented in Panels (d)—(f) in the same format as Panels (a)—(c). The solid green, pink, blue and black (dashed) lines
represent the fy;, fe» fe» and f; frequencies for 5 kHz (Panels (a)—(c)) and 20 kHz (Panels (d)—(f)), respectively. The background color-code represents the electron density
in the same format as Figure 5. The red star symbols in Panels (d)—(f) indicate a local f;, cavity.

The Z mode waves experience a change in propagation direction as they cross the f,, surface due to the variation in
the refractive index near f,,. The f,, surface is also where mode conversion from Z mode to L-O mode or whistler
mode waves occurs, connecting the L-O mode rays in Figure 5 and Z mode waves in Figure 6. However, a detailed
analysis of the mode conversion processes near the plasma torus boundary cannot be resolved by the ray-tracing
code based on the cold plasma approximation. This requires further investigation using full electromagnetic
treatment, as well as including sharper density gradients than provided by our current model, which is why we
leave this problem for a future study.

The source regions for the 20 kHz Z mode NB emissions are suggested to be located at the north-south edges of
the plasma torus, as shown in Figure 4 Panel (e). These rays in Figure 6 Panels (d)—(f) are launched within the
source regions with initial WNAs of 90° and 270° within the meridional plane, both perpendicular to the magnetic
field direction. However, as depicted in Figure 6 Panel (d), the 20 kHz Z mode rays tend to remain trapped near

WU ET AL.

11 of 19

8518017 SUOWILIOD BATeR1D) 3ol dde aup Aq peusenob a e 9ol YO ‘SN JO Sa|nJ Joj Akeiq18UIIUO A1 UO (SUORIPUOD-PUR-SLLBY WD A8 | 1M AReiq Ul Uo//Sdhy) SUORIPUOD pue swie | 8us88s *[yZ0z/zT/zz] uo AreiqiTauliuo AB|IM ‘NSNISYNOA!E [BHOd Aq 8TT8003CEZ0Z/620T 0T/I0p/W00 A8 1M Aeiqiputjuo'sqndnfey/sdny wo.j pepeojumod ‘v *¥20Z ‘00T669T2



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2023JE008118

the source region and do not propagate far. This behavior is attributed to the proximity of the sources to the f;;, and
[, surfaces, where the rays quickly get into resonance or face their cut-off, respectively. Panels (d)-(f) also reveal
the presence of a small f;, cavity in the model (indicated by the red star symbols), which stops all Z mode rays
upon reaching the f;, surface. This cavity is not a technical artifact in the construction of the electron density
model, but rather a result of the relatively low electron density in the “slot” region. Consequently, the 20 kHz Z
mode rays struggle to escape from the narrow source regions formed by the f, and f, surfaces at the north-south
edges of the plasma torus.

The difficulties faced by the 20 kHz Z mode rays in propagating inward to escape from the source region can be
attributed to another reason. As depicted in Figure 6 Panel (f), some rays stop near either the f, or f,, surfaces and
never reach the f;, surface. This is because these Z mode rays reach the resonance frequency at f; when they
propagate to either the f, or f, surface with smaller WNAs. This resonance is dependent on the background
plasma environment, where f,./f, > 11leads to f; = f,, and f/f, < 1 results in £; = .. In Panel (f), the region above
the f;, cavity (indicated by the red star symbol) have f/f, < 1, causing the rays to stop near f, as the rays propagate
with small WNAs. However, below the f;, cavity, some Z mode rays can cross the £, due to their larger WNAs. In
more realistic scenarios, with highly variable magnetic fields and plasma torus conditions, these Z mode rays
would still have opportunities to escape from their source regions.

We also present the raypaths of Z mode NB emissions using the UHW source parameters, with the rays launched
close to the f, surfaces where the conditions in Table 2 are satisfied, spanning a range of WNA from 70° to 110°,
as shown in Figure 7. The results closely resemble those in Figure 6 Panels (d)—(f), with the rays quickly reaching
resonance near the resonance frequency. For the 5 kHz Z mode emissions (Panels (a)—(c)), the rays are reflected at
different layers before reaching the f; surface due to varying incident angles. Similarly, for the 20 kHz Z mode NB
emissions, the source regions derived from the UHW mechanism are in close proximity to the CMI theory, and the
propagation pattern shows the emissions predominantly trapped near the source regions.

7. Propagation of the L-O Mode and Z Mode Emissions With Arbitrary Angles

To overcome the limitations imposed by selected source positions and initial WNAs, we conducted additional
tests by launching rays within the propagation zones of each corresponding wave mode in both the longitudinal
and azimuthal directions. This approach allowed us to explore potential raypaths under highly dynamic
magnetospheric conditions, as shown in Figures 8 and 9.

The computational results for the L-O mode emissions at both frequency bands are showcased in Figure 8. To
explore potential ray trajectories comprehensively, we launched 35 rays within both a meridional and a horizontal
plane, encompassing full launch circles of 360°.

Similar to the results in Figure 5, the L-O mode waves propagate along nearly straight paths but experience
reflections at strong density gradients, such as the ionosphere, magnetosheath, and the plasma torus, as depicted in
Panels (a)-(d). Additionally, in Figure 8 Panels (e)—(f), new calculations are shown with the L-O mode rays
launched in the initial direction toward the azimuthal direction (parallel to the X-Y plane). The selected source
positions of the rays are situated in the inner region of the plasma torus, as indicated by the blue launch points in
Panels (b) and (d). Consequently, the horizontally launched rays in Panels (e)—(f) are directed toward the plasma
torus, and they are quickly reflected at the boundary of the plasma torus, resulting in vertical propagation (toward
the z-axis direction in Panels (e)—(f)).

The calculation results for the Z mode emissions are presented in Figure 9. Panels (a)—(b) show the results for the
5 kHz band, which are comparable to the outcomes in Figure 6 Panels (a)—(c). The 5 kHz Z mode rays propagate
and fill the TR and are primarily reflected at the f, surface. Similarly, Panels (c)—(d) display the raypaths for the
20 kHz Z mode emissions, but with source regions shifted inward if compared to Figures 6 and 7, deviating from
the CMI and UHW predicted positions. Some intriguing rays are observed to cross the equator in the region
between the planet and the plasma torus in Panels (d), either when propagating toward these areas or being re-
flected at the inner edge of the plasma torus or the ionosphere. However, the electron density model does not
consider the possible presence of the ring ionosphere in this region, which may hinder direct propagation of Z
mode emissions, as discussed in Section 8. In Panels (e)—(f) of Figure 9, the Z mode rays are launched horizontally
at both 5 and 20 kHz bands. Some 5 kHz Z mode emissions launched at positions with smaller z-axis values can be
reflected at the f, surface and they are reflected vertically near the plasma torus boundary. These rays then
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Figure 7. Z mode Narrowband propagation within the Saturnian magnetosphere using the UHW source parameters. Panels (a)—(c) and Panels (d)—(f) display the ray-
tracing calculation results for 5 and 20 kHz Z mode emissions, respectively, using the UHW source parameters, following the same format as Figure 6.

propagate straight until they encounter the f, surface, where they get into resonance and stop as shown in Panel
(e). In contrast, other rays launched at positions with larger z-axis values directly reach the f;, surface and stop.
This trend is more evident in Panel (f) for 20 kHz Z mode waves, as the TR for 20 kHz is smaller. The calculation
results in Figures 8 and 9 may be applicable to NB emissions' propagation scenarios when the magnetosphere is
highly perturbed, and the plasma torus deviates from its average state.

8. Discussion and Summary

This study investigates the propagation characteristics of Saturn NB emissions using a 3-D ray-tracing method. A
new Saturn's electron density model has been derived based on several existing models (Persoon et al., 2006,
2019, 2020), which provides the electron density information from Saturn's ionosphere to the plasma torus. The
global propagation patterns of both the L-O mode and Z mode emissions at both 5 and 20 kHz frequency bands are
derived.

The ray-tracing calculations for the 5 kHz Z mode NB emissions, utilizing the CMI theory predicted source region
and initial WNA, provide a closer alignment with observations, showing that the 5 kHz Z mode rays can fill the
inner region close to Saturn (TR-1, TR-2) and reproduce the observed wave distribution map from Wu
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Figure 8. L-O mode emissions propagation within the Saturnian magnetosphere. Panel (a) displays the propagation paths of the 5 kHz L-O emissions in the meridional
plane, with the initial propagation angles restricted to the meridional plane. Panel (b) provides a zoom-in view of Panel (a), specifically near Saturn. Panels (c)—(d)
present similar results for the 20 kHz L-O mode emissions in the same format as Panels (a)—(b). Panels (e)—(f) illustrate the raypaths in a 3D view for both the 5 and
20 kHz L-O mode emissions, with the rays launched in different directions within a horizontal plane. For clarity, only two slices in the X—Y and X-Z planes of the
background density are shown. The color-code corresponds to the background electron density, while the pink contour lines delineate the regions where f,, equals 5 and

20 kHz, respectively.

etal. (2021). The ray-tracing calculations reveal potential trapping of Z mode emissions near the slot region at the
north-south boundary of the plasma torus. This TR is formed by the local minimum of the plasma density, as
equivalently the local minimum of the low-frequency cut-off of f, surfaces. Such trapping processes may
contribute to the enhancement of emissions and the possible depolarization of the emissions. However, in this
study, we did not consider the auroral sources or even the ionospheric sources of the 5 kHz Z mode NB emissions,
as reported in previous studies (Menietti et al., 2015, 2018b; Ye et al., 2009). Identifying these sources is
challenging since the CMI parameters used in our model do not identify possible auroral sources due to the limit
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Figure 9. Z mode emissions propagation within the Saturnian magnetosphere. Panels (a)-(d) provide the propagation paths of the 5 and 20 kHz Z mode emissions in the
meridional plane, with the initial propagation angles restricted to the meridional plane, following the same format as Figure 8 Panels (a)—(d). Panels (e)—(f) illustrate the
Z mode emissions propagation paths in a 3D view for both the 5 and 20 kHz bands, with the rays launched in different directions within a horizontal plane, also in the
same format as Figure 8 Panels (e)—(f). The green, black dashed, pink, and blue contour lines delineate the regions where f;,, f;, f, and f, equal 5 and 20 kHz,
respectively.

of the f,/f, ratio demand (0.28 ~ 1 used for the 5 kHz Z mode waves as described in Table 2). If these sources
exist, these potential auroral sources will lie in a region with f,./f, < 0.3 or even <0.1, which contradicts the
calculations of Melrose et al. (1984) due to the demanded limits of 0.3—1 for the f,/f, ratio, as outlined for the
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5 kHz Z mode waves in Table 2. Although the direction-finding analysis suggests possible source regions near the
SKR source region, there are currently no further observations that support this. A calculation of the growth rate in
the vicinity of an SKR source region suggests that the observed Z mode and O mode emissions may come from
another direction (Menietti et al., 2011). According to the ray-tracing results in this work, there is a possibility that
the observed auroral origin Z mode emissions may come from the reflection of the Z mode waves in the iono-
sphere. If the auroral sources of the Z mode NB emissions truly exist, the propagation pattern of these waves
should be similar to the results as illustrated in Figure 9, as the arbitrarily chosen sources launched toward all the
2z directions could account for the possible auroral sources.

The ray-tracing calculations for the 5 kHz Z mode NB emissions, utilizing the UHW theory predicted source
region and initial WNA, suggest that these rays are limited to the north-south edges of the plasma torus and
essentially trapped between f, and f;, surfaces (as shown in Figure 7). They can not contribute to the 5 kHz Z mode
observed closer to Saturn as reported in Wu et al. (2021); however, these sources should not be ruled out because
they can also significantly contribute to the 5 kHz L-O mode emissions observed in this region (after mode
conversion), although no 5 kHz Z mode emission is indeed observed in these predicted regions so far.

The ray-tracing calculations of the 20 kHz Z mode rays, predicted by the CMI theory to originate from the north-
south edges of the plasma torus, tend to be confined by the plasma parameters in our model. These emissions
cannot escape from the source regions and propagate very far before facing their resonance again. An important
factor preventing the propagation of 20 kHz Z mode waves toward Saturn is their resonance frequency, which is
close to the local fce surfaces, hence most simulated rays are outside of the f, = 20 kHz contour (as shown in
Figures 6 and 7). The simulations of 20 kHz Z mode waves using the UHW theory provide similar pictures as for
the CMI sources. This propagation feature appears somewhat contradictory to the fact that 20 kHz Z mode
emissions are also observed across a large portion of the TR (Menietti, Averkamp, Ye, Persoon, et al., 2018; Wu
etal., 2021). Merely placing new 20 kHz Z-mode sources closer to Saturn could potentially replicate the observed
characteristics, as shown in Figure 9. However, these source regions would contradict the growth rate calculations
proposed by Melrose et al. (1984), which necessitate a plasma condition in the radio source region with a ratio of
0.3 < f/f. < 1.3. The observed 20 kHz Z mode emissions in the TR may then simply imply that the plasma torus
configuration is highly dynamic, letting the 20 kHz Z mode waves escape from the source region.

The ray-tracing calculations for both the 5 kHz & 20 kHz L-O mode NB emissions, by assuming the L-O mode
waves are mode converted from the Z mode waves along the f,, surfaces, provide consistent propagation pictures
as derived from data observation in Wu et al. (2021). The L-O mode emissions preferentially propagate to higher
latitudes due to the hindrance of the plasma torus. These rays can cross the polar region from one side of the planet
to the other side and possibly have an azimuthal component, as shown in Figure 8. Notably, the L-O mode NB
emissions, particularly at 5 kHz, can undergo multiple reflections within the slot region that formed by the local
minimum of the low-frequency cut-off at f,, surfaces, potentially resulting in wave trapping and depolarization.

The previous work of Ye, Gurnett, et al. (2010) predicted that the Z mode NB emissions may cross the equator,
which is explained as potential candidates for causing the dual rotation periods in NB emissions. However, neither
5 kHz nor 20 kHz Z mode rays from CMI/UHW sources are able to cross the equator, as illustrated in Figures 6
and 7, except for time periods under highly dynamical magnetospheric conditions, as suggested by Figure 9. One
factor not considered in our simulation is the ring ionosphere of Saturn located in this equatorial region inside the
inner edge of the plasma torus (Luhmann et al., 2006), which may increase the electron density and inhibit Z mode
waves from crossing the equator. However, whether there are “gaps” between the rings and the plasma torus is
still unknow, which may allow the Z mode waves to cross. There are several possible mechanisms for the
generation of the dual modulation periods in NB emissions, for example, (a) the Z mode waves are indeed able to
cross the equator; (b) Z mode waves mode convert to whistler mode emissions and cross the equator; (c) the
reflection of the 5 kHz L-O mode NB emissions to the other hemisphere by the magnetosheath (this only applies
to 5 kHz band); (d) two modulation periods are intrinsic to the CMI-unstable energetic electrons bouncing be-
tween both hemispheres, as proposed by Kivelson and Jia (2018). Further studies regarding this feature are
required and it is therefore left here.

The whistler mode NB emission at 5 kHz was reported only once by Menietti, Averkamp, Ye, Sulaiman,
et al. (2018) in the equatorial ionosphere of Saturn during Cassini's last year orbit. These whistler mode NB
emissions usually have to propagate under conditions where f,/f, < 1 as shown by Figure 4 Panels (c) and (f). The
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source of these whistler mode NB emissions could be a mode conversion from the Z mode waves at the f,
surfaces. Once the whistler mode NB emissions leave the source region, they should mostly propagate field-
aligned with smaller WNA within the propagation zones, as illustrated by Figure 4 Panels (c) and (f).

To summarize, the L-O mode NB emissions, generated along the local f,, surfaces through mode conversion from
Z mode waves, exhibit straight-line propagation but are subject to reflections between the ionosphere, the plasma
torus, and the magnetosheath (the later only applies to the 5 kHz band). The slot region, characterized by lower
electron density and distributed around the plasma torus boundary, significantly influences the propagation of NB
emissions and can lead to trapping and depolarization of emissions. The 5 kHz Z mode NB emissions can
propagate and fill the TR. In contrast, the 20 kHz Z mode NB emissions are predominantly trapped near the source
regions located at the north-south edges of the plasma torus and possibly escape the source region when the
plasma environment is appropriate. These propagation features of Saturn NB emissions may provide implications
for the propagation characteristics of the other radio components at the other planets, such as the narrow-band
Kilometric emission (n-KOM; Reiner et al., 1993) at Jupiter.

Data Availability Statement

The Cassini RPWS data used in this work were downloaded from the LESIA/Kronos collection of n2 level
(Cecconi et al., 2017a) and n3e level (Cecconi et al., 2017b) (goniopolarimetric inversion results obtained
following the method of Cecconi & Zarka., 2005). The Artemis-P source code can be found at Gautier
et al. (2023). The electron density profile derived in Section 2 and adapted to the ray-tracing calculations is also
available at Wu, U, et al. (2023).
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