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Introduction

Planetary auroral radio emissions are powerful non-thermal cyclotron radiations produced by
magnetized planets. Their remote observation provides a wealth of informations on planetary
auroral processes and magnetospheric dynamics. Understanding how they are generated
nonetheless requires in situ measurements from within their source region. During its early 2008
high-inclination orbits, the Cassini spacecraft unexpectedly sampled two local sources of
Saturn’s Kilometric Radiation (SKR), at 10kHz frequencies corresponding to the low frequency
(LF) portion of its 1-1000 kHz typical spectrum (hence only observable from space). These
events in turn provided insights into the underlying physical excitation mechanism. The
combined analysis of radio, plasma and magnetic field in situ measurements demonstrated that
the Cyclotron Maser Instability (CMI), which generates Auroral Kilometric Radiation (AKR) at
Earth, is a universal generation mechanism able to operate in widely different planetary plasma
environments. The CMI requires accelerated (out-of-equilibrium) electrons and low density
magnetized plasma (such as auroral regions where the ratio of the electron plasma frequency f,.
to the electron cyclotron frequency f.. is much lower than unity).

Rationale

Intensifications of SKR spectrum in general, and of its LF part in particular, have been widely
used as a sensitive diagnostic of large-scale Saturn’s magnetospheric dynamics, such as the SKR
rotational modulation or major auroral storms driven by the solar wind. However, the limited set
of events encountered in 2008 precluded to achieve a comprehensive picture of the source of
SKR LF emissions and of the conditions in which the CMI can trigger them.

During the 20 ring-grazing high-inclination orbits and the preceding 7 orbits, which together
spanned late 2016 to early 2017, the Cassini spacecraft repeatedly sampled the top of Saturn’s



Kilometric Radiation (SKR) emission region, at distances of a few planetary radii (Rs)
corresponding to the lowest part of the SKR spectrum. Indeed, SKR emission frequency is close
to fee, itself proportional to the magnetic field amplitude, and thus decreases with increasing
distances from the planet. We conducted a survey of these orbits to extract the average properties
of the encountered radio sources and assess the ambient magnetospheric plasma parameters
which control them.

Results

Throughout this large set of trajectories, similar from orbit to orbit, we were able to identify only
three SKR sources. They covered the 10-20 kHz range (3.5-4.5 Rg distances from the planet) and
were solely found on the northern dawn-side sector. The source regions hosted narrow-banded
emission, propagating in the extraordinary wave mode and radiated quasi-perpendicularly to the
magnetic field lines. Their emission frequency, measured in situ, was fully consistent with the
CMI mechanism driven by 6-12 keV electron beams with ring/shell velocity distribution
functions, as for AKR at Earth.

The SKR sources were embedded within larger regions of upward currents, themselves
coincident with the ultraviolet auroral oval, which was observed simultaneously by the Hubble
Space Telescope. However, unlike the terrestrial case, the spacecraft exited the radio source
region before exiting the main oval/upward current region, when the ratio f,./f.. exceeded the
typical CMI threshold of 0.1. This occurred at times of sudden large-scale increases of the
magnetospheric electron density.

Conclusion

These results establish that the generation conditions of SKR LF emission are strongly time-
variable and illustrate the local time dependence of SKR spectrum, with the lowest frequencies
(the highest altitudes) reached for dawn-side radio sources. The characteristics of CMI-unstable
electrons at 3.5-4.5 Rs imply that downward electron acceleration took place at farther distances
along the auroral magnetic field lines and brings new constraints to particle acceleration models.
Finally, the LF SKR component is mainly controlled by plasma conditions, namely time-variable
magnetospheric electron densities, which can quench the CMI mechanism even if accelerated
electrons are present. This explains why the magnetic field lines hosting SKR LF sources can
map to a restricted portion of the ultraviolet auroral oval and associated upward current region.



Figure caption : Schematic view of Saturn’s auroral emissions. Auroral radio emissions
observed above the atmosphere were remotely mapped from Cassini (most intense emissions in
red) when the spacecraft encountered a low frequency radio source. The magnetic field lines
hosting it, sampled in situ by the probe, map to the (atmospheric) ultraviolet auroral oval, as
observed simultaneously by the Hubble Space Telescope from Earth.
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Abstract:

Understanding the generation of planetary auroral radio emissions, the powerful non-thermal
radiations produced by all the magnetized planets explored so far, and actively searched from
exoplanets and more massive objects, requires in situ measurements from within their source
region. During the ring-grazing high-inclination orbits spanning late 2016 to early 2017, the
Cassini spacecraft sampled at three occasions the top of Saturn’s Kilometric Radiation (SKR)
emission region, whose intensifications have long been used as a sensitive proxy of large-scale
magnetospheric dynamics, providing unique in situ wave and plasma measurements. Narrow-
banded radio sources were crossed at frequencies of 10-20 kHz, all in the northern dawn-side
sector. They hosted extraordinary mode emission, radiated quasi-perpendicularly to the local
magnetic field from 6-12 keV electron-beams consistent with the Cyclotron Master Instability
and embedded within regions of upward currents themselves coincident with the main auroral
oval. Overall, the SKR low frequency sources appear to be strongly controlled by time-variable
electron densities.

One Sentence Summary:

The low frequency (10-20 kHz) sources of Saturn Kilometric Radiation crossed by the Cassini
probe are triggered by 6-12 keV electrons and controlled by time-variable electron densities.

Main Text:

Introduction

During its early 2008 high-inclination passes, the Cassini mission unexpectedly sampled two low
frequency (LF) sources of Saturn’s Kilometric Radiation (SKR), generally observed over the 1-



1000 kHz spectral range, and thus provided the first insights into the generation of intense non-
thermal auroral radio emission at a planet other than Earth (/). The combined analysis of radio,
plasma and magnetic field in situ measurements validated the Cyclotron Maser Instability (CMI),
at the origin of Auroral Kilometric Radiation (AKR) at Earth, as a universal generation
mechanism able to operate in different planetary magnetospheres. The CMI is a wave-electron
resonant interaction which requires (1) non-maxwellian weakly relativistic electrons (whose
distribution function displays a positive gradient along the velocity direction perpendicular to the
magnetic field) and (2) a ratio of the electron plasma frequency fj,. over the electron cyclotron
frequency f.. much lower than unity. When these two conditions are fulfilled, radio emission is
amplified mainly on the right-hand extraordinary (R-X) mode at the frequency fowmi =
fe/T+k,v,/2n, where k is the wave vector, v the electron velocity, // refers to the direction
parallel to the magnetic field and I' = (1-v?/c®)"? is the Lorentz factor (2). Waves are thus
amplified at the local relativistic electron cyclotron frequency Doppler shifted by the parallel
propagation. At first order, this expression thus reduces to fomy ~ fee.

A first SKR source was identified on day 2008-291 (Oct. 17™) at ~10 kHz (i.e. ~5 Rg distance,
where 1 Rg = 60268km is Saturn’s radius), at the unusual Local Time (LT) of 01:00 and along -
80° invariant latitude magnetic field lines, reminiscent of spiral-shaped auroral storms arising
from the midnight sector. It occurred during a global SKR intensification extending to low
frequencies with wave intensities of a few mV/m, coincident with unusually strong upward-
directed field-aligned currents indicative of down-going electron-beams, and was attributed to a
major solar wind-driven compression of the magnetosphere (3-5). The R-X mode source was
identified from measurements of its low frequency cutoff fy, about 2% below f... Radio waves
displayed strong linear polarization at the source from which they were radiated quasi-
perpendicularly to the local magnetic field. In this case, fgy, can be expressed as fom = fee(1-
Vz/Cz)l/ 2 and direct measurements of far yielded CMI-resonant electrons of 6-9 keV in perfect
agreement with the hot (accelerated) electrons simultaneously detected in situ. Their measured
shell-like 3D distribution function (referred to as horseshoe in 2D) was fully consistent with
CMI-driven perpendicular emission. Sampling down-going electrons with shell-type distribution
additionally implies that they had been accelerated toward the planet in regions located farther
than the radio source along the flux tube (3,6-7). A second direct confirmation of the CMI
mechanism was brought by the agreement between the wave properties observed within the
source region and the simulated CMI wave growth rate and emission angle driven by the electron
distribution measured simultaneously (&). As at Earth, the auroral plasma surrounding the
emission region was hot, with a marginal cold component, and tenuous with f,c/fcc ~ 0.1 (9). On
the other hand, terrestrial-like plasma cavities were not observed within the radio source at the 2
s resolution of Cassini’s electron measurements. This difference, together with the presence of
SKR sources at larger distances from the planet than AKR at Earth, was attributed to the faster
rotation of Saturn's magnetosphere, which means that CMI condition (2) is generally fulfilled at
high latitudes without needing small-scale cavities.

A second SKR source was likely traversed as well on day 2008-073 (March 13™) at ~5 kHz (i.e.
~6 Rg distance) (/0-11) The LF emission tangentially approached the f.. curve on the
corresponding dynamic spectrum (time-frequency map of wave flux density) at a more usual
location, near 07:30 LT, close to the SKR peak intensity region (/2), and along -77° invariant
latitude magnetic field lines. The f,./fc. ratio was as low as 0.05, again fulfilling CMI condition



(2). The authors did not measure the low frequency cutoff fy, but again used the observed shell-
like electron distribution at about 7 keV to calculate CMI wave growth rates compatible with the
observed SKR R-X mode flux densities.

This limited set of events does not provide a comprehensive view of SKR LF sources and the
conditions in which the CMI can trigger them. Their understanding is however essential since
intensifications of SKR spectrum in general, and of its low frequency component in particular,
have long been used as a sensitive diagnostic of large-scale magnetospheric dynamics, including
the SKR dual rotational modulation or night-side plasmoid ejection and associated auroral storms
induced or not by the solar wind (/3-24). The ultimate high-inclination phase of the Cassini
mission carrying the spacecraft to high latitudes at low altitudes provided an ideal occasion to
tackle these questions. It started with the ring-grazing orbital sequence, during which the
spacecraft repeatedly sampled the top of both northern and southern SKR emission regions, at
distances corresponding to the SKR lowest frequencies. In this study, we present a survey of
these orbits, extract the average properties of the crossed radio sources and discuss the
magnetospheric parameters which control them.

Survey of ring-grazing orbits

The 20 ring-grazing orbits (orbits 251 to 270), whose perikrone lies outside the F-ring, were
executed between days 2016-335 (Nov. 30™) and 2017-112 (Apr. 22", and sampled auroral
field lines expected to host SKR sources radiating up to 30 kHz (40 kHz) in the dawn-side
northern (dusk-side southern) hemisphere, as illustrated in supplementary Figure S1. They were
preceded by 7 orbits (orbits 244 to 250) starting on day 2016-270 (Sep. 26™) which brought the
spacecraft to high latitudes and at distances close enough to the planet to probe SKR sources at a
few kHz as well. We conducted a survey of kilometric sources crossed over these 27 orbits
thanks to combined observations of the Radio and Plasma Wave experiment (RPWS; 25) and the
magnetometer (MAG; 26).

The lack of in situ measurements of low energy electron distribution functions from the Cassini
Plasma Spectrometer (CAPS; 27) after 2012 prevented the identification of SKR sources from
the direct analysis of simultaneous radio and electron measurements based on growth rate
calculation. Instead, on the basis of the reference event of day 2008-291, SKR sources were
identified solely from RPWS/HFR (High Frequency Receiver) and MAG data whenever (i) the
emission LF cutoff fy, passed strictly below f.. (i1) for at least 2 consecutive RPWS/HFR 16-s
measurements. Criterion (i) rests upon the assumption perpendicular emission which we will
later show to be valid. Criterion (i1) was aimed at being conservative and avoid false detections
induced by spiky signals. The method used to determine fy, (3) is described in the supplementary
material. Overall, the survey revealed only 3 events which unambiguously fulfilled these two
criteria. All occurred in the northern hemisphere on days 2016-339 (Dec. 4™), 2016-346 (Dec.
llth) and 2017-066 (Mar. 7th), hereafter labelled as events S;, S, and S;. No source was found in
the southern hemisphere. We rejected several candidate northern SKR sources where the LF
emission region was clearly tangent to f.. but which did not fulfill criterion (ii), for instance on
days 2016-332 (Nov. 27™) or 2017-016 (Jan. 16™). These may be either nearby sources (close to
but not crossed by Cassini) or crossings of small-sized sources lasting less than 16 s (~200-300
km for typical spacecraft velocity) and/or emission produced at focmp > fee, as in the case of
oblique emission where the k/v, term in the expression of fcy becomes non negligible (7-8).



Events S;, S; and S; were sampled during intervals of relatively quiet solar wind activity (C. Tao
and T. Kim, personal communication). In addition, events S; and S, occurred close to the
predicted rotational peak of northern SKR bursts while event S; was rather in anti-phase with it
(7). The first two events were thus consistent with rather standard auroral activity, while the
latest one indicated a more unusual case, possibly driven by internal dynamics. The detailed
wave properties and characteristics of the 3 identified sources are listed in table 1 and analyzed
hereafter, on the basis of the most illustrative examples of events S; and S;. A polar projection of
the sources of these events is provided in Figure S2. Event S; displayed the most intense radio
emission and benefited from coordinated observations of the northern ultraviolet (UV) aurorae
by the Hubble Space Telescope (HST), while event S; could be sampled by RPWS/WBR
waveform measurements (Wideband Receiver), the first ever obtained within a SKR source.

Examples of SKR source crossings

Radio, plasma and magnetic field measurements during events S; and S; are compared in Figures
1 and 2, respectively, with identical formats. SKR is the patchy bright emission observed above
10 kHz in panel A (dynamic spectrum of the wave Poynting flux S), with dominant right-handed
(RH) circular polarization in panel B (dynamic spectrum of the normalized degree of circular
polarization V) indicative of northern R-X mode. Some weaker left-handed (LH) polarized SKR,
indicative of left-hand ordinary (L-O) mode, was additionally observed at the low frequency
edge of the R-X mode SKR on the right-hand side of each interval, preceding the perikrone. The
weakly polarized emission visible below 10 kHz after 15:30 UT on Figure 1A-B is identified as
auroral hiss. Narrow-banded long-duration and drifting short-duration emissions observed below
35 kHz are not considered in this study (28-29). Localized SKR R-X mode LF emission is
tangent to f.. near the middle of each interval. Condition fy, < f.. (panel C) is then used to
precisely define the overall extent of the source region (orange-shaded area, extended by vertical
dotted-dashed lines on the other panels). During event S; (Figure 1A-C), a single SKR source
was continuously observed from 15:11:48 to 15:17:25 UT, corresponding to a 6050 km distance
along the spacecraft trajectory. During event S; (Figure 2A-C), multiple SKR sources were
observed between 08:42:50 and 08:59:54 UT.

Figure 3 shows dynamic spectra zooming on Figure 2A at unprecedented time-frequency
resolution thanks to RPWS/WBR waveform measurements. Faint, localized, remote SKR
emissions observed well above f.. (panel A) display recurrent drifting sub-structures with
positive and (mostly) negative rates of ~1 kHz/min, in agreement with previous SKR waveform
observations (30). Their analysis is beyond the scope of this study. A zoom in on the 08:00-09:10
interval (panel B) reveals the time-frequency structure of the encountered radio source. While
Figure 3A suggested a single emission pattern with a bandwidth of a few kHz lasting for nearly 2
h, Figure 3B shows that it actually splits into several sub-components of variable durations and
bandwidths. Those with frequencies slightly, but clearly, above f.. likely correspond to sources
on nearby flux tubes, while only the component strictly tangent to and below f. indicates a local
source. The overplotted red fy, profile (as determined in Figure 2C) provides, despite its 16 s
temporal resolution, a one-to-one correspondence between the brief episodes of fy, < f.. and the
observed SKR bursts (be it the central one between 08:45 and 08:50 or the shorter ones beside it)
here observed at a 1-s cadence. This agreement validates the method employed to determine fy,
to the point that, for this specific event, we considered non-consecutive RPWS/HFR episodes
with fg, < fi. as isolated sub-sources. The overall source region of event S; thus decomposes into



9 SKR sub-sources. Their horizontal size along the spacecraft trajectory, and across the
encountered flux tubes, ranges from 240 to 3400 km. Their ~100-400 Hz bandwidth Af
characterizes very narrow-banded emissions with Af/f.e ~ 0.008-0.03, and thus correspond to
radiating structures which extended vertically ~700-2800 km along the magnetic flux tubes.

Perpendicular emission and energy of source electrons

On the right-hand side of Figures 1-2C is displayed a scale providing the energy of CMI-unstable
electrons associated with the measurements of fy, < f.., assuming perpendicular emission at the
source and thus fy, = fce(l-vz/cz)l/ 2, as observed during the southern event of 2008-291. To check
this assumption, we analyzed the wave parameters derived from the goniopolarimetric analysis
of RPWS/HFR 3-antenna measurements (see the supplementary material for details). These
consist of the wave Stokes parameters S, Q, U and V (as displayed on Figures 1-2 and S3) and
the k-vector direction. From the latter were can additionally retrieve the 3D locus of the radio
source, from the intersection of the k line-of-sight with a model iso-f=f.. surface (assuming
straight-line propagation, which is reasonable at high latitude), and its beaming angle 6 = (k,B),
where B is the magnetic field vector at the source (31,3,7,12).

Figure 4 displays the variation of the beaming angle 6(f) of events S; and S; for the time
intervals of Figures 1-2 using a standard data selection with red (blue) symbols corresponding to
RH (LH) polarized waves, and thus to R-X (L-O) mode. The solid colored lines provide the
median value of 0 at each frequency for which the number of crosses (exact determination of the
source position) exceeds the number of diamonds (approximated determination of the source
position). In agreement with previous studies of the SKR beaming angle (/ and refs therein), 0(f)
of R-X mode emission smoothly rises from ~60°+25° at ~800 kHz to >85°+15° at 30 kHz, the
uncertainty on 6 being dominated by the scattering of data points. Supplementary figure S3E
shows an alternative representation of 6(f) in the time-frequency plane. This systematic change
from perpendicular to oblique emission with increasing frequency may be primarily due to
refraction of R-X mode waves on the nearby iso-fx surface, where fx ~ f.. is the R-X mode cutoff
frequency, as proposed for auroral radio emissions of the Earth and Jupiter (32-33). In this case,
the apparent R-X mode beaming angle should vary as a function of the k-vector direction
projected in a plane perpendicular to B, with strongest refraction expected for wave propagation
toward the equator. Interestingly, L-O mode SKR was also observed, over an extended spectral
range of 20-100 kHz, with 6(f) remaining confined above 75° and with a lower scattering than
the R-X mode one. Indeed, the L-O mode cutoff frequency being f;,., which was here much lower
than f,. (see Figures 1-2D), no similar refraction on the iso-fp surface is expected. This
interpretation, whose validation is beyond the scope of this study, thus implies that 6(f) measures
in fact the apparent (real) beaming angle of SKR R-X (L-O) mode affected (unaffected) by
refraction. Although they differ at high frequencies, both remote observations of R-X and L-O
mode 0(f) indicate quasi-perpendicular emission at 30 kHz, toward frequencies where the local
radio sources have been sampled.

A second method providing a direct measurement of the wave emission angle within the source
rests upon its polarization state. Indeed, for perpendicular cyclotron emission, the polarization
ellipse ratio AR = (T"? — L)/V, with T = (Q*+U*+V?)"? and L = (Q*+U?)"? being the total and
linear polarization degrees (34), can be approximated by cos 0 at first order (35). Figures 1-2B
and Figure S3A-D show that the emission is indeed strongly linearly polarized at the source,
again as it had been observed during the southern event of day 2008-291. Measurement of the
mean AR in each SKR source of the 3 events S;, S, and S3, considering the two HFR frequencies



encompassing f.. with standard data selection (SNR > 20 dB, T > 0.85, |z| < 0.2) gives AR = -
0.05+0.15, -0.07£0.27 and -0.02+0.26, which results in 6 = 93+9° 86+16° and, 91+16°

respectively, all fully consistent with perpendicular emission.

The measured values of fy, can now be safely inverted to derive energies of CMI-unstable
electrons, as summarized in table 1 and illustrated in Figure 1-2C. In average, fy. reached a -2%
level below f.. with an extremum at -3.5%. The corresponding electron energies spanned the 1-
17keV range, with mean values between 6 and 12 keV depending on the event and a standard
deviation of a 3-4 keV, larger than the 2 keV resolution arising from the accuracy of fgy,. We did
not notice any correlation between the obtained electron energies and the observed wave
intensities, measured between a few 0.01 and a few mV/m.

Auroral plasma conditions

We now investigate the auroral plasma conditions to assess the validity of CMI condition (2).
Figures 1-2 D display the characteristics frequencies f. (solid line), f.. and f./10 (dashed lines)
together with fi,. (colored lines). f,. was derived from Langmuir Probe (LP) 32-s measurements
(gray profile) and compared to the upper frequency cutoff of auroral hiss (red profile) derived
independently from the RPWS/MFR (Medium Frequency Receiver) 64-s measurements. The LP
measures the total electrical current carried by the ambient plasma from voltage sweeps, from
which the electron density N and thus f;, are derived. Here, the voltage sweep resolution implies
a typical uncertainty on f,. less than a factor of 2. Auroral hiss is a whistler-mode emission
radiated upward from below the spacecraft and propagating beneath fi., so that its upper
frequency cutoff, when marking a sharp transition, is a proxy of f,. when f,. < f... Here, the
observed hiss emissions were generally damped and exhibited a smoothed cutoff so that the
fitted frequencies were rather interpreted as a lower limit of fy., labelled fye min. These two
methods are described in more details in the supplementary material. On Figures 1-2 D, the f,c min
profiles in red were indeed close to and generally below the LP-derived f,. profiles in gray. For
event Sy, fie/fcc was about 0.03 across the whole source region, which exactly ended when the
value of fe (fpe min) suddenly rose by a factor of 4 (13) at 15:18 UT (15:20), overcoming the
fee/10 threshold for CMI condition (2). For event S;, a similar density gradient was observed in
both datasets. The hiss cutoff frequency fp,c min rose by a factor of 5 at 09:04, again shortly after
the SKR source region at 09:00. The LP-derived f,., determined with a time resolution twice
better, reveals more complex variability: while f,. rose by a factor of 4 at 08:42, it then showed
large-scale fluctuations of a factor of ~3 (~2) up to (after) 09:00. Interestingly, the SKR sub-
sources (sampled at a better cadence) strikingly match the local minima of f,., suggesting that
small-sized radio sources were possibly co-located with density cavities. During event S,, the
LP-derived f,. was obtained with too low time resolution to provide any reliable estimate of
foe/fee.

Figures 1-2 E show the azimuthal component of the magnetic field measured from 1-min
averaged MAG data. They indicate upward currents in intervals dominated by a positive slope,
the main one being marked by a green-shaded region. Each SKR source region precisely started
at (but ended before) the beginning (the end) of the upward current region. The upward current
density was estimated to 106, 171 and 157 nAm for events Si, S; and Ss, respectively, well
above the average of 80 nAm™ derived from all the ring-grazing northern upward current regions

(36).



Additional information on the correspondence between auroral emissions and upward currents is
brought by Figure 5, which maps the spatial distribution of SKR sources during event S; together
with that of northern UV aurorae simultaneously observed by HST on 2017-066 (Mar. 17™) over
15:27-16:21 UT (light-time corrected). Panel (A) displays the distribution of SKR emissions
observed over the same time interval as Figure 1 in the plane of sky as seen from Cassini. The
displayed data, definition of symbols and color scales are similar to Figure 4A, except that the
data selection was here more restrictive for clarity. As expected from emission close to fe.
(directly proportional to |B|), SKR lower (higher) frequency sources are observed at larger
(closer) distances from the planet. Panel (B) displays in a polar view the magnetic footprint of
radio sources visible in panel (A). Dotted-dashed lines indicate radio horizons at extremal
frequencies, beyond which no radio source can in principle be observed. The R-X mode
footprints (in red) draw a clear circumpolar auroral oval visible from 04:00 to 22:00 LT. Its large
latitudinal width of about 8-10° is dominated by the scattering of goniopolarimetric results. This
extended range derives from the LT range swept by the spacecraft (green double arrow) during
the investigated interval. Movie 1 displays an animation of panels (A-B) and illustrates how the
spatial distribution of detected sources varies with the time-variable position of the spacecratft.
The L-O mode footprints (in blue) are well clustered and precisely co-located with the R-X mode
ones between 08:00 and 10:00 LT. The comparison with panel (D) illustrates that SKR sources
are strikingly co-located with the UV auroral oval (see Figure S4 for a superimposition of both
panels), both on the dawn-side sector, where the UV oval is thin and well defined between 06:00
and 12:00 LT from +72° to +75° latitudes, and on the dusk-side sector, with UV aurorae more
spread in latitude between 14:00 and 23:00 LT and including a poleward arc beyond +80°
between 14:00 and 18:00 LT. The Cassini footprint trajectory is displayed on panels B-D over
the 13:00-17:00 UT interval by the gray line. The green and red (overlapping) portions of it refer
to the upward current region and the SKR source region identified in Figure 1. The upward
current layer exactly matches the main UV auroral oval in size while the SKR source was
crossed along a smaller, poleward, portion of it. This can be better seen in panel (C), which is
similar to (B) except that it restricts to the crossed SKR source component with slightly relaxed
data selection to improve statistics (the supplementary material discusses the reliability of
direction-finding results for strongly linearly polarized emissions such as those observed here).
Again, the footprints of R-X mode located sources nicely map to the red portion of Cassini’s
trajectory and only to the inward portion of the main oval and associated upward current layer.

Discussion

We now discuss the average properties of SKR LF emissions as a whole in the CMI frame. The
identification of solely 3 SKR sources in the dawn-side sector and none in the dusk-side sector
brings a direct in situ confirmation to the LT dependence of SKR spectrum (here observed
during quiet solar wind conditions), with lowest frequencies at dawn (/5,23). The small number
of radio sources identified along orbits with very similar trajectories and their limited extent
additionally reveal time-variable generation conditions.

In all three cases, the sampled R-X mode emission was found to be amplified nearly
perpendicularly to the local magnetic field, with emission frequency clearly below f.. supplied
by CMI-unstable electrons of 6-12 keV mean energies. Direct perpendicular emission through
CMI additionally requires specific shell-type distribution functions of the accelerated electrons in
the phase plane such as those already measured for the 2 southern SKR sources crossed in 2008



(8,11). The kronian situation thus directly compares to the terrestrial case, where AKR sources
are commonly found to be associated with trapped or shell/horseshoe/ring distributions (2,37-
38). It differs from the situation investigated in situ by Juno at Jupiter, where the hectometer and
decameter emissions appear to be produced at oblique angles from the local magnetic field by
loss cone electron distribution functions (39-40). The presence of 6-12 keV electron-beams with
such distribution functions at 3.5-4.5 Rg distances from Saturn’s center, or equivalently 2.8-3.7
Rs from the atmosphere along the encountered flux tubes (see table 1), imply that at least part of
the acceleration by upward currents occurred farther along the field lines, which provide further
constraints to models of current-voltage relationships (417).

The general agreement with the CMI mechanism relies on the fulfilling of both CMI conditions
mentioned in the introduction. This is first worth noting that the 3 encountered SKR sources
matched upward currents with current densities larger than the average, consistent with an
acceleration region extending to higher altitudes and thus satisfying CMI condition (1). We then
noticed that, while the spacecraft entered the northern SKR source region when it encountered an
upward current region, it exited it when fj,. suddenly rose, exceeding the typical f../10 threshold.
After exiting the source, the spacecraft remained for some time inside the upward current region
itself precisely mapping to the main UV oval across the Cassini trajectory. This suggests that at
3.5-4.5 Rg distances, SKR emission is primarily controlled by the electron plasma density N,
through CMI condition (2) which quenches the radiation when fi,./fc. typically exceeds 0.1.
According to the Knight relationship (42) and assuming a constant current density, larger N, is
also expected to decrease electron acceleration and weaken CMI condition (1).

Figure 6 displays radio, plasma and magnetic measurements in format identical to Figure 1 A,D-
E for 3 successive, quasi-identical, passes of the spacecraft in the northern dawn-side auroral
region : the middle panels correspond to event S; investigated in Figure 1 (orbit 264), while the
right and left-handed panels correspond to the previous (orbit 263) and the following (orbit 265)
auroral passes. The probe did not fly across any local SKR source during orbit 263 and 265 while
it encountered regions of upward current in all cases (green-shaded regions) with current
densities of 29 and 108 nA m? again mapping to the main UV auroral oval (the HST
observation obtained during orbit 265 is not shown). On orbit 265, the SKR intensity was
relatively bright and its spectrum reached low frequencies down to 20 kHz, while the upward
current density was as strong as that of orbit 264. Instead, on orbit 263, SKR was comparatively
fainter with a spectrum confined to higher frequencies and a lower upward current density. This
suggests that CMI condition (1) requiring unstable electrons at 3.6 Rg was plausible for orbit 265,
at least. For both intervals though, f,. was systematically larger than f../10 within the upward
current region, in contrast with orbit 264 (event Ss), therefore revealing that the mean level of N.
over hours-long interval significantly varies with time from pass to pass. This further shows that
CMI condition (2) was not fulfilled for any of orbits 263 and 265 and possibly quenched any
SKR LF emission during orbit 265.

The origin of time-variable plasma densities at the altitude of LF SKR sources has now to be
identified. The asymmetrical plasmapause-like boundary, this transition from high to low plasma
densities with increasing latitudes which rotates at the northern SKR period, is a plausible source
for time-variable N, (43). On a shorter timescale, Figure 1 does not display any Earth-like
plasma cavity, as already noticed for the 2008-291 southern event. However, Figure 2
interestingly shows small-sized, recurrent, drops of f;,. co-located with SKR sources for event S,
(only). This suggests that acceleration features could coincide with localized radio sources, as at



Earth. Definite conclusions however rely on knowing whether the plasma region was dominated
by hot electrons (such as on day 2008-291) or could have included a significant cold plasma
component sensitive to local potential drops and able to map plasma cavities. As the CAPS
experiment was not operating during these orbits, these questions remain open.

Finally, the very narrowbanded nature of SKR sources noticed escpecially during event S; is
consistent with either a non-saturated linear wave growth, as predicted by the CMI theory and
measured in laboratory (e.g. 44), or with saturation by coherent non-linear trapping previously
assumed to correctly model the SKR spectrum (45). However, the emission levels may be too
low to even reach saturation and the observed wave intensities (table 1) are rather consistent with
linear growth.

This study of SKR LF sources will form a basis to similarly analyze the Cassini proximal orbits,
in which the spacecraft sampled the peak of SKR spectrum at lower altitudes (see Figure S1).
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Table 1. Properties of 3 R-X mode SKR low frequency sources identified during the Cassini
ring-grazing orbits. When provided, uncertainties indicate standard deviations.

Time range (UT) 2016-339 2016-346 2017-066
08:42:50 — 08:59:54 | 13:33:26 —13:34:30 | 15:11:48 —15:17:25
(orbit 251) (orbit 252) (orbit 264)




S/C latitude (°) +61.9 — 60.9 +59.6 — 59.5 +54.0 — 53.1
S/CLT (h) 9.06 -9.41 9.72-9.74 10.32-10.43
S/C distance to 4.47-431 4.15-4.14 3.63 -3.58
Saturn’s center (Rs)
S/C altitude along 3.65-3.49 3.33-3.32 2.84-2.79
the flux tube (Rs)
fee (kHz) 13- 14 15 22-23
Af (kHz) 0.1-0.4 <1.5 <2
Size range (km) 240 — 3400 1300 6050
(9 sub-sources) (1 source) (1 source)
Mean fg./fe. ratio 0.976 + 0.006 0.975 + 0.008 0.989 + 0.004
(range) (0.965 — 0.998) (0.968 — 0.987) (0.978 — 0.995)
Mean E.. (keV) 11+3 12+4 6+£3
(range) (1-17) (7-16) (3-11)
Median Poynting 5910" 12107 7.3 107"
flux (Wm™) (2610-2.710 | (9.110™-1.610"%) | 2.010"7-23 10"
(range) »)
Mean Electric field 0.033 +0.032 0.014+0.011 0.292 + 0.884
amplitude (mV/m) (0.004 —0.142) (0.008 — 0.035) (0.012-4.211)
(range)
Beaming angle (°) 93+9 86 £ 16 91+ 16
0 =(k,B)
Upward current 157 171 105

density (nA m?)
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Fig. 1. Cassini radio, plasma and magnetic measurements acquired on day 2017-066 between
13:00 and 17:00 UT (event Ss) in the northern dawn-side sector. The used datasets are described
in details in the supplementary material. (A and B) Dynamic spectra of wave Poynting flux S and
normalized degree of circular polarization V respectively derived from 2- and 3-antenna



RPWS/HFR 16-s measurements over 3.5-1500 kHz. V = -1 (+1) refer to RH (LH) polarization,
and thus to R-X (L-O) mode emission in the northern hemisphere. The white dashed lines
indicate the electron cyclotron frequency fc. as derived from MAG data. R-X mode SKR around
20 kHz comes close to f.. after 15:00 (C) Ratio of the SKR low frequency cutoff fy, to fe..
Values fy./fce < 1 define one SKR source crossing between 15:11 and 15:18 (orange-shaded
region on panels C-D, extended by vertical dotted-dashed lines in the other panels). The right-
handed gray scale provides the electron energy inferred from fy, = fi(1-v*/c*)"? assuming
perpendicular emission. (D) Characteristic frequencies comparing fy, (solid black line), f.. and
fee/10 (dashed black lines) and the electron plasma frequency fj. as directly derived from RPWS
Langmuir probe 32-s measurements (gray profile) together with a lower limit of it fe min
estimated from the auroral hiss upper frequency cutoff measured with RPWS/MFR 64-s
measurements (red profile). (E) Magnetic azimuthal component B, as from 1-min averaged
MAG measurements in spherical coordinates. The green-shaded region marks a region of
positive slope, indicative of an upward-directed current region. The SKR source region precisely
lights up at the beginning of the upward current region and ends before Cassini exits it, when fp,e
suddenly rises above f../10.
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Fig. 2. Cassini radio, plasma and magnetic measurements acquired on day 2016-339 between
07:00 and 11:00 UT (event S;) in the northern dawn-side sector, in a format identical to Figure 1.
Here, 9 SKR sources near 12 kHz were successively encountered between 08:43 and 09:00. The
overall interval is delimited by a light orange-shaded region, while the individual SKR sources
are indicated by dark orange-shaded areas.
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Fig. 3. High resolution dynamic spectra of event S; reconstructed from Cassini radio electric
waveform measurements acquired on 2016-339. They were acquired with the RPWS/WBR
receiver over the 0-80 kHz range, as described in the supplementary material. (A) Reconstructed
dynamic spectrum between 07:30 and 09:30 UT. The dashed line indicates f... (B) Zoom on the
encountered local SKR source. The red solid line indicates fi, as derived from RPWS/HFR
measurements in Figure 1D. It is in excellent agreement with high resolution WBR
measurements of SKR emission close to and below f..
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Fig. 4. SKR beaming angle at the source as a function of frequency. (A) Time interval from
13:00 to 17:00 UT on 2017-066 (event S3) encompassing the SKR source crossed around 15:15.
The beaming angle is defined as 6 = (k,B), where k is the wave vector determined remotely from
RPWS/HFR 3-antenna measurements, and B the magnetic field vector at the source. The
principle of 3-antenna measurements, the method used to derive 0 and the selection criteria are
described in details in the supplementary material. A standard data selection was here applied
with T > 0.85, |z| < 0.05 and SNR.xz > 20 dB. The color scale refers to the wave frequency,
with red (blue) symbols corresponding to RH (LH) polarized waves and thus to R-X (L-O)
mode. Crosses (diamonds) indicate k directions which intercept (do not intercept) their iso-f=fc.
surface, assuming straight line propagation. Red and blue lines indicate the median value of 0,
derived at each frequency for which the number of crosses exceeds the number of diamonds (7).
The dotted line marks emission perpendicular to the local magnetic field vector. (B) Time
interval from 07:00 to 11:00 UT on 2016-339 (event S;) encompassing the multiple SKR sources
crossed around 08:50. The data selection was identical to A except that SNR.xz > 30 dB to
better remove faint non-SKR narrow-banded emissions observed up to 40 kHz. Both panels
show that 6 increase from ~60° at ~800 kHz to ~80° at 30 kHz, consistent with quasi-
perpendicular emission at the source.
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Fig. 5. Spatial distribution of SKR sources and UV aurorae. The data processing used to build
the panels is again described in details in the supplementary material. (A) 2D locus of SKR
sources as seen from Cassini, from RPWS/HFR 3-antenna measurements of k directions on
2017-066 13:00-17:00 UT (event S3). The applied data selection was identical to that used in
Figure 4A, except that SNR.x z > 40 dB for the sake of clarity. The color scale and definition of
symbols is identical to Figure 4A. The red planetary meridian indicates noon. The typical 2°
uncertainty on k measurements is displayed by the bottom-right circle. (B) Polar view of the
magnetic footprint of radio sources displayed in panel A as a function of planetocentric latitude
and LT. The dotted-dashed curved lines display radio horizons at extremal frequencies, beyond
which a radio source cannot be observed. The double green arrow indicates the Cassini LT range
swept during the interval. The gray line plots the associated Cassini magnetic footprint, whose
orange and green portions indicate the crossing of SKR source and of the upward current region



identified in Figure 1. (C) Same as B but for the SKR source observed from 09:00 to 09:20
between 20 and 27 kHz. The data selection was here slightly relaxed with T > 0.85, |z,| < 0.2 and
SNR:xz > 20 dB to maximize statistics. Cassini’s LT is indicated by a green dotted-dashed
arrow. The radio source footprints coincide with the crossed SKR source (orange portion of the
gray line). (D) Polar view of Saturn’s H, aurorae observed with the Hubble Space Telescope
(using the STIS instrument and the SrF; filter) on day 2017-066 from 15:27 to 16:21 UT, once
corrected from light-time travel. The background-subtracted image was projected onto the 1100
km altitude surface as a function of planetocentric coordinates and expressed in kR of H,. The
gray line and its colored portions are identical to B and C. The upward current layer (green)
strikingly matches the main auroral oval, while the SKR source crossed (orange) only matches
the poleward portion of it.



Fig. 6. Cassini radio, plasma and magnetic measurements acquired during 3 successive auroral
passes with very comparable trajectories. (D-F) Identical to Figure 1 A,D-E covering the interval
2017-066 from 13:00 to 17:00 UT encompassing a SKR source crossing (orange-shaded region).
(A-C) and (G-I) Format identical to panels D-F for the intervals 2017-059 09:00-13:00 and
2017-073 17:00-21:00, respectively. No SKR source was crossed during these intervals, for
which f,. was always larger than f../10.

Movie 1. Animated view of the spatial distribution of SKR sources in a format identical to
Figure 4A-B. The only differences are the exposure time, here fixed to 2min for each frame, and
the data selection criteria, here slightly relaxed with respect to Figure 4A-B to maximize
statistics.



Supplementary Materials:
Materials and Methods:

The different datasets and analysis methods employed in this study are briefly described and
discussed below. The characteristic frequencies employed throughout the manuscript are the
electron cyclotron frequency f., =eB/2mm and the electron plasma frequency f,, =

JNe?/4n?me, where e is the elementary electric charge, B the magnetic field amplitude, m the
electron mass, N the electron plasma density and &, the vaccum permittivity.

HST observations

HST observations of the northern UV aurorae of Saturn were acquired with the Space Telescope
Imaging Spectrograph (STIS, 47) at regular intervals during the Cassini ring-grazing and proximal
orbits throughout 2017. They were scheduled as close as possible to the expected pass of the
Cassini spacecraft within SKR sources (29). As illustrated in Fig. S1, these were predicted as when
the Cassini trajectory intercepted magnetic field lines mapping to invariant latitudes between —70°
and —80°, the typical latitudinal range of kronian aurorae, and assuming emission at f;. over the 4-
1000 kHz typical SKR spectral range. For that purpose, we used the Saturn-Pioneer-Voyager
internal field model (48) complemented by a simple current sheet (49), hereafter referred to as
SPV-CS.

All the STIS images were long exposures using the time-tag mode and the SrF, filter which isolates
H, auroral emissions together with planetary and sky background signals. The UV polar view
displayed in Fig. 5 was obtained following the pipeline described in (29,50). The mapping was
made ata 1100 km altitude (57) after the image was corrected from an empirical background model
and the count rate converted into brightnesses (photon flux) derived over the full H, bands (70-
180 nm) and expressed in kilorayleighs (kR) (52).

RPWS/HFR measurements

The swept-frequency High Frequency Receiver (HFR) of the Radio and Plasma Wave Science
(RPWS) experiment onboard the Cassini spacecraft (26) measures the ambient wave electric
power spectral density between 3.5 kHz and 16.125 MHz using three electrical antennas, labelled
+X, =X and Z (monopoles also identified as u, v and w). For the time intervals investigated in this
study, the HFR was operating in 3-antenna mode, sweeping the whole HFR spectral range every
16 s. From 3.5 to 1000 kHz, the measurements were obtained through four spectral bands,
logarithmically spaced channels with spectral coverage Af/f = 5% (where Af is the spectral
bandwidth at each sampled frequency f) between 3.5 and 325 kHz with 500 ms integration time
and linearly-spaced channels at 25 kHz resolution above 325 kHz with 80 ms integration time. A
3-antenna measurement is obtained at each frequency by acquiring a pair of successive 2-antenna
measurements on the +XZ and —XZ pairs of antennas. A single 2-antenna measurement consists
of 2 autocorrelations measured on each antenna signal and 2 measurements of the real and
imaginary parts of the cross-correlation sensed between both antenna signals. Taking the example



of the +XZ pair, they are labelled A+xx, A+zz, C'+xz and C[+Xz, respectively. Each 3-antenna
measurement thus provides a total of 8 auto- and cross-correlations (among which only 7 are
independent, Az being measured twice). The signal temporal variation between the consecutive
2-antenna measurements is estimated by the parameter z, = (A_;; — A4z2)/(A_zz +ALz7). A
signal-to-noise ratio (SNR) is derived for each autocorrelation value.

The SKR low frequency cutoff fsxz displayed in Figs 1-3, 6 and S2 was determined from the
method described in (4). It consists of cross-correlating each HFR spectrum with a simulated HFR
response to an ideal SKR source, whose intensity as a function of frequency is modelled by a step
function of variable cutoff frequency, until finding the one which provides the best fit. fsxz could
thus be determined with a spectral resolution 10 times better than the original HFR one. The
minimum and maximal intensities of the step function were first automatically fixed by the peak
and background spectral flux densities observed on one monopole over the spectral range of the
investigated SKR source region. In a second step, the peak intensity was manually decreased
whenever necessary to provide a better fit to the data. The ideal step function assumes one
dominant radio source, while Fig. 3 shows that several of them can overlap close to f.., so that the
crossed source is not necessarily the most intense one. SKR sources were identified by events
during which fskr < f.. over at least two consecutive RPWS/HFR measurements. A polar view of
the magnetic footprint of the three northern R-X mode sources identified in this study is displayed
in Fig. S3A, at latitudes coincident with the average UV auroral oval (29). Fig. S3B displays a
similar polar view of the two southern R-X mode sources identified in 2008 for comparison (4,11).

HFR 2- and 3-antenna measurements can be inverted by goniopolarimetric (or direction-finding)
inversions to retrieve the wave parameters, namely the 4 Stokes parameters S, O, U and V and the
k-vector direction defined by 2 angular coordinates (53). 2-antenna inversions can provide 4
parameters out of 6 by assuming additional physical assumptions (for instance by fixing the source
direction or neglecting the wave linear polarization). 3-antenna inversions provide the 6 wave
parameters without any assumption, out of point sources. At observing latitudes beyond 30°, SKR
polarization becomes strongly elliptically polarized (54), so that 3-antenna measurements are
mandatory to correctly assess the wave Poynting vector (intensity S and k-vector direction) and

polarization state Q, U, V, from which the normalized linear polarization degree L = /Q? + U?

and total polarization degree T = /Q2 4+ U2 + V2 ? are derived (3/). Goniopolarimetric results
are affected by several effects described and discussed in (53,32,12). In this study, we
systematically removed Radio Frequency Interferences (RFI) and applied a severe selection of 3-
antenna data when studying wave polarization or direction by fixing (a) a threshold on the SNR
(condition simultaneously applied to the four autocorrelations of each 3-antenna measurement),
(b) a minimum total polarization T to remove aberrant or unpolarized signal and (c¢) a maximal
value of |z,| to remove rapidly varying signals. In such cases, we also checked that the angle
between the antenna plane and the direction of sources remained large enough to provide reliable
results (53).

Fig. S4 plots dynamic spectra of S, V, L, T and of the SKR beaming angle 6 over the interval 2017-
066 13:00-17:00 UT, thus complementing Figs 1 and 4. SKR is generally quasi-fully polarized
(Fig. S4D), with circular polarization dominant at high frequencies and low observing latitudes
(Fig. S4B), while linear polarization becomes increasingly large at high latitudes and toward low
frequencies (Fig. S4C) down to the SKR source region (Fig. S4A). High levels of L (and low levels
of V) measured for local waves close to f.. near the SKR source region confirms previous results
obtained in the southern night-side hemisphere (§).



The 3D locus of the radio source can be retrieved from each 3-antenna gonipolarimetric
measurement at the crossing of the k-vector direction of its associated iso-f = f.. surface (or the
closest position to it in the absence of crossing) derived from the SPV-CS field model, assuming
emission at /= f.. and straight line propagation, as described in (32,12,4). This method then
provides a direct remote measurement of the SKR beaming angle 8 = (k,B) when B is the magnetic
field vector at the source, as displayed in Figs 4 and S4E, and of the magnetic footprint of the radio
source, as displayed in Fig. 5 and Movie 1 (an animated version of Figs SA-B).

For the highly linearly polarized waves close to f.. mentioned above, the k-direction is poorly
determined, as it is derived from the normal to the polarization ellipse. As a result,
goniopolarimetric results within SKR sources will inevitably yield noisier results when used to
locate the radio sources and/or to measure their beaming angle. This explains why the values of 6
on Fig. S4E and the spatial distribution of radio sources on Fig. 5C and Movie 1 are scattered for
frequencies close to fc.. In addition, the 10-30 kHz window is contaminated by intense non-auroral
narrow-banded emissions (for which the derived @ is wrong as narrow-banded emissions are not
produced at f..) so that Fig. 4 restricts to the 30 to 1000 kHz range for clarity. Movie 1 illustrates
the effect of SKR anisotropic beaming angle # by mapping a portion of a wide circumpolar oval
which varies with time as a function of the position of the spacecraft.

As an extension of Fig. 5, Fig. S5 finally directly superimposes the magnetic footprint of SKR
remote and local sources to a polar view of the northern UV aurorae measured on day 2017-066.
The footprint of visible SKR sources observed remotely coincides with the overall main auroral
oval. The distribution of local SKR sources however, while noisy, illustrates a finer
correspondence with the inward portion of the auroral oval only, as separately suggested by the
coincidence of the source region with the early portion of the upward current layer in Fig. 1.

RPWS/Langmuir probe and MFR measurements

RPWS includes a 5 cm wide spherical Langmuir probe (LP) located at 1.5 m from the spacecraft
body. The LP measures the total electrical current across the ambient plasma as a function of an
input variable voltage to provide several plasma parameters. For the purpose of this study,
measurements of the electric potential between the probe and the ambient plasma were used to
estimate the local electron density N, and in turn f,.. Details on the LP analysis method can be
found in (55). The comparison of f,. values derived from both CAPS-ELS and LP measurements
for the southern SKR source event of 2008-291 (4,6) shows an excellent agreement. For the time
intervals investigated in Figs 1-2 and 6, LP current sweeps were obtained every 32 s. The
corresponding f,. values are displayed in gray in Figs 1-2 and 6.

Jre can be alternately obtained from the sharp upper cutoff frequency of whistler-mode auroral hiss
emissions when these emissions are driven into resonance at f,. and f,. < fe. (56). Upward-
propagating electromagnetic hiss emissions cannot propagate above f,. and remained trapped in
the plasma. During the intervals investigated in Figs 1 and 2, auroral hiss emissions were observed
between 24 Hz and 12 kHz by the RPWS Medium Frequency Receiver (MFR) connected to the Z
monopole antenna with a 64-s time resolution. A maximum propagation frequency of the hiss
emissions was extracted by a manual search of each MFR spectrum for this interval. The hiss
emissions were generally damped and displayed a smoothed cutoff, so that we interpreted their
maximum propagation frequency as a lower limit of the actual value of f,., labelled f,. min.



The comparison between the LP-derived f,. and the f,. »» measurements show that the latter is
generally 2-3 times larger than the former. Interestingly, both track the density gradient observed
around the middle of the time intervals of Figs 1 and 2.

RPWS/WBR measurements

RPWS can acquire electric (or magnetic) waveform measurements thanks to its Wideband
Receiver (WBR). On day 2016-339 from about 07:20 to 10:51 UT, the WBR was connected to the
X electric dipole and operating over the 0.8-75 kHz spectral range at the rate of 222,222 samples/s.
A 2048 sample snapshot was obtained every second during this period. The high resolution
dynamic spectra displayed in Fig. 3 were reconstructed with simple Fast Fourier Transform of the
signal (2048 data points) with an effective time-frequency resolution of 1 s x 109 Hz.
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Fig. S1. Prediction of possible SKR source crossings along the Cassini high-latitude trajectory
over 2016-2017 covering proximal orbits (orbits 271-293), ring-grazing orbits (orbits 251-270)
and pre-F-ring ones (orbits 244-250). (A) Meridian view of Saturn, with z the vertical altitude and
p the equatorial distance to the planet. The Cassini proximal and ring-grazing (pre F-ring) orbits
are displayed by solid (dashed) black lines. The gray magnetic field lines, computed with the SPV-
CS model, map to southern invariant latitudes of —70° and —80°. The dashed gray lines represent
1s0-f = f.. surfaces at 4, 10, 800 and 1000 kHz, on which the gray triangles indicate SKR sources
modeled from 4 to 1000 kHz assuming emission at /= f... The blue and red colored portions of
Cassini’s orbits indicate most probable crossings of SKR sources in the northern and southern
hemispheres, respectively. The dark (light) color refer to high (low) probability events
corresponding to the 10-800 kHz (4-10 and 800-1000 kHz) spectral range. (B) Predicted crossings
of SKR sources plotted as a function of spacecraft LT and local f... The ring-grazing orbits and
pre-F-ring orbits include high probability events up to 30 and 40 kHz in the northern and southern
hemispheres, respectively.
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Fig. S2. As Figs 1-2, but for measurements acquired on day 2016-346 between 11:00 and 15:00
UT (event S,) in the northern dawn-side sector. One SKR source near 15 kHz was encountered
between 13:33 and 13:34 (rejecting two side isolated measurements of fskz < fc.). The LP-derived
Jpe Was obtained at a ~42 s temporal resolution, lower than for events S; and S;.
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Fig. S3. Polar projection of the magnetic footprint of known R-X mode SKR low frequency
sources. (A) Northern SKR sources identified in this study during the Cassini ring-grazing orbits.
The average UV aurorae observed by HST over 2017 are superimposed as colored iso-contours
(29). (B) Southern SKR sources identified during Cassini high latitudinal passes of 2008 (4,11).
The gray lines represent 4h-long portions of the spacecraft footprint trajectory centered on each
source.
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Fig. S4. Dynamic spectra of SKR wave parameters derived from 3-antenna RPWS/HFR
measurements. (A) Wave Poynting flux S. (B) Normalized circular polarization degree V. (C)
Normalized linear polarization degree L. (D) Normalized total polarization 7. (E) SKR beaming
angle 0 = (k,B), where k is the wave vector and B the magnetic field vector at the source derived
with the SPV-CS model. This remote determination of € relies on the knowledge of k, whose
uncertainty increases with increasing L (as k is taken as the normal for the polarization ellipse). In
the SKR source where linear polarization is strong, @ is therefore largely scattered.
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Fig. S5. Superimposed polar view of UV aurorae and magnetic footprint of SKR sources measured
on day 2017-066 as derived in Fig. 5. (A) Superimposition of Figs 5B (remote SKR sources
observed from 13:00 to 17:00 UT UT). (B) Superimposition of Figs 5C (local SKR sources crossed
through between 09:00 and 09:20 UT) and 5D.



