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Abstract

Earth-orbiting satellites have routinely traversed the source regions of auroral
kilometric radiation. This radio emission is generated via the cyclotron maser in-
stability very close to the electron cyclotron frequency. While Cassini’s orbit has
crossed auroral field lines, the radial distance at auroral latitudes is typically too
high for the analogous Saturn kilometric radiation source. However, on Oct. 17,
2008, the Radio and Plasma Wave Science instrument detected the kilometric radi-
ation at and just below the electron cyclotron frequency. At this time the spacecraft
was at a distance of 5 Saturn radii, at 0.9 hours local time, and on L-shells in the
range of 25 to above 30. Here the magnetic field suggests the corresponding current
was directed upward, away from the planet. Low energy electron observations by
the Cassini Plasma Spectrometer instrument suggest that growth of the SKR is
likely due to an unstable shell-like distribution.

1 Introduction

It is widely believed that Saturn kilometric radiation (SKR) is produced by the same
mechanism as auroral kilometric radiation (AKR) at Earth, that is, via the cyclotron
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maser instability [Wu and Lee, 1979]. Until now, however, there have been no direct
observations of the source of SKR with which to verify this or to provide observations
with which to compare with the terrestrial source. Here we report on an isolated event
in which the SKR frequency drops to and below the local electron cyclotron frequency f..
and we find evidence for upward directed currents on the source field lines as one would
expect. The incomplete electron distributions available from this traversal suggest that
the cyclotron maser can, indeed, amplify the waves.

Cassini’s orbital tour is shaped to allow observations supporting a wide range of scientific
objectives from various latitudes, local times, and radial distances. In late 2008, in order
to facilitate the study of Saturn’s aurora and associated processes, Cassini was placed
into orbits that passed through high latitudes at relatively small radial distances. Such
geometries have allowed Cassini to cross auroral field lines at distances of a few to five
Saturn radii (Rg = 60,268 km). Typically, such distances still leave the spacecraft above
the suspected auroral acceleration region and, in particular, above the source region of
SKR. However, on orbit 89 on October 17 (day 291), 2008, the Radio and Plasma Wave
Science (RPWS) instrument [Gurnett et al., 2004] obtained what appear to be the first
in situ observations of an SKR source region. The cyclotron maser instability generates
primarily extraordinary mode radiation at approximately f.. = 28|B| where f,. is in Hz and
|B| is the magnitude of the magnetic field in nT. Hence, one criterion for the SKR source
is a region where fsxr ~ f.. At the typical minimum auroral field line radial distance
of ~ 5 Rg traversed by Cassini, f.. is ~ 10 kHz. While this is not an unreasonably low
frequency for SKR, it is seen less than about 10% of the time by Cassini [Jackman et
al., 2009], typically in conjunction with intensifications associated with a magnetospheric
compression caused by a region of high solar wind pressure [Kurth et al., 2005; Jackman
et al., 2005].

This paper summarizes the SKR observations along with those of the magnetic field,
plasma, and energetic particles relevant to the generation of SKR [Lamy et al., 2010,
2011; Mutel et al., 2010; Bunce et al., 2010; Schippers et al., 2011] and compares them
with observations in auroral kilometric radiation source regions at Earth. The Magne-
tometer (MAG) instrument is described by Dougherty et al. [2004], the Cassini Plasma
Spectrometer (CAPS) instrument is described by Young et al. [2004], and the Magneto-
spheric Imaging Instrument (MIMI) is described by Krimigis et al. [2004].

2 Observations

Figure 1 is a frequency-time spectrogram showing the intensity of radio waves as a function
of frequency and time for an interval of time on October 17, day 291, 2008, just after
periapsis of Cassini’s orbit 89. The smoothly varying white trace near 10 kHz is f.. based
on the measured magnetic field. In this time period, SKR dominates the spectrum above
f.e up to nearly 1 MHz. This intensification and extension of the SKR spectrum to low
frequencies is the expected response from a magnetospheric compression event [Kurth et
al., 2005; Jackman et al., 2005]. Notice that between about 8:30 and 9:00 UT the low-
frequency cutoff of the SKR is at or slightly below f... The power flux of the SKR near
the cutoff is in the range of 1072 Wm™2Hz~!. The narrowband emission just below f.. is
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Z-mode radiation associated with narrowband electromagnetic emissions [Ye et al., 2009;
Wang et al., 2010]. The broadband emission at even lower frequencies is auroral hiss
[Kopf et al., 2010], a whistler mode emission with an upper frequency limit of the lower
of f.. or f,., the electron plasma frequency. The electron number density n. is related
to f,e by fe = 8980,/n. where f,. is in Hz and n, is in cm™3. The variable white trace
in Figure 1 is the electron plasma frequency based on Langmuir Probe electron densities
inferred from an empirical relation between the spacecraft potential cross-calibrated with
electron densities from the CAPS electron spectrometer [Morooka et al., 2009]. During
the interval in question the plasma frequency is typically about 500 Hz, hence, n, =~ 0.003
cm 3. The ratio f,./f.. is low, ~ 0.06, hence, this ratio is consistent with those required
for the cyclotron maser instability. Contrary to the case at Earth, however, there is no
clear evidence of a density cavity. We do not know, on the basis of this one case, whether
this constitutes a major difference between radio source regions at Earth and Saturn, or
if this may simply be due to these particular observations being at or above the top of
the acceleration region

Lamy et al. [2010; 2011] provide detailed observations of the SKR near the source (noted
by the white ellipse in Figure 1), including the direction of arrival and, importantly,
polarization and beaming angles. While the emission is largely propagating in the ex-
traordinary mode, there is a component of ordinary mode emission, not unlike the case
at BEarth. Further, measurements of the beaming angle show near-perpendicular beaming
in the source evolving to a range of angles centered near 70° further from the source. The
emissions near the cutoff are strongly elliptically polarized.

During the interval when the SKR extends down to f., Cassini is at a radial distance
ranging from about 4.9 to 5.1 Rg, near 1 hr local time, and at a latitude near 65° south.
The dipole L shell ranges from about 25 to above 30 during this time, corresponding to an
invariant latitude range of 78 to 80°. The inset in Figure 1 shows a cylindrical projection
of the source location. It is interesting to note that this location is on the nightside of
Saturn. Voyager observations were consistent with a primary SKR source centered in the
late local morning, but Farrell et al. [2005], Cecconi et al. [2009], and Lamy et al. [2008;
2009] have used Cassini data to show that SKR sources can be found at any local time.

Figure 2 combines CAPS electron and magnetometer observations with the SKR measure-
ments. A CAPS energy-time spectrogram from the Electron Spectrometer (ELS) portion
of the instrument is shown in panel (a). The r, 6, and ¢ components of the magnetic
field are shown in panels (b), (c), and (d) after subtracting a model field [Dougherty et
al., 2005]. Panel (e) provides an estimate of the Pedersen current per radian based on
the B, component. The variations in the ¢ component can be related to the passage of
the spacecraft from a magnetic field configuration in which the field lines lead in azimuth
the configuration of a rigidly co-rotating field to one in which the field line lags, or sub-
corotates as this component switches sign from negative to positive. The sign of the slope
of the current yields the direction of the current. Bunce et al. [2010] report that during
this passage there is a central downward-going current flanked on either side by regions of
upward current. During the interval between 08:00 and 09:00 UT - when the SKR source
is traversed - this current is upward, consistent with downward going electrons as one
would expect in an SKR source region [Bunce et al., 2010]. There is structure in both the
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Figure 1: A spectrogram showing the intensity of radio and plasma waves as a function of
frequency and time using the color bar on the right. During this interval the SKR intensifies
and expands to lower frequencies, reaching the electron cyclotron frequency (smooth white line)
in the time interval between ~ 08:30 and 09:00. Just below f.. is an example of narrowband
Z-mode emission, and at still lower frequencies is auroral hiss which propagates in the whistler
mode. The inset shows a cylindrical projection of the SKR source region highlighted in red
between L shells of about 25 and 30.

field and the inferred current, perhaps suggesting filamentary structures imposed on the
general current system described by Bunce et al. In particular, the two intervals where
the SKR low frequency cutoff drops below f.. coincide with the steepest positive slopes
in the current. A more complete analysis of the magnetic field configuration during the
source crossing is given by Bunce et al. [2010]. An expanded view of the SKR data is
given in panel ().

At the lowest energies the ELS spectrogram in Figure 2 is dominated by photoelectrons
up to a few to several 10s of eV. A plasma sheet-like component is seen at energies above a
few hundred eV up to the ~ 30 keV upper limit of the instrument. The vertical striations
in the spectrum are due to the actuator moving the ELS field of view relative to the
magnetic field. The energetic electron population disappears by about 09:00, consistent
with the passage from the plasma sheet boundary layer into the lobe (or polar cap) and
possibly an indication of the boundary between open and closed field lines. An analysis
of the MIMI low energy electron data suggests the open/closed field boundary is at about
08:55 UT. This analysis assumes nearly equal fluxes of low energy (few hundred keV)
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Figure 2: Observations from the CAPS ELS instrument and the Cassini magnetometer are shown
along with the RPWS spectrogram of the Saturn kilometric radiation. (a) An ELS energy-time
spectrogram averaging data from all anodes. The high fluxes at the lowest energies are due to
photoelectrons from the spacecraft. (b, ¢, d) show the r, 8, and ¢ components of the magnetic
field with a model field subtracted, respectively. (e) An estimate of the Pedersen current per
radian associated with the ¢ component of the field assuming the sign of this component can be
interpreted as leading or lagging field configurations noted in (d) relative to corotation at low
latitudes. A positive slope in this curve is due to an upward-going current. (f) An expanded view
of the SKR spectrogram given in Figure 1. The two vertical dashed lines denote when the SKR
clearly drops below f,... Note that these times coincide with two of the steepest positive slopes
in By and also appear reasonably close to times with brief features in the ELS spectrogram at
energies of a few hundred keV.

electrons moving up and down the field line is indicative of closed field lines, but unequal
fluxes is an indication of open field lines. In the energy range from below ~ 100 eV to as
high as a few keV, there are occasional very brief bursts of electrons, some of which nearly
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coincide with the times when fgxr < f... Inspection of the orientation of the ELS anodes
in which these features are observed indicates that these correspond to upward-going,
field-aligned beams.

An analysis of the CAPS electron distribution functions shows that they are nearly fea-
tureless except for the brief upgoing beams in the energy range of ~hundred eV to a
few keV, mentioned above, and evidence of shell-like distributions in the energy range of
several to 10 keV [Schippers et al., 2011]. The downgoing electron distribution is largely
obscured by parts of the spacecraft. Kopf et al. [2010] show that the low-energy (few
hundred eV) upgoing beam has a strong positive slope in v (velocity parallel to B) and
can drive the auroral hiss observed at lower frequencies. The high resolution (2-s) ELS
data show momentary shell-like distributions [Schippers et al., 2011]. The tail of the ELS
electron distributions have a smoothed or plateau-like shape which may have resulted
from the relaxation of an initially unstable bump-on-tail distribution. Winglee and Prit-
chett [1986] suggest that unstable electron distributions can relax on time scales that are
short compared to the temporal resolution of the particle detector, hence, the detection
of unstable distributions at the higher time resolution as opposed to the longer ones is to
be expected. Mutel et al. [2010] have modeled these shells with a Dory-Guest-Harris dis-
tribution and found a positive slope in v, (velocity perpendicular to B) that can achieve
sufficient growth to account for the observed SKR intensities.

MIMI energetic particle observations obtained during this event [Mitchell et al., 2009a]
show evidence of ionospheric ions moving upward at the two times when fgxr < fe.
These are shown in Figure 3. The MIMI INCA instrument was operating in a mode
that detects ions and shows intense field-aligned upgoing proton beams in the range of
24 to 90 keV at about 08:37-08:40 and 08:52-08:55. Furthermore, as shown in Figure 5 of
Mitchell et al. [2009a], the MIMI CHEMS instrument found that these were exclusively
light ions including H3 , consistent with Saturn’s ionospheric composition. In the previous
hour the ion composition included copious amounts of O* and almost no Hj, consistent
with a magnetospheric composition. The ion beams in Figure 3 are consistent with the
magnetometer indication of an upward directed current as one would expect for an SKR
source region. The intermittent upward-going electron beams mentioned above would
seem to imply a downward current, if taken in isolation; however, it is necessary to take
into account complete electron and ion distributions (which are not available for this
event) before assuming the direction of current based on any particular element of these
distributions.

3 Discussion

The event described here is the first time Cassini has encountered SKR emissions at or
below f.., even though the spacecraft traced similar geometries several tens of times. It
is reasonable that Cassini has only rarely crossed the SKR source region, however. Given
that Cassini does not cross auroral field lines much below 5 Rg, it is necessary that the SKR
extend down to ~10 kHz to actually cross the source. The SKR low frequency extensions
associated with compression events occur only a couple times per month. Further, these
extensions typically last much less than a Saturn rotation and the bright source regions
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Figure 3: Evidence of field-aligned energetic (50-80) keV H* observed by the MIMI instrument
at the two times when the SKR spectrum extends below the local electron cyclotron frequency.
Plotted are the intensities of ions as a function of pitch angle with contours of constant pitch angle
superimposed. The beams are tightly confined to pitch angles near 180 degrees, corresponding
to the upgoing direction. From Mitchell et al. [2009a].

are limited in longitude. Hence, it is unlikely for Cassini to cross auroral field lines at the
right longitude during one of the low frequency extensions.

The local time of this source region is of interest, even though it is not in the late morning
sector where the most intense SKR is generated. Mitchell et al. [2009b] have noted
concurrent intensifications of SKR, UV auroral emissions, and ENA brightenings in the
midnight-to-dawn local time quadrant. That this event is an intensification and low-
frequency extension in the SKR spectrum strongly suggests a temporal initiation of the
sort identified by Mitchell et al. Further, the high latitude of this emission, above the
latitude for the quiet time auroral oval, is consistent with the poleward extension of
auroral activity observed for other magnetospheric compression events [Clarke et al., 2005],
although there are no concurrent optical auroral images available during this particular
event. Cowley et al. [2005] and Bunce et al. [2005] have suggested that in magnetospheric
compression events the tail reconnection rate is considerably larger than the dayside rate
and that this reconnection is consistent with the collapse of the magnetotail, the resulting
injection of hot plasma from the tail, and the contraction of the polar cap accompanied
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by the poleward expansion of the dawnside aurora.

While the day 291 event meets the necessary condition of the SKR low frequency cutoff
extending to and even below f., the available electron measurements are challenging
for the purposes of providing clear evidence of a distribution function that can drive the
cyclotron maser instability [Mutel et al., 2010]. Given that Earth-orbiting spacecraft such
as Viking and FAST crossed the auroral acceleration region hundreds or even thousands
of times at considerably lower altitudes relative to the auroral acceleration region than
in this case, it is perhaps revealing that distributions which are clearly unstable to the
cyclotron maser are only fleetingly observed. The particle velocity distributions measured
by Cassini over ~3 minutes are missing an important range of pitch angles that would
include downgoing electrons. The only obvious feature in the distributions is an upgoing
electron beam. However, higher temporal resolution data reveal evidence of a shell-like
distribution near 10-keV that Mutel et al. [2010] have determined can provide sufficient
amplification via the cyclotron maser instability to account for the observed emission
intensities. The observed shell-like distribution is commonly associated with the auroral
kilometric radiation source [c.f. Fung and Vinas, 1994; Louarn et al, 1990; Ergun et al.,
2000]. The details of the observed SKR for this event provided by Lamy et al. [2010]
strongly suggest that Cassini passed through the source region of the emissions. The
arguments are that the distribution of source locations broadened dramatically at the
time of the putative source crossing, the spectrum of the SKR is enhanced, and it clearly
dropped below the non-relativistic electron cyclotron frequency.

Hence, we have a situation where Cassini has transited L shells that are producing SKR,
near the top of the source region corresponding to the bottom of the SKR spectrum. There
are momentary measurements of shell-like features in the electron distribution function
that appear to provide amplification. In many ways, then, the SKR source region is
reminiscent of the AKR source region at Earth.
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