ORDERED FINE STRUCTURE IN THE RADIO
EMISSION OBSERVED BY CASSINI, CLUSTER
AND POLAR
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Abstract

Cassini has observed ordered fine structure in the Saturn kilometric radiation
(SKR) data that bears a strong resemblance to similar features observed by Polar
and Cluster in the terrestrial auroral kilometric radiation (AKR) data. We investi-
gate the possible role of electromagnetic ion cyclotron (EMIC) waves in stimulating
the growth of AKR and producing the ordered fine structure observed at Earth.
We believe this same mechanism may be applicable to the ordered fine structure
observed in SKR by Cassini, and should indicate the presence of EMIC waves in
the Saturnian auroral magnetosphere.

1 Introduction

Kurth et al. [2005] have recently reported observations at high time resolution of Saturn
kilometric radiation (SKR). These observations clearly show a fine structure to the SKR
that is strikingly similar to observations of terrestrial auroral kilometric radiation (AKR)
as has been reported in the past by Gurnett et al. [1979] and Gurnett and Anderson
[1981], for instance, using ISEE data. As in the case of AKR, the SKR fine structure
show discrete bursts lasting only a few seconds or less.

The AKR fine structure provides an insight into the linear and nonlinear mechanisms
responsible for the generation of AKR. Menietti et al. [1996; 1997] have identified an
ordered fine structure in the terrestrial AKR which has been called striations or “rain”
by Mutel et al. [2004]. An example of this special type of fine structure observed in the
Polar plasma wave instrument data is shown in Figure 1. These structures indicate a
systematic drifting in frequency that implies a physically drifting source region travelling
up the magnetic field line at typically a few hundred km/sec.

The observations of ordered fine structure at Saturn reported by Kurth et al. [2005]
imply that the source mechanisms for these signatures are similar to or the same as
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Figure 1: A 48-s frequency-time spectrogram obtained by the wideband receiver of the plasma
wave instrument on board the Polar spacecraft on March 1, 1997, starting at 16:18:25 UT. At
this time the spacecraft is located over the polar cap, well above the auroral kilometric radiation
(AKR) source region. The negative frequency-drifting signatures all with about the same slope
are striations or “rain”. In some cases the slope decreases at the lowest frequencies.

those observed at Earth. Menietti et al. [1996; 1997] suggested that EMIC waves which
are commonly observed in the AKR source region may be responsible for stimulating the
growth of AKR. Field-aligned electrons that have served to satisfy the resonance condition
for the growth of AKR also serve as a free-energy source for the growth of EMIC waves
near the lower part of the auroral acceleration region. These waves are generated by
inverse Landau resonance as described in Chaston et al. [2002]. Menietti et al. [2006]
have investigated the role of EMIC waves in the possible stimulation of auroral kilometric
radiation. The authors used a conjunction pass of Polar (in the AKR source region) and
Cluster (above the source region) to show that observed electron beams within the AKR
source region could generate EMIC waves that may propagate in the AKR source region to
stimulate AKR fine structure (rain). The EMIC waves are found to have group velocities
along the magnetic field line with magnitudes of several hundred km/sec, consistent with
observed frequency drift rates.

In this paper we compare the data obtained at Earth (AKR) to that at Saturn (SKR).
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Based on modeling results for terrestrial AKR ordered fine structure we form some con-
clusions about the possible plasma conditions within the SKR source regions.

2 SKR Observations

An example of the data obtained by Cassini is shown in Figure 2, obtained by the wide-
band instrument (WBR), part of the plasma wave instrument. The frequency range is
from 4 to 11 kHz and the time interval is 77 seconds. The data were obtained for day 69 of
2005 when the spacecraft was located at a distance of near 16 Ry, latitude of 0.11 degrees
and a local time of 4.74 hours. We note negative frequency-drifting signatures all with
about the same slope, but the slope decreases at the lowest frequencies. Another example
shown in Figure 3 is from the same day about 15 minutes later. Here we see the striations
are observed at slightly higher frequency, and show almost a constant frequency drift,
with no clear indication of decreasing slope at the lowest frequency.

Cassini 10 KHz WBR
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Figure 2: A frequency-time spectrogram obtained by the WBR on board Cassini. The frequency
range is from 4 to 11 kHz and the time interval is 77 seconds. The data were obtained for day
69 of 2005 when the spacecraft was located at a distance of near 16 Ry, latitude of 0.11 degrees
and a local time of 4.74 hours. The negative frequency-drifting signatures all have similar slope,
which decreases at the lowest frequencies.
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Figure 3: A spectrogram of Cassini WBR data obtained less than 15 minutes after the time of
Figure 2. The striations are observed at slightly higher frequency, and show almost a constant
frequency drift, with no clear indication of decreasing slope at the lowest frequency.

Ordered fine structure in the SKR data has also been observed at higher frequencies. Due
to space limitations we do not show wave data taken by WBR for July 12, 2005, from
20:33 to 20:55 SCET. Cassini was located at a radial distance of about 21.7 R,, latitude of
—20.4 degrees and a local time of about 9.6 hours. During this time, striations similar to
those observed in Figures 2 and 3 are observed while the instrument is operating with an
80 kHz bandwidth. The negative frequency drifting signatures exist over a frequency range
from 80 kHz (and probably higher) down to less than 20 kHz. It is perhaps significant
that these observations are made in the southern hemisphere.

These observations are strikingly similar to those of the terrestrial AKR. A notable dif-
ference is the frequency range. While SKR is observed at frequencies of several hundred
kilohertz, it can also be observed at only a few kilohertz. The ordered fine structure to
date observed in SKR appears most frequently at the lowest frequencies. While terrestrial
AKR is observed usually at frequencies above 40 kHz or higher, it is also true that obser-
vations of AKR ordered fine structure occur most frequently at the lowest frequencies.
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3 Discussion

The systematic (ordered) nature of the fine structure features, all with negative slope and
occurring in semi-regular fashion over a limited frequency range, is a common feature of
the striations observed in terrestrial AKR as well as the SKR. A theory for the generation
of the terrestrial striations proposed by Menietti et al. [1996; 1997; 2006] suggests that
EMIC waves travelling up (away from the planet) act to stimulate the growth of AKR
(SKR). The process of wave stimulation may be the result of a plasma that is in marginal
stability and the electric fields of the EMIC waves generate a locally unstable environment
through a change in local plasma density or in pitch angle anisotropy.

As pointed out by Gurnett and Anderson [1981], to explain a drifting frequency signature
of cyclotron maser emission would require that the source drift along the field line at a
velocity given by

dr o df £ X

dt P dt3fn (1)
For the case of terrestrial AKR, the typical frequency range is 40kHz < f < 500kHz,
with excursions up to 800 kHz rarely. In the past, Warwick et al. [1981] have reported
observations of SKR from the lowest frequency channel of the Planetary Radio Astron-
omy instrument (20 kHz) ranging to about 1.2 MHz, with the peak intensities occurring
typically from 200 to 400 kHz. Gurnett et al. [2005] report peak intensities of SKR over
a similar frequency range from 100 to 400 kHz, but SKR does extend to frequencies even
less than 10 kHz [cf. Kurth et al., 2005].

For AKR, Menietti et al. [2000] have reported striations are predominantly found in
the 40 kHz to 215 kHz frequency range. If we select parameters from the terrestrial
data of Figure 1, assuming f.. = 80 kHz and df /dt = —4.2 kHz/sec, equation 1 gives
dR/dt = 302 km/sec away from Earth.

We obtain an approximate frequency drift rate of —0.25 kHz/s for the SKR data of Figure
2. However, the local cyclotron frequency is much lower. For f.. = 8 kHz (ion cyclotron
frequency, fy = 4.3 Hz) equation 1 gives us 2590 km/sec as a source drift rate away from
the planet. Figure 3 is easier to measure because of the lack of changing slope. We obtain
df /dt = —0.45 kHz/s. For f.. = 11 kHz we obtain dR/dt = 3049 km/sec away from
the planet. These values are about an order of magnitude larger than those observed for
terrestrial AKR, due to the much larger value of the radius of Saturn. No in situ plasma
measurements within the SKR source region are yet available to provide estimates of the
group velocity of EMIC waves.

4 Summary and Conclusions

Based on the model of Menietti et al. [2006], one should expect to observe EMIC waves
propagating along the magnetic field lines containing the AKR/SKR source region. These
waves are commonly observed in the terrestrial auroral region and can modulate electron
particle fluxes [cf. Temerin et al., 1986; Chaston et al., 1998] and energy [McFadden
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et al., 1998]. McFadden et al., [1998] clearly show how intense EMIC waves modulate
the electron energy within the terrestrial AKR source region. Chaston et al. [1998§]
further state that these same waves have Poynting fluxes usually directed upwards out
of the auroral acceleration region. It is not difficult to imagine how this modulation of
particle energy directly impacts the AKR growth rate by changing the cyclotron resonance
condition and the electron distribution function from marginal stability to instability. As
pointed out in Kurth et al. [2005], future Cassini trajectories will allow the spacecraft
to traverse field lines within five Saturnian radii, and these likely will include auroral
field lines. It will be important to our understanding of the generation of AKR and
SKR to carefully identify the particle distributions and the local wave fields within and
near the auroral field lines. Given the abundance of H* and O™ ions in the Saturnian
magnetosphere, it is likely that EMIC waves are present in the low-altitude auroral region,
generated by electron and ion beams.

We have considered the stimulation of AKR and SKR by EMIC waves as a possible ex-
planation of ordered fine structure. There are still outstanding questions regarding the
EMIC waves that must be answered. It is clearly observed that striations are predomi-
nantly observed with negative frequency drifts. EMIC waves are observed in terrestrial
auroral regions that propagate both upward and downward along the magnetic field lines.
Why would such waves only propagating upward stimulate the growth of AKR/SKR?
Perhaps it is because the EMIC waves in the upward direction are not in inverse Landau
resonance and do not extract energy from the electron beams. Perhaps it is because the
EMIC waves that are generated are below the AKR/SKR source region and must be re-
flected or propagate initially upward to stimulate AKR/SKR growth. Another possibility
is that EMIC waves are generated by the upward drifting ion beams near the top of the
upward current region, as discussed by Bergmann [1984]. In the latter case, predominately
upward travelling EMIC waves should result.

Berthomier et al. [1998] and Pottelette et al. [2003] have shown that nonlinear ion
acoustic hole structures evolve into electric potential ramps or weak double layers and
density rarefactions. Further they have argued these electrostatic shocks with finite net
potential drop across the structures may be responsible for providing the potential of
the upward current region within the AKR source region. Pottelette et al. [2003] have
suggested that AKR fine structure shows evidence of such electrostatic shock layers.

As reported by Bounds et al. [1999] ion holes within the terrestrial upward current re-
gion are observed with predominately upward velocities in the range 75km/sec < V <
300km /sec which are consistent with the frequency drifts observed for ordered fine struc-
ture. It is possible that ion holes accelerate the electrons producing small density deple-
tions and localized electron beams. Ion holes thus provide another intriguing alternative
for the production of ordered fine structure. Unfortunately, in situ measurements of ion
holes within the SKR source region cannot be made. However, observations of shock-like
impulses have been made in the magnetosphere of Jupiter [Kurth et al., 2001]. The effec-
tiveness of the possible stimulation of AKR/SKR by EMIC waves and/or by ion holes is
a topic of ongoing research.
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