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On the origin of Saturn’s outer auroral emission
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[1] Ultraviolet Hubble Space Telescope images reveal a faint but distinct auroral emission
equatorward of the main ring of emission of Saturn’s southern polar region. This outer
auroral emission is only visible near the nightside limb for the strongly tilted viewing
geometry achieved in January 2004. We model the limb-brightening amplification of this
emission, and we show that the observations are compatible with an ~7° wide emission ring
approximately centered on the 67°S parallel. The 1.7 kR brightness of this emission requires

an injected electron energy flux of ~0.3 mW m 2. The outer auroral emission maps to a
region of the equatorial plane between 4 and 11 Rs. We suggest that a population of
suprathermal electrons observed by Cassini can provide more than the required energy flux
without the need for field-aligned acceleration. This auroral UV emission may also be
associated with energetic neutral oxygen and hydrogen atoms originating from the energetic
protons and O" of magnetosphere and/or with a secondary infrared auroral oval.
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1. Introduction

[2] During January 2004, 17 Hubble Space Telescope
(HST) orbits were devoted to the observation of Saturn’s
southern auroral emissions with the Space Telescope Imaging
Spectrograph (STIS). A total of 68 far ultraviolet (FUV)
images were collected, spanning a 4 week period during
which the Cassini spacecraft was approaching Saturn’s
magnetosphere and detected a series of solar wind perturba-
tions propagating toward Saturn. These images exhibit a
complex and changing auroral morphology. This large
number of images made it possible to draw a statistical
picture of Saturn’s southern auroral morphology which
was later confirmed by recent HST campaigns using the
Advanced Camera for Surveys (ACS). Among the different
components of the auroral morphology, one is so faint that it
can only be observed under very specific viewing geometries.
This auroral feature, which Grodent et al. [2005] named the
“outer emission,” appears as a permanent secondary arc
equatorward of the main emission. It is revealed by limb
brightening of the optically thin H, auroral emission and
therefore, can only be detected in the nightside sector
between 0600 LT and 1800 LT, through midnight. In January
2004, the conditions were met to observe this emission; the
sub-Earth latitude reached a value of 26°S, a geometry which
will not repeat before 2032 (2017 for the northern hemi-
sphere). This large tilt of Saturn’s ring plane implies that the
nightside portion of the southern auroral emission region
comes into view below the south pole, very close to the
planetary limb. During this period, the Sun achieved one full
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rotation and the solar wind that reached Saturn exhibited
various states, ranging from quiet periods to very active ones
characterized by major compression regions. Several studies
[Grodent et al., 2005; Clarke et al., 2005, 2009; Crary et al.,
2005] have demonstrated that solar wind conditions influ-
ence the auroral morphology. In particular, the size of the
main ring of auroral emission appears to be anticorrelated
with solar wind ram pressure. This behavior suggests that,
like on Earth, a compression of the magnetosphere may lead
to rapid tail reconnection and a reduction of the open field
region by closure of magnetic flux [Cowley et al., 2005].
This would then favor the theoretical model of Cowley and
Bunce [2003], and more recently of Bunce et al. [2008a],
who proposed that the main auroral emission of Saturn re-
sults from upward directed field-aligned currents associated
with the shear in rotational flow across the open-closed field
line boundary, contrary to Jupiter where the main auroral
emission appears to be associated with the process of
corotation enforcement.

[3] On 26 January 2004 the aurora contracted in a small
region of the dawn sector. This dramatic change was attrib-
uted to the arrival of a strong solar wind shock on 25 January.
Following Saturn’s plasma flows and currents model
described by Cowley et al. [2004], Grodent et al. [2005]
suggested that the resulting magnetospheric compression
induced an interval of rapid reconnection in the nightside
tail which closed a substantial fraction of the preexisting
open flux and led to a generalized contraction of the auroral
emission region. As a result of this contraction, the main
ring of emission cleared the dusk and nightside sectors
revealing an extended fainter, permanent band of emission
at low latitude. Figure 1a displays a polar projection, fixed
with respect to the Sun (dawn on the left and midnight at the
top), of the sum of the two “clear” STIS images (Figure 1c)
of Saturn’s southern hemisphere which were taken during
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this unusual event. The bright main auroral emissions
(blue tones) are concentrated in the dawnside hemi-disk
spreading between the pole and the 70°S parallel. The more
than 10 times fainter outer auroral emission (red tones)
appears as a completely distinct feature at latitudes equator-
ward of 70°S. This emission exceeds the background
emission only in the region mapping to the nightside sector
of the magnetosphere, that is, from 1800 LT to 0600 LT
through midnight. Grodent et al. [2005] suggested that the
outer emission is common to the entire data set. They pro-
posed that this tenuous emission scarcely detaches from the
background emission by a few kilorayleighs (kR). Its mor-
phology and mean brightness remain almost constant over
the whole January 2004 data set, suggesting that it is pro-
duced by a mechanism different from the rest of the auroral
emission. The former analysis did not go further in esti-
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mating the auroral brightness and no attempt was made to
link it with a magnetospheric source.

[4] In the present study, we provide an accurate determi-
nation of the limb brightening affecting the apparent bright-
ness and a verification of the existence of the outer auroral
emission as well as possible sources of energetic electrons
giving rise to this localized equatorward emission.

2. Observations

[5s] The observations were described in detail by Grodent
et al. [2005]. The images are obtained with the STIS cam-
era on board HST. Half of them were taken while in the
shadow of the Earth where geocoronal contamination is
lowest. For these images, the 115-170 nm spectral range of
the “clear” (no filter) mode was used to capture the auroral H,
Lyman and Werner bands emission as well as the strong H
Lyman-« line. For the other images, taken immediately
before and after Earth shadow time, the F25-SrF2 filter was
added in order to reject the emission shortward of 125 nm,
including the H Lyman-« line. The “clear” images were
accumulated for 270 s and the filtered images were obtained
in time-tag mode with exposure times varying from 640 s to
740 s. The 68 images were acquired during 17 HST orbits
obtained every ~2 days between 8 and 30 January 2004.

[6] As stated above, Figures la and lc illustrate an extreme
case during which the morphology of the bright main auroral
emission was particularly favorable (contracted) to observe
the nightside outer auroral emission. However, this emission
is also apparent, to a lesser extent, in all other images.

Figure 1. (a) Polar projection, fixed with respect to the Sun
(dawn on the left and midnight at the top), of the sum of the
two “clear” Space Telescope Imaging Spectrograph (STIS)
images of Saturn’s southern hemisphere that were taken dur-
ing the compression event on 26 January 2004. The typical
bright main auroral emissions (blue tones) are concentrated
in the dawnside hemi-disk spreading between the pole and
the 70°S parallel. The more than 10 times fainter outer auroral
emission (red tones) appears as a distinct feature at latitudes
equatorward of 70°S. This emission exceeds the background
emission only in the region mapping to the nightside sector of
the magnetosphere. The contrast between the outer emission
and the rest of the auroral emission is enhanced by using dif-
ferent color tables (red for the outer emission and blue for the
main emission) spanning different portions of the brightness
range. The grid is made of 10° spaced meridians and parallels,
and the polar projection assumes that the emission is located
at 1000 km above the 1 bar pressure level. Local times at
0000, 0600, 1200, and 1800 LT as well as the 70° and 80°
southern parallels have been marked on the polar view. (b)
Polar projection of the sum of 34 “clear” STIS images ob-
tained from 8 to 30 January 2004. Only the outer auroral
emission is displayed. The LT fixed grid is the same as that
in Figure 1a. (c) Sum of the two “clear” STIS images of Sa-
turn’s southern hemisphere that were taken during the
unusual event of 26 January 2004. The polar projection
of this sum is displayed in Figure la. The green arrow
points to the faint outer auroral emission, and the dashed
lines show the planetary limb and the A-ring boundaries.
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Table 1. Latitudinal Gaussian Width and Central Southern Latitude
of the Auroral Intensity as a Function of Latitude for Different
Longitude Ranges®

LT Longitude Range FWHM Central Latitude Distance
30-35° 7.3° 67° 6 Rs
305-310° 5.5° 70° 9 Rs
340-345° 7.0° 64° 5 Rs
355-360° 12.0° 64° 5 Rs

“Local time longitudes are given in degrees from midnight (0°= 0000 LT =
midnight, 270° = 1800 LT = dusk). The last column provides the radial
distance mapped to the equatorial plane with the magnetic field model
described by Bunce et al. [2008b]. These values are obtained from the sum
of 34 Space Telescope Imaging Spectrograph (STIS) images displayed in
Figure 1b. They are roughly compatible with a simple ~7° wide circular
emission pattern centered on 67°S. FWHM, full width at half maximum.

[7] Figure 1b shows the polar projection of the sum of 34
“clear” STIS images obtained from 8§ to 30 January 2004.
Contrary to Figure la, only the outer auroral emission is
displayed. Again, it forms a roughly circular ~7° wide pattern
along the 67°S parallel, although it appears narrower and
closer to 70°S at the dawn and dusk edges. More detailed
values of width and central latitude are given in Table 1. They
are obtained from Gaussian fits of the intensity (displayed in
Figure 1b) versus latitude averaged over four representative
ranges of local time longitude. There is no definite bright-
ness distribution even though one may argue that the
emission is dimmer on the dawn side, but this slight trend
contradicts the opposite trend in Figure la. The similarity
between the extreme and average outer emission morpholo-
gies shown in Figures 1a and 1b contrasts with the remarkable
change in the brightness distribution of the main emission.
Grodent et al. [2005] showed that the latitude of the main ring
of emission increased by more than 5° at the time of the
extreme event illustrated in Figure l1a. No noticeable shift of
the outer emission can be measured, even though it lies at
lower latitudes where changes should be more pronounced,
given the lower magnetic field lines density at lower latitude.
This suggests that the mechanism giving rise to the outer
emission is much less affected by the solar wind conditions
and is likely different from the rest of the emission.

3. Background Emission

[s] The first step to obtain the injected auroral power
consists in estimating the background contribution from the
planetary disk. Since a substantial portion of the high-altitude
auroral emission extends beyond the planetary disk, it is also
necessary to estimate the contribution from the A-ring. In
order to increase the signal-to-noise ratio (S/N), we add the
two “clear” images obtained during the “Earth shadow time”
of each HST orbit. Cuts through the planetary disk and ring
show that at the edges of the auroral region, (1) the disk
background is essentially constant over the auroral zone, and
(2) the contribution from the A-ring is, at most, similar to
the disk. Accordingly, we manually sample the disk back-
ground in two small regions directly adjacent to the outer
emission (poleward and equatorward) for each of the 17
summed images of the data set. An average background
value is then calculated for each image and subtracted. The
average background varies from 6.5 to 9 kR, depending on
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the residual geocoronal contamination during each HST
orbit. The standard deviation of the background emission is
estimated in the same regions and shows to vary similarly
from 2 to 4 kR.

4. Limb Brightening

[v] The main interest of the present data set stems from the
high inclination of Saturn’s spin axis. In January 2004, the
sub-Earth latitude was about 26°S which brings the nightside
southern auroral region into view near the planetary limb. The
H; auroral FUV emission is optically thin and, as a result, it
accumulates along the observer’s line of sight. This limb-
brightening (LB) effect changes the apparent brightness of the
emission and becomes increasingly important as one nears
the planetary limb. The planetary disk background observed
in the “clear” images, and discussed above, is mainly re-
flected sunlight longward of 160 nm. It is not affected by limb
brightening, it is actually limb darkened as a result of the
presence of high-altitude haze, especially in the polar/auroral
regions, which produces absorption [Vincent et al., 2000],
and therefore it does not increase like the auroral emission
toward the limb. As a consequence, limb brightening is able
to reveal very faint auroral emissions near the limb (above and
below the limb) which otherwise would not exceed the
background by more than one standard deviation and could
not be detected.

[10] To estimate limb brightening, we use the Chapman
function, which gives the ratio of the slant column emission
rate to the vertical column emission rate and may be
approximated by the secant of the latitude angle. However,
this method usually assumes that the emission is uniformly
covering a spherical planet and significantly overestimates
the effect for a discrete emission shaped like an arc, especially
at the planetary limb. In order to estimate the auroral intensity
free of limb brightening, we employ the forward simulation
described by Grodent et al. [1997]. The code was adapted to
Saturn’s dimensions and viewing geometry. The projection
of the auroral outer emission feature on the surface may be
simulated with a simple 7° wide ribbon centered on the 67°S
(planetocentric) parallel. The input emission distribution in
longitude-latitude used in the simulation is displayed on a
polar map in Figure 2a. We note that, as discussed in section
2, the actual ribbon of emission slightly deviates from a
simple concentric annulus near the dawn and dusk ansae
where the brightest emission (dusk) reaches poleward lati-
tudes on the order of 70°S. The model vertical extent of the
emission is plotted in Figure 2b. It is uniform over the rib-
bon and is assumed to follow a Chapman profile, not to be
confused with the Chapman function, characterized by an
emission peak lying 1000 km above the 1 bar pressure level,
and a scale height of 500 km. These values are in full
agreement with the measurements and analysis of Gérard
et al. [2009]. Since Gustin et al. [2009] showed that the
auroral H, spectra of Saturn are generally very weakly
absorbed by methane, we did not consider the effect of
CH, in the simulations.

5. Results

[11] Figure 3 displays the simulated outer emission ob-
tained with the above parameters and provides a general view
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Figure 2. (a)Polar view of the input emission distribution in
longitude-latitude used in the simulation of the outer auroral
emission (dark gray). The input emission consists of a simple
distribution uniformly filling a 7° wide ribbon centered on
the 67°S parallel. The LT fixed grid is the same as that in
Figure 1, and the emission distribution may be directly com-
pared with that of the observed one. The 14 highlighted sectors
(light gray) around midnight (0000 LT) correspond to 10°
longitude sectors from 60° to 71° of southern latitude at an
altitude of 1000 km. They define surfaces of equal area in
which we evaluate the brightness in the set of HST images and
in the simulated view of the outer emission. Local times at
0000, 0600, 1200, and 1800 LT have been marked on the polar
map. (b) Vertical distribution of the input emission, which
follows a Chapman profile characterized by an emission peak
lying 1000 km above the 1 bar pressure level and a scale height
of 500 km. The height-integrated brightness is 1.7 kR.

of the LB effect. The planetary grid assumes a tilted ellipsoid
1000 km larger than Saturn in order to more adequately map
the auroral emission. For Saturn, we use the recommended
flattening value of 0.098 [Seidelmann et al, 2007]
corresponding to equatorial and polar radii of 60,268 and
54,364 km, respectively. In Figure 3 the boundaries of the A-
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ring and B-ring, separated by the Cassini division, are posi-
tioned at the proper distances (assuming transparent planet).
An additional trace within the A-ring (126,000 km) marks a
sudden change in the ring UV reflectivity [Nicholson et al.,
2008]. The limb brightening ranges from a multiplying fac-
tor of ~1.3 near noon to ~5 above the limb, reaching a value of
~3 near the dawn and dusk ansae. Accordingly, with an
average background standard deviation of 3 kR, the LB-free
auroral emission near noon must be larger than 2 kR in order
to be detected. At the nightside limb it must be at least 600 R,
and near the dawn and dusk ansae the minimum detectable
brightness is ~1 kR.

[12] The 14 highlighted regions on Figure 2a correspond to
10° longitude sectors from 60° to 71° of southern latitude,
slightly larger than the outer auroral ribbon, at an altitude of
1000 km. They define surfaces of equal area on the planet
(~4.3 10" km?) in which we evaluate the brightness in the set
of HST images and in the simulated view of the outer emis-
sion. Setting the altitude of these sectors to 1000 km and their
latitude range to 11° allows us to pick most of the auroral
emission above the 0 km limb. Similarly, the upper latitude
boundary of the longitude sectors is the result of a trade-
off between the need to select the majority of the high-
latitude outer emission and the exclusion of the contribu-
tion from the main ring of auroral emission. This technical
limitation leads us to consider the maximum brightness in
each sector, rather than the average brightness, the latter of
which strongly depends on the efficiency with which each
longitude sector encompasses the auroral region of interest.

[13] Figure 4 plots the observed and simulated maximum
brightness in the different LT longitude sectors highlighted in
Figure 2a. The diamonds in each column correspond to the 17
HST orbits under consideration and illustrate the variability
of the emission. Data points corresponding to the compres-
sion event illustrated in Figure 1a are highlighted with stars.
The first column is the first longitude sector sampling the

Midnight

Figure 3. Simulated outer auroral emission obtained with
the parameters inferred from Figure 1b and presented in
Figure 2, which provides a general view of the limb-bright-
ening effect. The planetary grid assumes a tilted ellipsoid
1000 km larger than Saturn. The boundaries of the A-ring and
B-ring, separated by the Cassini division, are positioned at the
proper distances (assuming transparent planet). An additional
trace within the A-ring (126,000 km) marks a sudden change
in the ring UV reflectivity. The limb-brightening factor ran-
ges from ~1.3 near noon to ~5 above the limb, reaching a
value of ~3 near the dawn and dusk ansae.
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Figure 4. Maximum brightness (kR) in the 14 sectors high-
lighted in Figure 2a. The diamonds in each column corre-
spond to the 17 HST orbits that we consider and illustrate the
variability of the emission. The first column is the first lon-
gitude sector sampling the dawn ansa (near 0400 LT) of the
outer aurora, and the last column samples the dusk ansa (near
2000 LT). Data points corresponding to the compression
event illustrated in Figures la and lc are highlighted with
stars. The solid line depicts the average value of the maximum
brightness as a function of the LT sector. This line is relatively
flat with an average value of ~8 kR. The dashed line re-
presents the maximum brightness, which is inferred from the
simulated image (Figure 3) assuming a uniform limb-bright-
ening-free emission of 1.7 kR represented by the thick dashed
line. The vertical thick bar on the left corresponds to the
level of statistical fluctuation of the signal (1o = 3 kR).

dawn ansa (after 0400 LT) of the outer aurora and the last
column samples the dusk ansa (before 2000 LT). The solid
line joins data points which correspond to the average over
the 17 HST orbits of the maximum observed values for each
longitude sector displayed in Figure 2a. This line is relatively
flat with an average value of ~8 kR; it shows slightly smaller
values near the ansae of the outer emission. The simulated
maximum brightness’s are represented by a dashed line in
Figure 4. They were obtained by assuming that the height
integrated Chapman profile displayed in Figure 2b is 1.7 kR
for all latitudes and longitudes enclosed in the circular model
ribbon represented in Figure 2a. Like the observed values,
their LT distribution is saturating at ~8 kR and slightly
decreasing near the ansae. It might then be stated that the
observed maximum brightness distribution is best fit with a
model outer emission of 1.7 kR unaffected by limb effects.
This retrieved value of the LB-free brightness is com-
patible with the outer auroral brightness distribution
observed in Figure 1b. It is less than 10% of the main auroral
brightness which is usually varying from 10 to 100 kR [e.g.,
Grodent et al., 2005]. Moreover, it is too small to give rise
to measurable emission in the dayside portion of the outer
aurora and produces an apparent brightness in the region
mapping to the nightside as large as 8.5 kR (5 x 1.7 kR), that
is, 2 to 3 standard deviations above the background emis-
sion. As a consequence, it cannot be ascertained whether the
outer emission is present all around the pole or if it is limited
to the nightside region of the aurora. For the data set used
here the outer emission is also too faint to distinguish sub-
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structures that would enable us to determine if the outer
emission is fixed in local time or if it is rotating with the
planet.

[14] The scattering of the observed maximum brightness
(vertical distribution of the diamonds in Figure 4) is of order
of £2.5 kR. It adds to the statistical background fluctuations
(1o ~3 kR) to provide a rough estimate of the upper limit to
the accuracy of the best fit value of 2.5 + 3 = 5.5 kR which
scales down to 1.2 kR, if we take into account the fact that a
LB-free emission gives rise to a maximum brightness of 8§ kR.
The LB-free brightness is thus 1.7 kR + 1.2 kR meaning that,
for practical purposes, this value is valid within a factor of
~2. During the compression event observed on 26 January
2004 (Figure 1) the brightness of the main emission dra-
matically increased by at least a factor of two. However, the
highlighted data points in Figure 4 show that on that day the
outer emission does not significantly depart from the rest of
the data set, instead it remains to the average value. This
suggests again that, contrarily to the main emission, the outer
auroral emission is likely produced by a mechanism that does
not notably react to solar wind variations.

6. Interpretation and Discussion

6.1.

[15] According to the magnetic field model of Saturn’s
magnetosphere described by Bunce et al. [2008b], a 7° wide
outer auroral region centered on 67°S latitude roughly maps
to the equatorial plane at radial distances ranging from ~4 Rg
(1 Saturn radius = 1 Rg=60,268 km) to ~11 Rg. This region of
the equatorial plane roughly corresponds to the E-ring and
may, more appropriately, be identified with the inner plas-
masphere. During Cassini’s initial orbit, the Cassini plasma
spectrometer (CAPS) detected an electron population char-
acterized by a bi-Maxwellian velocity distribution [Young
et al., 2005]. This population, bound to the inner plasma-
sphere (between ~4 and 9 Ry), consists of a hot (keV) tenuous
component and a cold (eV) dense component. These results
were recently confirmed by Schippers et al. [2008] and Lewis
et al. [2008], although they somewhat extend the magneto-
spheric region of suprathermal electrons to larger distances,
starting from 7 Rg to beyond 10 Rg. Like Cowley and Bunce
[2003], we consider that only the warm electron population is
able to reach Saturn’s ionosphere since the cold population
remains trapped by the cool ions near the equatorial plane
where they maintain charge neutrality. From the detailed re-
sults presented by Schippers et al. [2008], we estimate that the
suprathermal electron population thermal energy and density
are Wy, = 1 keV and N = 10° m >, respectively, in the inner
plasmasphere, with a pronounced peak near 9 Ry (mapping to
70°S) for both Wy, and N. These parameters are injected in
equations (20) and (21) of Cowley and Bunce [2003], using
their assumption on the full loss cone distribution, to eval-
uate the maximum current density that can be carried to
Saturn’s ionosphere by these warm electrons without field-
aligned acceleration (j,;0) and the corresponding precipitated
electron energy flux (Esy). We then obtain j ;o = 85 nA m 2
and E = 0.17 mW m “. Assuming that it is necessary to
inject 10 mW m 2 in order to obtain 1 mW m ? of auroral
UV emission [Grodent et al., 2001], and considering that the
energy of one FUV photon is ~10 eV then an emission
brightness of 1.7 kR requires the injection of ~0.27 mW m >

Mapping and Energy Flux Estimate
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in the southern ionosphere. This is roughly comparable to
the energy flux which is available from the hot electron
population of the inner plasmasphere (E). A more detailed
approach, taking into account the energy spectrum of the
electrons, suggests that more energy may be available.
Indeed, Schippers et al. [2008] reported a narrow boundary
region near 9 Ry where the pitch angle distribution is rapidly
changing from a pancake population to a bidirectional dis-
tribution beyond 9 Rg. Tomas et al. [2004] and Radioti et al.
[2009] observed a similar pitch angle transition in the
magnetosphere of Jupiter indicative of electron diffusion. In
particular, they showed that this transition region is con-
current with observed whistler mode waves that are able to
scatter the electrons into the loss cone and trigger auroral
emissions. This region directly maps to a diffuse secondary
auroral oval, equatorward of and fainter than the main
auroral oval of Jupiter, thus showing some morphological
similarities with the outer auroral emission at Saturn. They
estimated that the available energy flux is sufficient to
sustain the brightness of this secondary auroral oval. We
follow the same procedure as that of Radioti et al. [2009],
and we assume strong diffusion (a full loss cone). This
assumption may be justified, at least in the pitch angle
transition region, by the presence of whistler waves emis-
sions originating from the E-ring region [Scarf et al., 1983].
We use the energy distribution at 9 Rg given by Schippers
et al. [2008] to derive the precipitating energy flux. The
electrons with a thermal energy between 0.2 and 3 keV
provide an energy flux of ~0.27 mW m 2, which is exactly
equal to our previous estimate (this perfect agreement is
purely fortuitous, given the number of approximations
which were used to derive these values). However, in addi-
tion, electrons with energy >3 keV appear to supply more
than 2 mW m 2. This suggests that the suprathermal electron
component of the inner plasmasphere, carries enough energy
to produce the observed outer auroral emission in both
hemispheres, without field-aligned acceleration.

6.2. Energetic Neutral Atoms

[16] Carbary et al. [2008] described emissions of magne-
tospheric energetic neutral oxygen and hydrogen atoms
(ENA) observed with the MIMI instrument onboard Cassini.
The magnetic mapping of these ENA emissions places them
equatorward of the main auroral emission where they form
a distinct feature. These emissions result from charge
exchange between hot ions and cold neutrals; they therefore
are representative of a localized hot plasma population as
reported by Sergis et al. [2007]. The relation between
ENA generation from magnetically trapped hot ions and
precipitation of auroral electrons is not straightforward. It
was speculated that azimuthal ring current pressure gradients
resulting from localized enhanced ion intensities generate
field-aligned current structures that may be responsible for
the production of auroral emissions [Mitchell et al., 2009].
When averaged over several rotational periods and projected
onto the equatorial plane, these emissions form toroidal
distributions nearly concentric with the planet and peaking
just before midnight. The averaged and projected ENA
emissions are located at a mean distance of ~11 Rgand ~8 Rg
of'the spin axis, respectively. These distances fall in the upper
half of the mapped outer auroral emission range (4—11 Ry)
and imply a possible relation between these hot populations
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and associated ENAs and the outer auroral UV emission,
although large mapping inaccuracies on the source location
of the ENAs and on the outer emission may challenge this
association. However, it should be noted that Cassini in situ
measurements of the energetic O and H' population [Sergis
et al., 2007], which is the source of ENA emissions, suggest
that particle pressure is enhanced in the region between
dipole L values of L = 8 and L = 14. This range of radial
distances approximately overlaps the mapped outer auroral
emission in the range 8-11 Ry and corresponds to radial
distances where the pressure is peaking.

[17] In the case of the Earth, Hubert et al. [2001] showed
that auroral diffuse emission similarly appears equatorward
of the main electron-excited auroral arc in the premidnight
sector. This diffuse emission results mainly from the pre-
cipitation of protons which may have undergone strong pitch
angle diffusion as a result of the presence of a thin current
sheet in the nightside part of the magnetosphere which is
stretching the field lines [e.g., Sergeev et al., 1983]. The
presence of a variable ring current at Saturn [Sergis et al.,
2007] implies magnetic field lines stretching and, if suffi-
ciently important, may provide a possible mechanism for
scattering hot H' into the loss cone. Accordingly, one cannot
discard the possibility that the outer auroral emission results,
at least partially, from proton precipitation. The present
HST data set does not permit one to discriminate between
proton and electron precipitation, the former of which
should be characterized by stronger Doppler-shifted Ly-a
line emission. Analysis of Cassini/UVIS spectral images
of Saturn’s auroral emission might provide insight to the
origin of this faint outer emission.

6.3. Infrared Secondary Oval

[18] Stallard et al. [2008] reported the presence of a sec-
ondary auroral oval equatorward of the main oval in Saturn’s
infrared thermal auroral emission of H3. This auroral feature,
to some extent, resembles the ultraviolet outer auroral emis-
sion described here. It appears as a residual intensity in
spectral slit images of Saturn’s southern auroral region fol-
lowing subtraction of a modeled main auroral oval intensity.
Its brightness is peaking at about 20% of the main auroral oval
and its associated line-of-sight velocity shows that this
emission is significantly subcorotating. Stallard et al. [2008]
suggested that the connection between the secondary oval and
its subcorotating nature in the ionosphere implies that coro-
tation breakdown within the magnetospheric plasma could
give rise to a system of field-aligned currents (FAC) strong
enough to power the secondary infrared auroral oval, similar
to the Jovian main auroral emission but scaled down by 2
orders of magnitude. In the case of Jupiter, the H3 IR and H,
UV auroral emissions form comparable morphologies [e.g.,
Clarke et al., 2004]. It is therefore reasonable to assume
such a similarity for Saturn’s aurora, with the immediate
consequence that the secondary IR oval is probably remi-
niscent of the outer UV emission. As a corollary, the outer
auroral UV emission might also result from FAC generated
in the process of corotation enforcement of the lagging
magnetospheric plasma. However, as demonstrated above,
the energy flux of the suprathermal electrons appears to be
large enough to produce the UV outer emission without
field-aligned acceleration, provided the electrons are main-
tained in strong diffusion, and therefore the electron accel-
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eration that would be related to FAC triggered by corotation
enforcement process may not be required. It should be noted
that this latter statement does not contradict the IR ob-
servations showing that the secondary auroral oval is asso-
ciated with subcorotating plasma, but it suggests that the
field-aligned current system that is generated to accelerate
this plasma may play a lesser role than the precipitation of
hot electrons in the production of the UV outer and sec-
ondary IR auroral emissions. A recent analysis of the
magnetic field perturbations observed by Cassini in the
nightside region of Saturn’s high-latitude magnetosphere
[Talboys et al., 2009] may confirm this statement. Indeed,
the authors suggest the presence of FAC mapping to 67.6°S
latitude, almost exactly matching the outer auroral region.
This planetward current of ~1.4 MA rad ' may be associated
with plasma subcorotation on outer magnetospheric lines.
However, following equations (2) and (3b) of Bunce et al.
[2008a], our 0.3 mW m * injected energy flux estimate
would require that the FAC is ~50 MA rad *, assuming a 7°
wide auroral emission, which is ~36 times larger than the
observed value by Talboys et al. [2009] (we note that even
with a 1° width the FAC is still 5 times larger). Neglecting
possible saturation effects [Ray et al., 2009] that could affect
the conversion from energy flux to field-aligned current, this
again implies that the FACs associated with corotation
breakdown are not likely to provide enough energy flux to
produce the outer auroral emission. This conclusion is
compatible with the fact that the outer aurora appears to be
insensitive to the solar wind conditions while the location
and strength of FACs associated with corotation breakdown
should respond to changes in the compression level of the
magnetosphere [e.g., Bunce et al., 2005].

7. Conclusions

[19] 1. The outer auroral UV emission in the southern
hemisphere is a real feature revealed by limb brightening
under particular HST viewing geometry.

[20] 2. It is characterized by a limb-brightening-free bright-
ness of ~1.7 kR and an injected electron power of ~0.3 mW
m 2 (both values are accurate within a factor of ~2).

[21] 3. Its position equatorward of the main emission (near
67°S) magnetically maps to distances in the equatorial plane
from approximately 4 to 11 Rg.

[22] 4. In this region, Cassini observed a population of hot
electrons, which we show is able to provide more than the
energy flux that is necessary to sustain the outer auroral
emission in both hemispheres without the need for field-
aligned acceleration.

[23] 5. The outer emission may be directly or indirectly
associated with ENAs originating from the energetic protons
and O" distributions in the same region.

[24] 6. This UV emission might also be in accordance with
the secondary IR oval linked to subcorotating magneto-
spheric plasma, even though the precipitating energy flux that
is driven by the field-aligned current system accelerating this
plasma is too small compared to the required value.
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