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[1] Saturn’s magnetosphere is populated by plasma created from neutrals ejected by the
moon Enceladus. These neutrals are ionized and picked up by the planetary magnetic field
requiring large amounts of angular momentum to be transferred from Saturn’s upper
atmosphere to the magnetospheric plasma. The resulting upward currents that supply this
angular momentum are associated with electrons, which travel toward the planetary
atmosphere. At high magnetic latitudes along the flux tube, parallel electric fields may
develop to enhance the field-aligned current density flowing between the two regions. We
show that, similar to the Jovian system, the current-voltage relation in the Saturnian system
must be evaluated at the top of the acceleration region, which occurs at ~1.5 RS along the
magnetic field line as measured from the center of the planet. Owing to the large abundance
of protons in the Saturnian system, cold electrons carry the majority of the field-aligned
current for net potential drops less than 500 V. For the flux tube intersecting the equatorial
plane at 4 RS, field-aligned potentials of 50–130 V are consistent with the energy fluxes
inferred from the Enceladus emission. In the middle magnetosphere, field-aligned potentials
of �1.5 kV produce ionospheric electron energy fluxes of 0.3 mW/m2 when hot electrons
comprise 0.3% of the magnetospheric electron population.
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1. Introduction

[2] Planetary auroral emissions are the signature of mag-
netosphere-ionosphere coupling. At Earth, magnetosphere-
ionosphere coupling can be studied through a variety of
measurements and techniques: satellites such as FAST,
Polar, Cluster, Themis, along with sounding rockets, make
in situ measurements of energetic particles and magnetic
and electric fields, while ground-based radars measure the
plasma density, drift speed, and ionospheric temperature
through remote sensing. Additionally, spectroscopic
observations of the aurora from space (e.g., ultra-violet,
V-ray wavelengths) and ground-based observations (e.g.,
visible, radio) provide insight into the phenomenology of
the terrestrial aurora [see reviews by Galand and
Chakrabarti, 2002; Paschmann et al., 2003].
[3] At Saturn, diagnostics for magnetosphere-ionosphere

coupling are limited to remote sensing of auroral emissions

from Earth and spacecraft measurements. While a number
of spacecraft have flown by Saturn, and Cassini has been
in orbit since 2004, in situ particle and field measurements
have thus far been primarily limited to equatorial regions.
In 2008, Cassini entered a period of high-latitude orbits;
however, the too large radial distance of the spacecraft from
Saturn prevented direct measurement of the auroral accelera-
tion region.
[4] It is possible, though, to match in situ magnetospheric

measurements with phenomena observed at the planetary
atmosphere through use of magnetic field models [Connerney
et al., 1983; Dougherty et al., 2004; Alexeev et al., 2006].
For example, Bunce et al. [2008] used Cassini measurements,
along with Hubble Space Telescope (HST) observations of
Saturn’s ultra-violet aurora, to determine that the noon aurora
marks the boundary of the open and closed field lines in
Saturn’s magnetosphere.
[5] There are also auroral emissions that are magnetically

conjugate with equatorial regions well inside the Saturnian
magnetopause. Using the HST Advanced Camera for
Surveys, Grodent et al. [2008] found an emission equator-
ward of the main auroral emission on the nightside limb,
which is magnetically conjugate with equatorial distances
between 4 and 11 RS. The incident energy flux associated
with this emission was estimated to be ~0.3 mW/m2. A
possible driving mechanism for this emission is pitch angle
scattering of the hot, magnetospheric electron population.
However, this interpretation relies on our understanding of
the magnetospheric environment between 4 and 11 RS.
The electron population inferred from Cassini Electron
Spectrometer (ELS) measurements in this region depends
on the calibration of the instrument. For instance,

1Department of Physics, Space, and Atmospheres Group, Imperial
College London, London, UK.

2Now at Department of Physics and Astronomy, University College
London, London, UK.

3Geophysical Institute, University of Alaska Fairbanks, Fairbanks,
Alaska, USA.

4Homer L. Dodge Department of Physics and Astronomy, University of
Oklahoma, Norman, Oklahoma, USA.

Corresponding author: L. C. Ray, Department of Physics, Space, and
Atmospheres Group, Imperial College London, South Kensington
Campus, Prince Consort Road, London SW7 2AZ, UK. (l.ray@imperial.
co.uk)

©2013. American Geophysical Union. All Rights Reserved.
2169-9380/13/10.1002/jgra.50330

3214

JOURNAL OF GEOPHYSICAL RESEARCH: SPACE PHYSICS, VOL. 118, 3214–3222, doi:10.1002/jgra.50330, 2013

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Lancaster E-Prints

https://core.ac.uk/display/76962041?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Schippers et al. [2012] found the electron population from 5 to
9 RS to be composed of cold (1–10 eV), warm (10–400 eV),
and hot (400 eV–26 keV) components, compared to a cold
(~5 eV) and hot (~2.4 keV) population at 9 RS [Schippers
et al., 2008] determined prior to the recalibration of ELS that
corrected for the spacecraft potential [Lewis et al., 2010].
[6] Using Cassini UVIS observations, Pryor et al. [2011]

detected an auroral spot in Saturn’s atmosphere, which is
located at the foot of the Enceladus flux tube. Unlike
Jupiter’s moon, Io, which creates an ever-present, bright
auroral emission observable from HST as it moves through
the local plasma environment, the Enceladus-related emis-
sion is too faint to be detected from HST [Wannawichian
et al., 2008]. Indeed, the Enceladus emission seen
by UVIS is not detectable at all times and, when visible,
has a brightness ranging from 450� 290 Rayleighs to
1550� 340 Rayleighs [Pryor et al., 2011]. It is not possible
to infer the energy of the precipitating auroral electrons
from observations, owing to a lack of hydrocarbon absorp-
tion in the Enceladus spot region.
[7] In addition to the UV auroral emissions equatorward

of the main auroral oval, there are also infrared (IR) auroral
emissions at mid-latitudes. On the nightside of Saturn, the
IR main oval splits into multiple arcs [Stallard et al.,
2008], coincident with the UV auroral emission observed
by Grodent et al. [2010] at ~70�. At lower latitudes, there
is a second IR oval that is magnetically conjugate with the
equatorial region located at 3–4 RS [Stallard et al., 2010].
This location corresponds to the magnetospheric region
with the largest observed lag from planetary corotation.
[8] In a steady-state, upward auroral current region, the

primary acceleration mechanism for electrons is parallel elec-
tric fields. At Earth, this has been measured by satellites
[Mozer and Kletzing, 1998; Ergun et al., 1998; McFadden
et al., 1999] and inferred by sounding rocket observations
in auroral regions [Mella et al., 2011]. The relationship
between parallel electric fields and field-aligned current den-
sity was first explored by Knight [1973] for the terrestrial
magnetosphere for a Maxwellian distribution of plasma in a
monotonically increasing electric potential structure. Lyons
[1980] extended the Knight [1973] analysis to find that the
relationship between the field-aligned current density and
parallel electric field strength is linear when the mirror ratio,
Rx, between the top of the acceleration region and the plane-
tary atmosphere is much larger than the ratio between the en-
ergy of the potential drop, eФ, and the average thermal energy
of the electron distribution, kTe, i.e., 1 << eΦ

kT e
<< Rx. Dors

and Kletzing [1999] derived a current-voltage relationship
for a Kappa distribution of particles, finding that the presence
of a high-energy electron population decreased the magnitude
of the saturation current density in the system and increased
the incident energy flux into the planetary atmosphere.
Boström [2003] derived a current-voltage relation for a mag-
netic flux tube under more general conditions, using kinetic
“orbital motion” theory. He found that the total voltage drop
along a flux tube is uniquely determined by the current density
as long as particles do not mirror due to local maxima in the
effective field-aligned potential. When particles are mirrored
by a local maximum in the effective potential, the solution
method must take into account the spatial distribution of
charged particles and solve the Poisson equation to determine
the potential structure along the flux tube. In that case, the

relationship between the total voltage drop and current is
nonunique. However, none of the aforementioned analytic
studies explicitly investigated how the presence of ambipolar
electric fields would affect the current-voltage relation.
[9] Earth’s rotation rate is relatively slow. The plasma

distribution along a flux tube is largely dictated by gravita-
tional and mirror forces. As a consequence, the density
decreases along the magnetic field lines toward the equatorial
plane. However, at Saturn, large centrifugal forces stemming
from the rapid planetary rotation rate of ~10.6 h result in an
equatorial plasma sheet. Cold, dense, and positively charged
water group ions are confined to the equator [Sittler et al.,
2008; Thomsen et al., 2010], while lighter electrons and
protons move more freely along the field. The resulting
charge separation produces an ambipolar electric field that
pulls the protons off the equator and hinders the motion of
the electrons toward the ionosphere.
[10] Ergun et al. [2000] developed a static 1-D spatial 2-D

velocity space Vlasov code to model the potential structure in
the upward current region at Earth, finding good agreement
with FAST data. Su et al. [2003] modified this model to
include the large centrifugal forces in the Jovian magneto-
sphere. Their analysis investigated how the potential
structure of the Io flux tube and ionospheric current density
varied with the composition of the Io plasma torus. Su et al.
[2003] found that the strength of the ambipolar potential
varied inversely with the abundance of light ions (e.g., H+)
in the Io torus. Additionally, the current density at high
latitudes was found to be strongly dependent on the hot
electron population owing to the large ambipolar potentials.
[11] Ray et al. [2009] extended the Su et al. [2003] analysis

to explore the current-voltage relation in the Jovian system,
where a minimum in the sum of the centrifugal and gravita-
tional forces leads to a reduction of the plasma density at high
latitudes. Their analysis showed that the Knight [1973]
current-voltage relation is appropriate for centrifugally
confined systems, provided that the plasma parameters,
mirror ratios, and potentials are evaluated at the top of the
acceleration region, which exists at 2–3 Jovian radii along
the magnetic field as measured from the center of the planet.
[12] In this study, we extend the Ray et al. [2009] analysis

to the Saturnian magnetosphere. Ray et al. [2012] showed
that Saturn’s lower mass and larger abundance of light ions
in the magnetospheric plasma, owing to Enceladus’s water-
based chemistry rather than Io’s sulfur-dioxide based
chemistry, yields smaller ambipolar electric fields than in
the Jovian system. Additionally, they showed that the
ionospheric current density and precipitating electron
energy flux vary strongly with the density and temperature
of the magnetospheric plasma population. We suggest that
field-aligned potentials may be necessary to provide the
field-aligned currents that transfer angular momentum from
Saturn’s upper atmosphere to its magnetospheric plasma for
magnetospheric plasma populations with a small fraction of
hot electrons [Schippers et al., 2012]. If this is the case,
then field-aligned potentials may be responsible for the
emissions observed by Stallard et al. [2010] and Grodent
et al. [2010]. Therefore, it is necessary to understand
the behavior of the current-voltage relation in Saturn’s
middle magnetosphere, specifically the location along the
magnetic flux tube at which the current-voltage relation
should be evaluated.
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[13] The most complete electron data analysis exists at 9
RS, coincident with the magnetically conjugate location of
the diffuse auroral emission. We therefore focus our analysis
on the flux tube which intersects the equatorial plane at this
location. We also explore the current-voltage relation for
the Enceladus flux tube at 4 RSwith an aim at parameterizing
the strength of field-aligned potentials that would produce the
observed auroral emissions. Section 2 briefly describes our
model. In section 3, we detail the boundary conditions and
initial assumptions, along with our model outputs. We com-
pare our results to existing analytic current-voltage relations
in section 4. Finally, we discuss our results in comparison
with observations in section 5 and conclude in section 6.

2. Model Description

[14] We use a steady-state kinetic Vlasov code [Ergun
et al., 2000; Su et al., 2003; Ray et al.,2009, 2012] to
determine the field-aligned density, potential structure, and
ionospheric field-aligned current density for the flux tubes
intersecting the equatorial plane at 4 RS and 9 RS, corre-
sponding to planetary latitudes of �62.1� and �70�, respec-
tively. The reader is referred to Ray et al. [2012] for a detailed
description of the Vlasov model as applied to Saturn.
[15] In brief, the Vlasov solver is 1-D spatially, along a

magnetic field line, and 2-D in velocity space. The magnetic
field is defined by the Dougherty et al. [2005] internal field
model plus the ring current field described by Bunce et al.
[2007] with an average subsolar magnetopause distance of
25 RS [Achilleos et al., 2008]. The spatial domain is divided
into NS grids that are evenly spaced along the magnetic field
line where NS = 51 (~0.1 RS) and NS = 61 (~0.2 RS) for the
flux tubes intersecting 4 RS and 9 RS, respectively.
[16] The Vlasov model includes gravitational, centrifugal,

and mirror forces. Figure 1 displays the gravitational and
centrifugal potentials for water group ions along the
magnetic field line mapping to 9 RS in the equatorial plane.
The boundary conditions are the plasma properties at the
ionospheric and magnetospheric ends of the flux tube and

the net potential drop between the two regions. Plasma
populations are defined either as Boltzmann, Kappa, or
Maxwellian distributions. Kappa and Maxwellian distribu-
tions are broken into Nv�Nv velocity-space elements
(Nv = 100) that are initialized at the magnetospheric bound-
ary and are then calculated at each spatial location along
the flux tube. Boltzmann populations are treated in a fluid
manner, varying spatially as nBoltz(s) = n0e

(�ΦTot(s)/T0) where
T0 and n0 are the temperature and density of the species in
the equatorial plane, andФTot(S) is the field-aligned potential
structure given by the sum of the gravitational, centrifugal,
and electric potentials.
[17] To solve for the field-aligned current density, the net

potential drop between the ionosphere and the equatorial
magnetosphere must be user specified. We vary it in this
analysis to derive a current-voltage relation for the
Saturnian system. Plasma is distributed along the magnetic
field lines with the Vlasov code, which uses conservation
of energy and the first adiabatic invariant. The field-aligned
potential is held fixed at the ionospheric and equatorial
magnetospheric ends of the magnetic flux tube; however,
the spatial structure of the potential along the field is
modified solving Poisson’s equation at each spatial step to
calculate the error, x(S)

x sð Þ ¼ r2Φ sð Þ þ e

E0
ni sð Þ � ne sð Þ½ � (1)

where e is the charge of the electron, E0 is the permittivity of
free space, and ni(S) and ne(S) are the ion and electron densi-
ties along the flux tube, respectively, as calculated from the
distribution functions. We iteratively adjust the electric
potential, Φ(S), to minimize the total error

R
x(S)ds, yielding

a steady-state solution along the magnetic field line. As the
centrifugal and gravitational forces are dictated by physical
properties of Saturn, changes in the field-aligned potential
reflect modifications to the ambipolar potential. The spatial
size of the grid (ds ~ 10,000 km) is significantly larger than
the Debye length (lD< 1 km); hence, the first term on the
right-hand side of equation (1) is negligible, essentially
resulting in a quasi-neutral solution. Once a quasi-neutral
solution is determined, we then calculate the incident
electron energy flux into the ionosphere.

3. Vlasov Solutions

[18] The equatorial and ionospheric plasma compositions
are held fixed for each flux tube while we vary the net poten-
tial drop between the ionosphere and the magnetosphere.
Therefore, any changes in the field-aligned current density
attest to a variation in the net field-aligned potential drop.
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Figure 1. Gravitational and centrifugal potentials for water
group ions along the flux tube mapping to 9 RS in the
equatorial plane. The ionospheric end of the flux tube is on
the left, and the magnetospheric end is on the right. The
minimum in the sum of the potentials exists at ~2.5 RS along
the field above the ionosphere.

Table 1. Plasma Compositions, Temperatures, and Distribution
Types Set at the Ionospheric and Magnetospheric Boundaries for
Case of the Flux Tube Intersecting 4 RS

Species Density (cm�3) Temp. (eV) Type

Iono. H+ 2� 104 0.059 Boltzmann
Iono. e� 2� 104 0.059 Boltzmann

Mag. W+ 55 30 ; T⊥T jj
= 5 Maxwellian

Mag. H+ 5 4 Boltzmann
Mag. e� 60 5 Kappa, k= 3
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Tables 1 and 2 show the ionospheric and magnetospheric
boundary conditions for flux tubes intersecting 4 RS and 9
RS, respectively. Ionospheric plasma properties are from the
analysis of Kliore et al. [2009]. The magnetospheric plasma
composition in the equatorial plane for the 4 RS case is based
on the best-fit parameters from the physical chemistry model
of Fleshman et al. [2010]. For the 9 RS case, the ion proper-
ties follow the analysis of Wilson et al. [2008], and the elec-
tron properties are from the analysis of Schippers et al.
[2012]; however, the ion densities from Wilson et al.
[2008] have been modified such that the magnetospheric
population is quasi-neutral. Unless otherwise stated, we
focus on the flux tube intersecting the equatorial plane at 9 RS

from hereafter, as the results for the 4 RS and 9 RS cases are
qualitatively similar.

[19] From top to bottom, Figure 2 shows the field-aligned
densities, field-aligned potential structure, and ambipolar po-
tentials for a net potential drop of 100 V along the flux tube
intersecting the equatorial plane at 9 RS. The green, blue,
black, and red lines represent magnetospheric cold electrons,
water group ions, protons, and hot electrons, respectively.
Ionospheric protons and electrons are shown in pink and or-
ange. The magnetospheric proton and hot electron densities
remain nearly constant along the field line. Water group ions
have limited field-aligned mobility, with their density de-
creased by an order of magnitude ~2 RS above the equatorial
plane. The cold electron density also falls off with distance
along the magnetic field line, matching that of the protons
at midlatitudes. A narrow density cavity, spanning ~0.3 RS,
is apparent at ~1.5 RS along the magnetic field as measured
from the center of the planet. This is near the location where
the minimum in the sum of the gravitational and centrifugal
potentials exists and coincides with a sharp drop in the
field-aligned potential. The magnitude of this drop is the
net potential difference between the ionosphere and magne-
tosphere, plus the magnetospheric ambipolar potential less
the ionospheric ambipolar potential.
[20] The profiles displayed in Figure 2 are characteristic

of all runs with the sharp potential drop consistently located
near the minimum in the sum of the gravitational and cen-
trifugal potentials, where a natural minimum in the plasma
density occurs. The magnitude of the magnetospheric
ambipolar potential depends on the centrifugal force and

Table 2. Plasma Compositions, Temperatures, and Distribution
Types set at the Ionospheric and Magnetospheric Boundaries for
Case of the Flux Tube Intersecting 9 RS

Species Density (cm�3) Temp. (eV) Type

Iono. H+ 2� 104 0.059 Fluid
Iono. e� 2� 104 0.059 Fluid

Mag. W+ 4.62 165.0 ; T⊥Tjj
= 2 Maxwellian

Mag. H+ 0.66 27.0 Boltzmann
Mag. e �

h 0.02 1000.0 Maxwellian
Mag. e �

c 5.26 6.0 Kappa, k= 1.97
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Figure 2. Plasma density, field-aligned potential, and ambipolar potential profiles along the magnetic flux
tube mapping to 9 RS. The plasma species are magnetospheric cold electrons (green, dot-dashed line), water
group ions (blue, long dashed line), protons (black, solid) and hot electrons (red, dot-dot-dot-dashed line),
and ionospheric protons (pink, short dashed line) and electrons (orange, dotted line). The scale on the right-
hand side of bottom panel reflects the net potential difference of 100 V between the ionosphere and
magnetosphere.
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the energy of the magnetospheric plasma population.
Therefore, in this analysis, the structure of the ambipolar
potential on the magnetospheric side of the potential drop
does not vary with net potential drop, except for the baseline
magnitude. Just on the magnetospheric edge of the potential
drop, the magnitude of the magnetospheric ambipolar
potential decreases slightly. However, this is small com-
pared to the maximum magnetospheric ambipolar potential.
Therefore, even in the case of a 0 V net potential drop, high-
latitude electrons experience a field-aligned acceleration,
the strength of which is the difference between the magneto-
spheric and ionospheric ambipolar potentials, less the small
decrease on the magnetospheric side of the potential drop.
[21] Figure 3 shows the normalized average parallel veloc-

ities of the hot and cold electrons, as well as the normalized
field-aligned potential and mirror ratio. There is a clear
increase in the average parallel velocity of the cold electrons
at the location of the potential drop, because the thermal
energy of the magnetospheric cold electron population is less
than the magnitude of the ambipolar potential. Therefore, the
parallel energy gained by the cold electrons that pass through
the acceleration region is significant compared to their paral-
lel energy at the top of the acceleration region. Conversely, as
the strength of the ambipolar potential is significantly less
than the thermal energy of the hot electrons, there is no
significant increase in their average parallel velocity.
[22] When a smoothly varying field-aligned potential

structure is enforced, there exists a net potential drop of
~16.8 V between the ionosphere and the magnetosphere.
This profile is attained by off-setting the potential at the
ionospheric end of the flux tube to match that of the

maximum magnetospheric ambipolar potential. As there is
no longer a narrow acceleration region at high latitudes, the
magnetospheric cold electrons are not accelerated near the
ionosphere, and hence the field-aligned current density is
decreased from the 0 V net potential drop configuration. It
is thus worth noting that the minimum field-aligned current
density presented here does not correspond to a 0 V net
potential drop between the ionosphere and magnetosphere,
but rather to a smoothly varying potential profile between
the two regions.
[23] Tables 3 and 4 summarize, for the flux tubes

intersecting 4 RS and 9 RS, respectively, the net potential
drops between the ionosphere and magnetosphere, the corre-
sponding field-aligned current densities at the ionospheric
end of the flux tube, and the precipitating electron energy
fluxes at the ionosphere. Figure 4 displays the current-volt-
age relationship for the 9 RS case for net potential drops of
0.1 V and greater. Our numerical results are denoted with
diamonds linked by a dashed line. The solid and dotted lines
are analytic relations where the strength of the potential drop
is determined between the top of the acceleration region and
the ionosphere, and between the equatorial plane and the
ionosphere, respectively. These are discussed in further detail
in section 4. Clearly, the field-aligned current density
increases with net potential drop. Both the hot and cold
electrons contribute to the total field-aligned current density,
though the cold electrons carry the majority of the current
owing to their larger number density. However, as the net
potential increases, and the cold electrons are boosted into
the loss cone, the contribution from the cold electrons begins
to saturate and the relative contribution from the hot electrons
increases. This is evidenced by the bump in the current-volt-
age profile at ~700 V. We do not consider net potential drops
larger than 10 kV in our analysis as, in the absence of strong
methane absorption lines in the sub-main auroral UV
emissions, it is unlikely that such large potential drops would
exist in Saturn’s middle magnetosphere [Gustin et al., 2009;
Grodent et al., 2010].

4. Analytic Relation

[24] Knight [1973] derived an expression for the current-
voltage relation of a Maxwellian plasma with a monotonic
potential between the ionosphere and plasma sheet in a
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Figure 3. Normalized field-aligned properties for the flux
tube mapping to 9 RS with a 0 V net potential drop between
the ionosphere and magnetosphere. The solid and dash-dot-
dot-dot lines are the normalized average parallel velocities
of the cold and hot electron distributions, respectively. The
dashed line is the normalized field-aligned potential, and
the dotted line is the normalized mirror ratio along the field.
Note the sharp jump in the average parallel velocity of the
cold electrons at the same location as the potential drop.
The kink in the average velocities at ~8.2 RS is reflects the
boundary of the magnetospheric current sheet in the mag-
netic field structure.

Table 3. Net Potential Drops (in V), Ionospheric Current Densities
(in mA m�2), and Incident Energy Fluxes (in mW m�2) for the 4 RS

Case

Ф║ J║i EF

0 1.514 0.00487
�1.8 1.644 0.00466
�3.2 1.752 0.00535
�5.6 1.933 0.00644
�10 2.208 0.00931
�15 2.456 0.0120
�24 2.863 0.0195
�37 3.249 0.0301
�57 3.616 0.0512
�88 3.913 0.0888
�136 4.113 0.158
�210 4.233 0.278
�324 4.285 0.501
�500 4.310 0.916
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steady state, finding that the field-aligned current density
increases with the strength of the parallel electric field until
the entire electron distribution is shifted into the loss cone,
at which point the current density saturates. His analysis
assumed that the motion of the particles is dictated by mag-
netic mirror forces and that the potential structure between
the ionosphere and magnetosphere is monotonic. Ray et al.
[2009] showed that in a rapidly rotating magnetosphere with
a centrifugally confined plasma sheet, the top of the acceler-
ation region is located near the minimum in the sums of the
gravitational and centrifugal potentials, and hence, the
Knight [1973] current-voltage relation must be evaluated
at high magnetic latitudes along the magnetic flux tube,
such that

j ¼ jx þ jx Rx � 1ð Þ 1� e�
eΦ

kBTx R x�1ð Þð Þ� �
(2)

where jx ¼ enx
ffiffiffiffiffiffi
Tx

2pme

p
is the electron thermal current density,

Rx is the magnetic mirror ratio defined at the top of the accel-
eration region, Tx is the electron temperature expressed in
units of energy, nx is the electron density at the top of the
acceleration region, Φ is the magnitude of the potential drop,
and e is the fundamental charge of the electron. All quantities
with subscript x, along with Φ, are evaluated at the top of the
acceleration region.
[25] Our results are consistent with those found by Ray

et al. [2009] for the Jovian system, owing to similar centrifu-
gal stresses at Saturn. However, because of the smaller
magnitude of field-aligned potentials present in Saturn’s mid-
dle magnetosphere, the strength of the ambipolar potential
must be explicitly considered when applying the current-
voltage relation. When a 0 V net potential drop is prescribed
between the ionospheric and the magnetospheric boundaries,
the potential drop from the top of the acceleration region to
the ionosphere is found to be ~17 V. It is relative to this value
that Φ in equation (2) is evaluated, yielding the current-volt-
age relation shown in solid line in Figure 4. If, instead, the net
potential drop between the ionosphere and magnetosphere is
used, as shown with the dotted line in Figure 4, the estimated
field-aligned current density is nearly a factor of two less than
that found in the numerical simulations. Therefore, the
numerical result for a 0 V net potential drop between the

ionosphere and the magnetosphere does not yield the
expected thermal field-aligned current density, jiono=Rx jx
whereas the results are in agreement when the magnetospheric
and ionospheric ambipolar potentials match at high latitudes,
such that there exists a net potential drop of ~16.8 V.
[26] The analytic curves in Figure 4 show the summation

of the field-aligned current density provided by the hot and
cold electron populations, j= jc+ jh, where the independent
contributions jc and jh are found using equation (2). The top
of the acceleration region is taken to be at ~2.3 RS along
the field, yielding a mirror ratio of Rx = 12. At this location,
the cold electron population can be approximated as a
Maxwellian with nc = 0.33 cm�3, Tc= 18 eV to represent
the tail of the cold Kappa population specified at the magne-
tosphere. The properties of the hot electrons at the top of the
acceleration region are nh = 0.018 cm�3 and Th = 1 keV.
[27] In the Jovian system, the potential drops inferred

from UV observations of the Io flux tube are ~1 kV, much
larger than the magnitude of the ambipolar potential drop,
~125 V. Therefore, for simplicity, the magnitude of the
ambipolar potential can be ignored in the analytic expres-
sions. Additionally, the strength of the ambipolar potentials
in the Jovian system, relative to the cold electron
population’s core temperature of 5 eV [Steffl et al., 2004],
allows a simpler description of the current-voltage relation
which solely includes the contribution of the hot electrons.
At Saturn, the lack of strong UV emissions at planetary
latitudes conjugate with the middle magnetosphere prevents
such assumptions. Additionally, the larger abundance of
protons in the Saturnian system results in reduced ambipolar
electric field strengths, such that the cold electrons reach
high magnetic latitudes, carrying a significant fraction of
the field-aligned currents.
[28] The contribution of the cold electrons to the field-

aligned current density saturates at Ф ~ 1kV, with the hot
electrons responsible for the increase in the field-aligned
current density at higher voltage drops. Figure 4 does not

Table 4. Net Potential Drops (in V), Ionospheric Field-aligned
Current Densities (in nA m�2); Total, Cold and hot Electron
Contributions, and Incident Electron Energy Fluxes (in mW m�2)
for the 9 RS Case.

Ф║ J║i J║ic J║ih EF

16.8 54.5 37.6 17.0 0.0157
0 96.6 79.5 17.2 0.0164
�1 98.9 81.8 17.3 0.0164
�2.5 103 85.3 17.3 0.0164
�6.3 111 93.9 17.4 0.0165
�16 133 116 17.5 0.0170
�40 175 157 17.9 0.0182
�100 273 255 18.9 0.0224
�250 395 374 21.4 0.0339
�630 471 444 27.5 0.0798
�1585 499 457 41.3 0.255
�3980 530 462 68.2 0.962
�10,000 572 467 105 3.91

Figure 4. Current-voltage relation for the flux tube
intersecting 9 RS. The dashed line with diamonds shows
our numerical results. The solid line is the analytic relation
including the ambipolar potential as well as the net potential
drop between the ionosphere and the equatorial magneto-
sphere. The dotted line displays the current-voltage relation
without the ambipolar potential.
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show the saturation of the field-aligned current density as this
occurs for potential drops larger than 10 kV. However, the
location of the acceleration region remains nearly fixed
across the investigated potential drops; thus, we can infer that
the field-aligned current density saturates for Ф ≥ ~50 kV.

5. Discussion

[29] At Saturn, the rapid rotation of the magnetosphere
coupled with a cold, dense internal source of plasma yields
an equatorially confined plasma sheet with a scale height of
~2 RS [Thomsen et al., 2010]. The field-aligned density of
water group ions, owing partially to their temperature anisot-
ropy and partially to their larger mass, falls off more sharply
with distance from the equator than that of the protons.
Electrons, less affected by the centrifugal potential, move
more freely along the magnetic field lines, and an ambipolar
electric field develops to maintain quasineutrality along the
magnetic flux tube. At 9 RS, the strength of this potential drop
is ~17 V.
[30] The magnitude of the ambipolar potential drop

remains fairly constant with changes in the net potential drop
between the ionosphere and the magnetosphere. However, as
the net potential drop between the two regions is increased,
the field-aligned current density at the ionosphere grows.
We find that the relationship between the field-aligned
current density and field-aligned potential drop is consistent
with that predicted by Knight [1973], but only when the
plasma parameters are evaluated at the top of the acceleration
region. For all simulations, the acceleration forms at ~1.5 RS

along the magnetic field as measured from the center of the
planet. Despite increases in the net potential drop, the loca-
tion of the acceleration region remains constant. However,
the density depletion and width of the cavity is increased with
net potential drop.
[31] For Saturn, we find similar results to the study by Ray

et al. [2009] applied to Jupiter; that is, the current-voltage
relation must be evaluated at the top of the acceleration
region. In both systems, the acceleration region forms at high
magnetic latitudes, ~1.5–3 planetary radii along the field as
measured from the center of the planet, coincident with the
minimum in the sums of the gravitational and centrifugal
potentials. However, the strength of the ambipolar potentials
in the Saturnian system is less than that at Jupiter, owing to
the larger relative abundance of protons in Saturn’s magneto-
sphere. Unlike the Jovian system, which is based in sulfur
dioxide chemistry, the water group chemistry—and subse-
quent proton population—of the Saturnian system helps
maintain quasi-neutrality along the flux tube. As a conse-
quence, the magnetospheric electron population is less con-
fined to the equatorial plane by the ambipolar potentials,
and a significant fraction of the field-aligned current density
is carried by cold electrons. This is consistent with Su et al.
[2003], who found that the presence of magnetospheric
protons has a large effect on the magnitude of the ambipolar
potentials, and subsequent ionospheric field-aligned
currents and incident energy fluxes in the Jovian system.
However, the current-voltage relation described in this
analysis differs from that found by Matsuda et al. [2012]
for the Io wake region at Jupiter. Using a quasistatic
multimagnetofluid simulation, they found that the top of
the auroral acceleration region shifts with temporal changes

in the ionospheric proton density, modifying the ionospheric
field-aligned current density, while the net voltage drop
across the auroral cavity remains nearly constant.
[32] A faint UV emission has been detected at the base of

the Enceladus flux tube with brightnesses ranging from
450� 290 Rayleighs to 1550� 340 Rayleighs [Pryor et al.,
2011]. An incident energy flux of 1 mW/m2 produces
10� 0.2 kiloRayleighs of H2 UV emission in a pure H2

atmosphere [Gerard and Singh, 1982]. Assuming this
conversion rate, the associated energy fluxes range from
0.045 mW/m2 to 0.155 mW/m2, which corresponds to a net
field-aligned potential drop between the ionosphere and mag-
netosphere of 50–130 V as shown in Table 3. For the flux
tube intersecting the equatorial plane at 9 RS, we find that a
net potential drop of 1585 V is consistent with the energy flux
of 0.3 mW/m2 inferred from the diffuse nightside UV emis-
sion [Grodent et al., 2010] (see Table 4).
[33] At the outer planets, the radial outflow of material

through the magnetosphere requires the transport of angular
momentum from the planetary atmosphere to the magneto-
sphere. Assuming a steady-state current system, high-latitude
field-aligned potentials develop on magnetic field lines
where the thermal field-aligned current density is exceeded,
also known as the critical current condition [Ray et al.,
2010]. In the Jovian system, the field-aligned currents trans-
ferring angular momentum from the ionosphere to the mag-
netosphere surpass the thermal field-aligned current density
on flux tubes that intersect the equatorial plane at ~15 RJ.
However, the larger percentage of protons in the Saturnian
magnetospheric plasma population may result in a magneto-
sphere in which the critical current condition is never met.
Ray et al. [2012] found that a magnetospheric plasma popu-
lation with a larger fraction of hot electrons (3% [Schippers,
2009] versus the 0.3% applied in this analysis [Schippers
et al., 2012]) produces an energy flux of ~0.35 mW/m2,
ionospheric field-aligned current density of 0.318 mA/m2,
and ionospheric Pedersen conductances of ~18.6–18.9 mho
for a net voltage of 0 V between the ionosphere and magne-
tosphere at 9 RS. For such conditions, it is likely that suffi-
cient angular momentum can be communicated between the
planetary atmosphere and magnetosphere without the devel-
opment of field-aligned potentials and UV auroral emissions.
If the diffuse nightside UV auroral emission is driven by a
steady-state current system, the local time dependence of
the emission suggests that the magnetospheric plasma
population varies with local time, such that the nightside
hot electron population is fractionally smaller than the
dayside. In either case, the energy deposited into the plane-
tary atmosphere may be related to IR auroral emissions.
[34] Additionally, Cowley and Bunce [2003] found that the

field-aligned currents in Saturn’s middle magnetosphere are
insufficient to drive bright UV auroral emissions. However,
their analysis imposed a radial magnetospheric angular
velocity profile to determine the magnitude of the field-
aligned currents. Understanding the composition of the
magnetospheric plasma, along with the radial mass transport
rates and mass-loading rates, is essential in determining the
physical processes driving Saturn’s middle magnetosphere
and auroral emissions. To date, 1-D models have had
difficulty reproducing the observed angular velocity profile
using the mass-loading rates, radial mass transport rates,
and Pedersen conductances inferred from in situ and remote
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measurements [e.g., Saur et al., 2004; Pontius and Hill, 2009].
Therefore, the associated field-aligned currents may also
not be well understood. An interesting extension to this
study would be to explore the radial evolution of the field-
aligned currents including a latitudinally varying Pedersen
conductance, radially varying thermal current density, and
the possible development of field-aligned potentials.

6. Conclusions

[35] Auroral emissions associated with processes occurring
in Saturn’s middle magnetosphere are not yet completely
understood. The low auroral intensity and lack of hydrocarbon
absorption in the Enceladus auroral spot prevent the estima-
tion of the precipitating auroral electron energy from observa-
tions. Poleward of the Enceladus spot, there exists a diffuse,
auroral emission on the nightside which is magnetically conju-
gate with distances from 4 to 11 RS. We applied a 1-D spatial
and 2-D velocity space Vlasov code to the flux tubes that
intersect Saturn’s equatorial plane at 4 and 9 RS to study the
nature of the current-voltage relation at these locations and
the associated electron energy flux at the ionosphere. We find
the following conclusions:
[36] 1. The magnitude of the magnetospheric ambipolar

potentials in the Saturnian system is small owing to the large
abundance of protons in the system. As a result, the cold elec-
trons carry most of the field-aligned current density for net
potential drops less than ~500 V.
[37] 2. Owing to the strong centrifugal forces, there is a

lack of plasma at high latitudes and an auroral cavity de-
velops at ~1.5 RS along the magnetic field as measured from
the center of the planet. The current-voltage relation should
be evaluated at this location.
[38] 3. At 4 RS, field-aligned potentials of ~50 to 130 V,

yielding precipitating electrons of 50–130 eV and incident
energy fluxes of ~0.05–0.16 mW m�2, are consistent with
the Enceladus UV emission.
[39] 4. At 9 RS, a field-aligned acceleration of ~1.5 kV is

required to produce ionospheric electron energy fluxes of
0.3 mWm(�2) for a magnetospheric electron population with
a small percentage (0.3%) of hot electrons.
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