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Abstract. We consider the effect of precipitation-induced
enhancement of the Jovian ionospheric Pedersen conductiv-
ity on the magnetosphere-ionosphere coupling current sys-
tem which is associated with the breakdown of the corota-
tion of iogenic plasma in Jupiter’s middle magnetosphere.
In previous studies the Pedersen conductivity has been taken
to be simply a constant, while it is expected to be signif-
icantly enhanced in the regions of upward-directed auroral
field-aligned current, implying downward precipitating elec-
trons. We develop an empirical model of the modulation of
the Pedersen conductivity with field-aligned current density
based on the modelling results of Millward et al. and com-
pute the currents flowing in the system with the conductivity
self-consistently dependent on the auroral precipitation. In
addition, we consider two simplified models of the conduc-
tivity which provide an insight into the behaviour of the so-
lutions. We compare the results to those obtained when the
conductivity is taken to be constant, and find that the empir-
ical conductivity model helps resolve some outstanding dis-
crepancies between theory and observation of the plasma an-
gular velocity and current system. Specifically, we find that
the field-aligned current is concentrated in a peak of magni-
tude∼0.25µA m−2 in the inner region of the middle mag-
netosphere at∼20RJ , rather than being more uniformly dis-
tributed as found with constant conductivity models. This
peak maps to∼17◦ in the ionosphere, and is consistent with
the position of the main oval auroras. The energy flux asso-
ciated with the field-aligned current is∼10 mW m−2 (corre-
sponding to a UV luminosity of∼100 kR), in a region∼0.6◦

in width, and the Pedersen conductivity is elevated from a
background of∼0.05 mho to∼0.7 mho. Correspondingly,
the total equatorial radial current increases greatly in the re-
gion of peak field-aligned current, and plateaus with increas-
ing distance thereafter. This form is consistent with the ob-
served profile of the current derived from Galileo magnetic
field data. In addition, we find that the solutions using the
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empirical conductivity model produce an angular velocity
profile which maintains the plasma near to rigid corotation
out to much further distances than the constant conductivity
model would suggest. Again, this is consistent with observa-
tions. Our results therefore suggest that, while the constant
conductivity solutions provide an important indication that
the main oval is indeed a result of the breakdown of the coro-
tation of iogenic plasma, they do not explain the details of the
observations. In order to resolve some of these discrepancies,
one must take into account the elevation of the Pedersen con-
ductivity as a result of auroral electron precipitation.

Key words. Magnetospheric physics (current systems,
magnetosphere-ionosphere interactions, planetary magneto-
spheres)

1 Introduction

Interest in the magnetosphere-ionosphere coupling currents
that flow in Jupiter’s middle magnetosphere has been en-
hanced considerably in recent years by the suggestion of a
number of authors that they are directly associated with the
Jovian main oval auroras (Bunce and Cowley, 2001; Hill,
2001; Khurana, 2001; Southwood and Kivelson, 2001). The
implication follows that the dynamics of this region may be
sensed remotely by ground- and space-based auroral obser-
vations covering a wide range of wavelengths (e.g. Satoh et
al., 1996; Clarke et al., 1998; Prangé et al., 1998; Vasavada et
al., 1999; Pallier and Prangé, 2001; Grodent et al., 2003). An
outline of the physics of the middle magnetosphere region is
shown in Fig. 1, forming a background to the analysis and re-
sults which follow. By far the most important plasma compo-
nent in the middle magnetosphere originates from the atmo-
sphere of the moon Io, which orbits deep within the magneto-
spheric cavity at an equatorial radial distance of∼6RJ (Hill
et al., 1983; Vasyliunas, 1983). (RJ is Jupiter’s radius, taken
here to be equal to 71 323 km.) Sulphur and oxygen ions and
electrons that are produced from the neutral gas clouds that
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Fig. 1. Sketch of a meridian cross section through Jupiter’s inner and middle magnetosphere, showing the principal physical features
involved. The arrowed solid lines indicate magnetic field lines, the arrowed dashed lines the magnetosphere-ionosphere coupling current
system, and the dotted region the rotating disc of out-flowing iogenic plasma (from Cowley and Bunce, 2001).

co-orbit with Io are picked up by the plasma flow, forming
a dense near-corotating plasma torus in the vicinity of Io’s
orbit (e.g. Belcher, 1983; Bagenal, 1994). A significant frac-
tion of the plasma ions that are produced in the torus undergo
charge-exchange reactions with the neutral gas, and escape
from the system as fast neutral particles (e.g. Pontius and
Hill, 1982). The remainder flow outward under the action of
the centrifugal force through flux tube interchange motions,
to form a vast spinning equatorial plasma disc, shown dot-
ted in Fig. 1 (e.g. Siscoe and Summers, 1981). Estimates
of the total plasma production rate within the torus lie typi-
cally within the range of 1000–3000 kg s−1 when both the lo-
cal production near Io and the more distributed production in
the co-orbiting gas clouds are included (e.g. Broadfoot et al.,
1981; Brown, 1994; Bagenal, 1997; Delamere and Bagenal,
2003). Of this total, perhaps one-third to one-half emerges
into the plasma outflow in the equatorial plasma disc. Khu-
rana and Kivelson (1993) derived a lower limit on the out-
ward mass transport rate through the disc of∼500 kg s−1

from consideration of the magnetic torque exerted on the
plasma, as first discussed by Vasyliunas (1983). In addi-
tion, Hill (1980) estimated an outward mass transport rate
of ∼2000 kg s−1 based on Voyager angular velocity profiles,
though this estimate also requires knowledge of the height-
integrated Jovian ionospheric Pedersen conductivity, taken to
be∼0.05 mho. Overall, however, it seems reasonable to sup-
pose that the outward transport rate of plasma through the
disc is typically∼1000 kg s−1, with variations of perhaps a
factor of∼2 on either side. The flux tubes threading this disc
constitute the Jovian middle magnetosphere, which stretches
typically over many tens ofRJ from the vicinity of Io’s or-
bit to the vicinity of the magnetopause, depending on local
time and the degree of extension of the magnetosphere de-
termined by solar wind conditions. The field lines in this

region are characteristically distended radially outward from
the planet, as shown in the figure, due to azimuthal currents
flowing in the equatorial plasma associated with radial stress
balance. The iogenic plasma is eventually lost from the outer
regions of the disc by processes which are at present not well
determined, but may involve plasmoid formation and outflow
in the dusk sector of the magnetic tail (Vasyliunas, 1983).

As the iogenic plasma diffuses outward from the torus its
angular velocity will drop below near-rigid corotation with
the planet, inversely as the square of the distance if no torques
act. However, when the angular velocity of the plasma and
frozen-in field lines (ω in Fig. 1) falls below that of the
planet (�J ), or more specifically, below that of the neutral
upper atmosphere in the ionospheric Pedersen layer (�∗

J ),
ion-neutral collisions in the Pedersen layer provide a torque
on the feet of the field lines which tends to spin the plasma
back up towards rigid corotation. The torque is communi-
cated to the equatorial plasma by the bending of the mag-
netic field lines out of meridian planes, associated with the
azimuthal field componentsBϕ shown in Fig. 1, which re-
verse sense across the equator. The associated electric cur-
rent system, which is the principal topic of the present pa-
per, is shown by the dashed lines in the figure. It consists
of an outward-flowing radial current in the equatorial plane
associated with the reversal in the azimuthal field, which
is connected to equatorward-directed Pedersen currents in
both hemispheres by field-aligned currents which flow out-
ward from the ionosphere to the magnetosphere in the inner
part of the system, and return from the magnetosphere to the
ionosphere in the outer part (Hill, 1979; Vasyliunas, 1983).
It is with the upward-directed field-aligned currents in this
system, carried by downward-precipitating magnetospheric
electrons, that the main oval auroras have been suggested to
be associated. The torque associated with thej×B force
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of the Pedersen current balances the frictional torque on the
ionospheric plasma due to ion-neutral collisions, while the
equal and opposite torque on the equatorial plasma tends to
spin the plasma up towards rigid corotation with the planet.
In the steady state, the plasma angular velocity will still gen-
erally fall with increasing distance, but at a rate which is less
than the inverse square dependence expected from conserva-
tion of angular momentum.

Hill (1979) was the first to calculate the steady-state
plasma angular velocity profile using Newton’s second law,
assuming a dipole poloidal magnetic field, a constant plasma
mass outflow rate from the toruṡM, and a constant value
of the ionospheric Pedersen conductivity6P . Later, Huang
and Hill (1989) pointed out that the corresponding frictional
torque on the neutral atmosphere in the Pedersen layer would
result in the latter sub-corotating relative to the planet at an
angular velocity�∗

J , which is intermediate between that of
the planet�J and that of the plasmaω. This lowers the
atmospheric torque at the feet of the field lines for a given
sub-corotational plasma angular velocity, an effect parame-
terised in the theory via use of an “effective” value of the
ionospheric Pedersen conductivity6∗

P , which is less than
the true value6P . Subsequently, Pontius (1997) extended
Hill’s (1979) calculations to include a realistic empirically-
based poloidal magnetic field model, but found that the solu-
tions for the steady-state equatorial angular velocity are re-
markably insensitive to the model employed. In neither of
these studies were the properties of the associated electric
current system explicitly calculated. However, with the reali-
sation of the probable connection with the main oval auroras,
this omission was corrected by Hill (2001) for the case of the
original model based on a dipole poloidal field, and by Cow-
ley and Bunce (2001) for both a dipole field and for a realistic
middle magnetosphere current sheet field. The latter study
showed that the upward-directed field-aligned current den-
sity for the current sheet field model is typically more than
an order of magnitude larger than that obtained for the dipole,
and is sufficiently intense to require downward-acceleration
of magnetospheric electrons through field-aligned voltages
of several tens of kV, such that the precipitating electron en-
ergy flux will produce main oval auroras exceeding∼100 kR
in intensity, as observed. The origin of the field-aligned cur-
rent enhancement effect lies in the differing mapping of field
lines between the equatorial plane and the ionosphere in the
two models, as discussed further by Cowley et al. (2002,
2003). Most recently, Nichols and Cowley (2003) have ex-
plored steady-state solutions for the plasma angular velocity
and current system over wide ranges of the system parame-
tersṀ and6∗

P , and have confirmed the general validity of
these conclusions.

An important limitation of these calculations, however, is
that they all assume a constant value of the effective iono-
spheric Pedersen conductivity, though Pontius (1997) dis-
cussed the effect of variations of this parameter produced by
varying atmospheric “slippage” associated with the possible
onset of instabilities induced by atmospheric velocity shear.
However, given the newly-understood linkage with the main

oval auroras, it seems clear that a far more important conduc-
tivity modulation mechanism results from the ionospheric
ionisation produced by precipitating accelerated main oval
electrons. For example, Strobel and Atreya (1983) estimated
that a Pedersen conductivity of a fraction of an mho pro-
duced solely by solar UV radiation could be increased to
∼10 mho (uncorrected for atmospheric slippage) under con-
ditions of intense auroral precipitation. These conclusions
have recently been confirmed by the more detailed calcula-
tions of Millward et al. (2002), using the JIM Jovian coupled
ionosphere-thermosphere model of Achilleos et al. (1998).
Millward et al. (2002) calculated the effect on the iono-
spheric conductivity of precipitating monoenergetic electron
beams, and found, for example, that a beam of∼60 keV elec-
trons (comparable to the energies determined by Cowley and
Bunce, 2001) associated with an upward field-aligned cur-
rent of ∼1µA m−2 (on the high side of those determined
here) will produce an increase in height-integrated Pedersen
conductivity from a background value of less than 0.1 mho to
a value of∼7.5 mho (uncorrected for atmospheric slippage).

It is the primary purpose of the present paper to investigate
the effect on the plasma angular velocity profiles, and on the
magnetosphere-ionosphere current circuit, of precipitation-
induced changes in the ionospheric conductivity. In so doing,
we will also address two other issues left open from previous
studies. The first is the issue addressed specifically by Pon-
tius (1997), which concerns the fact that observed values of
the plasma angular velocity in the outer part of the middle
magnetosphere (e.g. Kane et al., 1995; Krupp et al., 2001)
do not fall as fast with increasing radial distance as antic-
ipated from simple constant-conductivity models. Cowley
and Bunce (2001) anticipated that such effects could result
from precipitation-induced enhancements in the ionospheric
conductivity and the consequent atmospheric torque. The
second concerns the radial profile of the outward-directed
field-aligned currents which feed the radial current in the
equatorial plasma. In the constant-conductivity models de-
rived to date, these currents are broadly distributed over the
whole middle magnetosphere region, such that the equatorial
radial current, integrated over local time, grows monotoni-
cally with increasing distance (see, e.g. Nichols and Cowley,
2003), closing in the exterior region outside the middle mag-
netosphere not described by the model. However, analysis of
Galileo magnetometer data presented by Khurana (2001) in-
dicates that the outward field-aligned current into the equato-
rial plane is actually concentrated in the inner region between
radial distances of∼10 and∼30RJ , peaking near 20RJ ,
such that the total radial current, integrated in local time, is
approximately constant at distances beyond. These results
for the location of the upward field-aligned current are also
in rough accord with the observed locations of the main oval
auroras (Clarke et al. 1998; Prangé et al., 1998; Grodent et
al., 2003). Here we will show that the effect of precipitation-
induced enhancement of the ionospheric conductivity is just
such as to concentrate the upward current into the inner mid-
dle magnetosphere region, as deduced from the Galileo data.
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This paper is organised as follows. In the next section the
basic theoretical framework will be outlined for the poloidal
field model and the coupling current system, the latter al-
lowing for the inclusion of a varying height-integrated iono-
spheric Pedersen conductivity. In Sect. 3 we then derive
an empirical model of how the conductivity depends on the
field-aligned current, estimated from the results presented by
Millward et al. (2002). In Sect. 4 we present solutions for the
plasma angular velocity and the current using simplified con-
ductivity models motivated by the empirical results, allowing
us to investigate the nature of the solutions and their relation
to the previous solutions derived for constant conductivity. In
Sect. 5 we then present results using the full empirical con-
ductivity model, and compare them with the current profiles
derived by Khurana (2001) from Galileo data. Our results
are finally summarised in Sect. 6.

2 Basic theory

In this section we summarise the theoretical basis for the
calculations presented in this paper. It is essentially simi-
lar to that discussed previously by Hill (1979, 2001), Pon-
tius (1997), Cowley and Bunce (2001), and Cowley et
al. (2002, 2003), except that here the ionospheric Pedersen
conductivity is treated as a varying quantity rather than sim-
ply as a constant. Consequently, we only present an outline
of the central results, together with the approximations and
assumptions that have been made.

2.1 Magnetic field model

The magnetic field in our model is assumed to be axisym-
metric, as is appropriate to the nature of Jupiter’s middle
magnetosphere. In this case the poloidal field can be spec-
ified by a flux function,F(ρ, z) which is related to the field
components byB=(1/ρ)∇F×ϕ̂, whereρ is the perpendic-
ular distance from the magnetic axis,z is the distance along
this axis from the magnetic equator, andϕ is the azimuthal
angle. In this caseF=constant defines a flux shell, such
that magnetic mapping between the equatorial plane and the
ionosphere is achieved simply by writingFe=Fi . Neglect-
ing non-dipole planetary fields and small perturbations due
to magnetospheric current systems, the flux function in the
ionosphere is taken to be

Fi = BJ ρ2
i = BJ R2

J sin2 θi , (1)

whereρi is the perpendicular distance from the magnetic
axis,θi is the magnetic co-latitude, andBJ the dipole equa-
torial magnetic field strength (taken to be 426 400 nT in con-
formity with the VIP 4 internal field model of Connerney et
al., 1998). The absolute value ofF has been fixed by taking
F=0 on the magnetic axis.

The flux function in the equatorial plane can be obtained
by integrating

Bze =
1

ρe

dFe

dρe

, (2)

whereBze is the north-south magnetic field which threads
through the equatorial plane. In previous modelling work we
have used the “Voyager-1/Pioneer-10” model of Connerney
et al. (1981) (the “CAN” model) at small distances, and the
Voyager-1 model of Khurana and Kivelson (1993) (the “KK”
model) at large distances, the models being joined at an equa-
torial radial distance ofρ∗

e ≈21.78RJ , where the two model
curves meet (Cowley and Bunce, 2001; Cowley et al., 2002,
2003). Although there is then no discontinuity in the field
magnitude at this point, there is a discontinuity in the first
derivative. Here instead we employ a field model which is
very close to that previously used, but is continuous over the
range of interest. The model equatorial field is given by

Bze(ρe) =

−

{
Bo

(
RJ

ρe

)3

exp

[
−

(
ρe

ρeo

)5/2
]

+ A

(
RJ

ρe

)m
}

,(3a)

whereBo=3.335×105 nT, ρeo=14.501RJ , A=5.4×104 nT
andm=2.71. The second term in this expression is simply
the KK model, applicable at large distances, while the first
term is a modified dipole in form. The corresponding flux
function is given by

Fe(ρe) = F∞

+
BoR

3
J

2.5ρeo

0

[
−

2

5
,

(
ρe

ρeo

)5/2
]
+

A

(m − 2)

(
RJ

ρe

)m−2

,(3b)

whereF∞≈2.841×104 nTR2
J is the value of the flux func-

tion at infinity, and0(a, z) is the incomplete gamma func-
tion 0(a, z)=

∫
∞

z
ta−1e−tdt . This field model is such that

the values of bothBze and Fe at the inner edge of the
middle magnetosphere current sheet atρe=5RJ are ex-
actly those given by the CAN model (in the Edwards et
al., 2001 approximations). These values are∼3177 nT
and ∼8.819×104 nTR2

J , compared with∼3411 nT and
∼8.528×104 nTR2

J for the dipole field alone, the differences
reflecting the stretched out nature of the field due to the pres-
ence of the current sheet. The model is also such that the flux
threading through the current sheet between 5RJ and infinity
is exactly equal to that of the CAN/KK model employed pre-
viously, such that the values ofF∞ in the two models are also
exactly equal. Consequently, the models map into exactly the
same dipole latitude band in the ionosphere, spanning dipole
co-latitudes between∼27◦ and∼15◦ for radial distances be-
tween 5RJ and infinity. In Fig. 2 we show plots of|Bze|

(the actual values are, of course, all negative),Fe, and the
ionospheric co-latitudeθi versus equatorial radial distance
over the range 0 to 100RJ (as employed throughout this
paper). The solid lines show the values for the above field
model, while the dashed lines show the values for the plan-
etary dipole alone. The dotted lines in the|Bze| plot show
the values for the CAN/KK model, which are only clearly
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visible when they are projected beyondρ∗
e . The ionospheric

mapping is given from Eq. (1) by

sinθi =

√
Fe(ρe)

BJ R2
J

, (4)

such that the outermost field line in the plot, mapping to
100RJ in the equatorial plane, maps to∼15.7◦ in the iono-
sphere. The horizontal dashed lines in theFe and θi plots
show the asymptotic values of these quantities at large dis-
tances.

2.2 Current system

We now consider the calculation of the components of the
current system illustrated in Fig. 1, in terms of the profile of
the plasma angular velocity as a function of flux shell,ω(F).
The calculation ofω(F) from Newton’s second law then fol-
lows in Sect. 2.3. First, the equatorward-directed height in-
tegrated Pedersen current is given by

iP = 26∗

P BJ ρi(�J − ω) , (5)

where, as introduced briefly above,�J is Jupiter’s angular
velocity (1.76×10−4 rad s−1), 6∗

P is the effective value of the
height-integrated Pedersen conductivity, and we have taken
the polar ionospheric field to be vertical and equal to 2BJ in
strength. The effective value of the Pedersen conductivity is
related to the true value by

6∗

P = (1 − k)6P , (6)

where, as indicated above, parameterk is related to the slip-
page of the neutral atmosphere from strict rigid corotation

(�J − �∗

J ) = k(�J − ω) . (7)

Continuity in the current circuit shown in Fig. 1 then requires
that the equatorial radial current integrated across the width
of the current sheet is given by

ρeiρ = 2ρi iP , (8)

where we have assumed north-south symmetry. Introduc-
ing Eq. (5) into Eq. (8), and noting from Eq. (1) that
Fe=Fi=BJ ρ2

i on a flux shell, then gives

iρ =
46∗

P Fe(�J − ω)

ρe

, (9)

such that the total radial current, integrated in azimuth, is

IP = 2πρeiρ = 8π6∗

P Fe(�J − ω) , (10)

equal, of course, to twice the azimuth-integrated Pedersen
current in each conjugate ionosphere,IP . The field-aligned
current density can then be computed from the divergence of
eitherIP or Iρ . In terms ofIρ we find(

j‖

B

)
=

1

4πρe|Bze|

dIρ

dρe

, (11)
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Fig. 2. Plots showing the parameters of the current sheet field model
employed in this paper (solid lines) compared with values for the
planetary dipole field alone (dashed lines). Plot(a) is a log-linear
plot of the modulus of the north-south component of the equatorial
magnetic field|Bze| in nT threading the equatorial plane, shown
versus jovicentric equatorial radial distanceρe, and where we note
that the actual values are negative (i.e. the field points south). The
solid line shows the field model employed in this paper, given by
Eq. (3a), which is based on the CAN-KK model of previous papers.
The dotted lines show the CAN and KK models themselves, plotted
beyond their intersection for ease of visibility. Plot(b) similarly
shows the equatorial flux function of the model fieldFe in nTR2

J
versus jovicentric equatorial radial distanceρe, given by Eq. (3b).
The dotted line shows the value of the flux function at infinity,F∞.
Plot (c) shows the mapping of the field lines between the equatorial
plane and the ionosphere, determined from Eq. (4). The ionospheric
co-latitude of the field lineθi is plotted versus jovicentric equatorial
radial distanceρe. The dotted line shows the ionospheric co-latitude
of the field line which maps to infinity in the equatorial plane for our
current sheet field model.
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where (j‖/B) is constant along field lines between the equa-
torial current sheet and the ionosphere in the assumed ab-
sence of significant field-perpendicular currents in this re-
gion. Hence, the field-aligned current just above the iono-
sphere is given by

j‖i = 2BJ

(
j‖

B

)
=

BJ

2πρe|Bze|

dIρ

dρe

=

4BJ �J

πρe|Bze|

d

dρe

[
6∗

P Fe

(
1 −

ω

�J

)]
. (12)

We note specifically in Eq. (12) that we take the height-
integrated effective Pedersen conductivity to vary with posi-
tion at the feet of the field lines, such that it must be retained
within the differential.

2.3 Steady-state plasma and field line angular velocity pro-
file

As derived previously by Hill (1979) and Pontius (1997), and
as discussed further by Cowley et al. (2002), application of
Newton’s second law to a steady flow of plasma from the Io
torus yields

d

dρe

(Ṁρ2
e ω) = ρeIρ |Bze| , (13)

where the LHS is the radial gradient of the outward plasma
angular momentum flux, and the RHS is the azimuth-
integrated electromagnetic torque per unit radius. Parame-
ter Ṁ in this equation is the plasma mass per second trans-
ported outward from the Io torus in the equatorial plasma
sheet, which we estimated to be typically∼1000 kg s−1 in
the discussion in the Introduction. Assuming thatṀ is a
constant in the absence of other significant plasma sources
or sinks, and introducing Eq. (9), we find the “Hill-Pontius”
equation for the angular velocity profile

1

ρe

d

dρe

(
ρ2

e

ω

�J

)
=

8π6∗

P Fe|Bze|

Ṁ

(
1 −

ω

�J

)
, (14)

where again we note that6∗

P in general varies with position.
This is a central topic to which we now turn in the next sec-
tion.

3 Dependence of the Pedersen conductivity on the field-
aligned current

Recent modelling work presented by Millward et al. (2002)
has investigated how the height-integrated conductivities in
Jupiter’s auroral zones are enhanced by auroral electron pre-
cipitation. In their model runs the precipitating electrons
were taken to be a monoenergetic electron beam with en-
ergy ranging from 1 to 100 keV, thus spanning the range ex-
pected from the initial studies of Cowley and Bunce (2001)
and Cowley et al. (2002, 2003). In their paper, results are
shown for two cases of electron flux, one for a fixed flux
of 6.25×1012 m−2 s−1 (corresponding to a current density of

1µA m−2), their Fig. 7, the other for a fixed energy flux of
10 mW m−2, their Fig. 8 (we note that in their paper the units
of the fixed flux are misprinted as cm−2 s−1). The empirical
conductivity models employed here are based on the results
shown in these two figures (kindly provided in digital form
by G. H. Millward, personal communication, 2003).

Millward et al.’s (2002) results show that, for a given
value of the number flux, the enhancement in the Pedersen
conductivity is dependent on the precipitating electron en-
ergy, strongly peaking in the energy band between∼50 to
∼80 keV, where the electrons deposit most of their energy
within the Pedersen layer. Electrons of significantly higher
energies deposit their energy too low down in the atmosphere
to significantly affect the conductivity. In order to estimate
the conductivity enhancement associated with a given field-
aligned current (and hence number flux) we thus also need to
estimate the energy of the precipitating electrons. To do this
we employ the kinetic theory of Knight (1973), as in previ-
ous related studies, who showed that for a given ionospheric
field-aligned current densityj‖i , the required minimum field-
aligned accelerating voltage is given by

e8 = Wth

[(
j‖i

j‖io

)
− 1

]
' Wth

(
j‖i

j‖io

)
, (15)

while the precipitating energy flux is

Ef =
Ef o

2

[(
j‖i

j‖io

)2

+ 1

]
'

Ef o

2

(
j‖i

j‖io

)2

, (16)

the latter formula being first derived by Lundin and San-
dal (1978). In these expressionsj‖io is the maximum field-
aligned current that can be carried by precipitating magne-
tospheric electrons without field-aligned acceleration, corre-
sponding to a full downward-going loss cone and an empty
upward-going loss cone. This is given by

j‖io = eN

(
Wth

2πme

)1/2

, (17)

where N is the electron number density (assumed to be
isotropic), Wth is the electron thermal energy, andEf o is
the corresponding precipitating energy flux, given by

Ef o = 2NWth

(
Wth

2πme

)1/2

. (18)

The approximations in Eqs. (15) and (16) correspond to the
case wherej‖i�j‖io , as will generally be satisfied in the
middle magnetosphere, as discussed previously by Cowley
and Bunce (2001) and Cowley et al. (2002, 2003). In this
case, therefore, the electron population will indeed form an
essentially monoenergetic beam at high altitudes, because
e8�Wth. Consequently, the results presented by Millward
et al. (2002) indicate that the ionospheric conductivity will
be strongly enhanced when the field-aligned current passes
through values such that the accelerating voltage lies in the
range∼50 to 80 keV, and will be significantly smaller outside
this range. However, judging from the case of the Earth (see
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e.g. Paschmann et al., 2002, chapter 4), the monoenergetic
beam will be strongly scattered by wave-particle interactions
underneath the accelerating region, forming a broad distribu-
tion covering a wide range of energies, thus smoothing the
variation of conductivity with current. This seems the most
likely scenario at the present time, and is the case which will
be assumed here.

Specifically, we have assumed that the auroral electron dis-
tribution is isotropic over the downward-going hemisphere
(due to the large increase in field strength between the accel-
eration region at a fewRJ altitude and the top of the iono-
sphere), and is given as a function of electron velocityν by

f (v) =
fo[(

ν
νo

)α

+

(
ν
νo

)β
] , (19)

such that forβ>α, the distribution varies asν−α for ν<νo,
andν−β for ν>νo. The velocity where the spectrum “breaks”
between exponentsα andβ is taken to be given by the accel-
erating voltage8, i.e.

meν
2
o

2
= e8 , (20)

such that the population with slopeα for ν<νo corresponds
to degraded primary particles, while that with slopeβ for
ν>νo corresponds to a steeply falling high energy tail pro-
duced by the wave-particle interactions. The value offo is
determined by the requirement that the downward-going par-
ticles carry currentj‖i , i.e.

fo =

(
j‖i

πe

)/∫
∞

0

dν ν3[(
ν
νo

)α

+

(
ν
νo

)β
] , (21)

and, for the examples employed here, for a given value ofβ

we have determined the value ofα such that the total pre-
cipitating energy flux is just that given by Eq. (16). Ex-
ample distributions are shown in Figs. 3a and 3b for the
casesα=0, β=10 andα=2, β=8, respectively. In each case
we show the distributions (plotted versus electron energy
We=meν

2/2 in keV) corresponding to bothj‖i=0.1µA m−2

and 1.0µA m−2, where the magnetospheric “parent” pop-
ulation has a densityN=0.01 cm−3 and a thermal energy
We=2.5 keV, these values being based on Voyager data pre-
sented by Scudder et al. (1981), as also employed in previous
related studies. In this case, the limiting current in Eqs. (15)
and (16) isj‖io'0.0134µA m−2, while the limiting energy
flux is 0.067 mW m−2.

To estimate the enhancement in the height-integrated Ped-
ersen conductivity produced by such precipitating electron
distributions we have calculated the precipitating number
flux Fn in each of ten contiguous energy bands spanning
the energy range from 5 to 105 keV, centred on the “mo-
noenergetic” energy values of 10, 20,. . .100 keV employed
by Millward et al. (2002). We have then taken the Peder-
sen conductivity values determined by Millward et al. (2002)
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Fig. 3. Two examples of auroral electron distribution func-
tions, plotted versus electron energyWe=meν

2/2 in keV, deter-
mined from Eqs. (19)–(21), employed here withN=0.01 cm−3 and
Wth=2.5 keV. Plot (a) shows the case forα=0 andβ=10, while
plot (b) shows the case forα=2 andβ=8. In both plots the distribu-
tions are shown forj‖i=0.1µA m−2 and 1.0µA m−2. The dashed
lines show the asymptotes of the respective power law variations.

for a fixed number fluxFo=6.25×1012 m−2 s−1 at each en-
ergy6Pn, and have summed the contributions of each energy
band according to

6P =

10∑
n=1

6Pn

(
Fn

Fo

)γn

. (22)

The exponentγn has been determined by comparing the con-
ductivity values determined at fixed number flux shown in
Millward et al.’s (2002) Fig. 7, with those determined at fixed
energy flux in their Fig. 8. The values ofγn so determined
vary from∼0.5 at the lower energies∼10–20 keV, to∼0.8 at
the higher energies∼70–80 keV. The rationale for employing
a power law variation of6Pn with the number flux at fixed
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energy, while linearly summing the contributions of differ-
ing energy bands, rests on the fact that electrons of differing
energy produce their ionisation at differing heights through
the ionosphere, as can be seen in Millward et al.’s (2002) re-
sults, and are thus additive to a lowest approximation. While
we thus believe that our procedure makes reasonable use of
existing information, we nevertheless recognise that it repre-
sents a rather crude approximation.

The solid lines in Fig. 4 show how6P depends onj‖i

for four model auroral distribution functions (α, β values),
for a hot magnetospheric source electron population with the
above values ofN andWth. It can be seen that the curves are
reasonably similar, rising from small values for small cur-
rents, to values of∼2 mho forj‖i∼0.4µA m−2 (a slope of
∼5 mho (µA m−2)−1). For larger currents, the behaviour of
the conductivity depends rather more on the assumed spec-
trum, specifically on the slope at small energies, below that
produced by the voltage drop. However, rather than employ-
ing these curves directly, which would be impractical in the
numerical integrations which follow, we have instead em-
ployed a simple analytical form taken to be representative
of these results. This is given, forj‖i>0, by

6P

(
j‖i

)
= 0.16j‖i +

{
2.45

[ (
j‖i

/
0.075

)2
1 +

(
j‖i

/
0.075

)2
]

×
1[

1 + exp
(
−
(
j‖i − 0.22

) /
0.12

)]}, (23)

where6P is in mho andj‖i is in µA m−2. This form is
shown by the dashed line in Fig. 4.

It should be realised that the results shown in Fig. 4 are ap-
propriate only to the above values of the magnetospheric hot
electron source parameters, and that differing dependencies
of the conductivity on the current will be appropriate to other
values. In general, therefore, the conductivity will be a func-
tion of both the field-aligned current and the position (i.e. the
flux function). For simplicity, however, and in the absence of
any established model of the properties of the hot magneto-
spheric electrons, we have taken the source parameters to be
constant throughout the middle magnetosphere, as seems ap-
propriate to an initial investigation. We have thus employed
a fixed conductivity model6P =6P (j‖i), independent of po-
sition, in all the solutions derived in this paper. Two further
points should also be made. The first is that the quantity
6P derived above and shown in Fig. 4 is our estimate of
the true value of the height-integrated Pedersen conductivity,
while the value required by the theory in Sect. 2 is the “ef-
fective” value, reduced from the true value by atmospheric
slippage. This is related to the true value by Eqs. (6) and
(7), thus depending on parameterk. The value ofk is not
well known at present, but recent work with the JIM model
indicates thatk∼0.5 for large current values of∼1µA m−2

(G. H. Millward, personal communication, 2003). Applica-
tion of Eq. (23) in Sect. 5 is thus modified by the multipli-
cation of the true conductivity by the factor (1−k), where

we assume thatk∼0.5. Second, noting that the analytical
form Eq. (23) goes to zero asj‖i→0, we also add a small
constant value∼0.05 mho, representing the residual conduc-
tivity (produced, for example, by solar illumination) in the
absence of precipitation. Further details will be given below.

4 Solutions for near-linear variations of the
conductivity

Rather than proceed directly to the discussion of solutions
tailored specifically to Jovian conditions, employing the em-
pirical conductivity model given by Eq. (23), in this section
we first discuss the results of a somewhat wider investigation
using simplified conductivity models, which provide insight
into the nature of the solutions and their relation to those de-
rived in earlier studies using constant conductivity.

4.1 Method of obtaining solutions

We first discuss the method adopted to obtain the solutions
required. In the case where6∗

P is considered to be a constant,
as discussed in previous papers, the equation to be solved is
the Hill-Pontius equation, Eq. (14). This is a first order lin-
ear equation forω, which can be solved numerically with the
use of one initial or boundary condition, i.e. with the arbi-
trary choice of the value ofω at one particular positionρe.
However, for a given positionρe, there is only one choice for
ω which satisfies the physical requirement that the plasma
near-rigidly corotates at small radial distances, the latter cor-
responding to the solutions first derived by Hill (1979) and
Pontius (1997). All other solutions diverge at smallρe, those
starting with a smaller value ofω eventually diverging to
large negative values, while those starting with a larger value
of ω diverging to large positive values. Some examples of
such divergent solutions are shown in the Appendix of the
paper by Cowley and Bunce (2003). The required solution
which does not diverge at the origin can then be found by
iterating the value ofω at the “boundary” position.

If we now consider the variable conductivity problem in
which 6∗

P depends onj‖i according to some model such as
Eq. (23), then two equations must be solved simultaneously,
i.e. Eq. (12) for the parallel current, and the Hill-Pontius
equation Eq. (14) for the plasma angular velocity, which now
depends on the parallel current through the dependence of
6∗

P . We thus must solve two coupled first order equations
for j‖i andω, thus requiring the choice of two boundary or
initial conditions. These choices are conveniently the values
of j‖i andω at a given point,ρe, taken throughout here to
be the outer boundary of the model at 100RJ . The choice
of j‖i at the outer boundary also fixes the value of6∗

P at the
boundary, of course, through the chosen conductivity model.
For a given value ofj‖i (and6∗

P ) at the outer boundary we
then iterateω to find the physically acceptable solution which
near-rigidly corotates at small radial distances, using the di-
vergent behaviour of the Hill-Pontius equation at small ra-
dial distances outlined above, which applies here also to the
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Fig. 4. Plots of the height integrated Pedersen conductivity6P in mho versus ionospheric field-aligned current densityj‖i(µA m−2) using
four models of the auroral electron distribution functions. The respectiveα andβ values are indicated on the plot. The results are based on
Millward et al.’s (2002) computations, using Eq. (22). The dashed line shows the analytic form given by Eq. (23).

general problem. It is found thatω must generally be spec-
ified to very many decimal places at 100RJ , in order to fol-
low the required solution in towards the quasi-dipolar inner
magnetosphere without diverging either to large positive or
negative values. In practice this procedure has typically been
used to track the required solution in from 100RJ to ρe∼10
to 20RJ , the solution then being completed by the use of an
approximation which is appropriate to the inner region, as we
now discuss.

4.2 Inner region approximations

The behaviour of the physically required solutions in the in-
ner region where the plasma near-rigidly corotates has been
discussed previously by Cowley et al. (2003) and Nichols and
Cowley (2003) for the case of constant conductivity, and is
now applied here to the more general case. If we putω≈�J

into the LHS of Eqs. (13) or (14), we then derive the amount
of (small) slippage from rigid corotation required to drive the
currentiρ which maintains near-rigid corotation. This yields
from Eq. (14)

ω

�J

' 1 −
Ṁ

4π6∗

P Fe|Bze|
, (24)

valid for the situation where(1 − ω/�J )�1. Hence, from
Eqs. (10) and (12) we find

Iρ =

(
2Ṁ�J

|Bze|

)
, (25)

and

j‖i = −
Ṁ�J BJ

πρe|Bze|
3

d|Bze|

dρe

. (26)

We thus find, as in previous studies, that the currents in the
innermost region depend only oṅM and the model of the
poloidal field, and not on6∗

P (or the model dependence of
6∗

P on j‖i), though, of course, the radial extent of the region
to which Eqs. (25) and (26) apply does depend on6∗

P (j‖i), as
we will find. However, the plasma angular velocity in the in-
ner region then does depend on6∗

P (j‖i) (with j‖i determined
from Eq. 26), the departure from rigid corotation varying in-
versely with the conductivity.

It will be noted from Eq. (26) thatj‖i approaches small
values in the inner region, being given by

j‖i '
3Ṁ�J

πBJ

ρ4
e , (27)

where the field is quasi-dipolar (|Bze|≈BJ R3
J / ρ3

e ). The
ionospheric conductivity thus perforce approaches the small
constant value6∗

P =6∗

P (j‖i=0) in the inner region. An ad-
ditional iterative approach to approximation in the inner re-
gion can then be useful in cases where the conductivity does
not vary strongly with the parallel current. We can then first
solve the Hill-Pontius equation using the constant conductiv-
ity 6∗

P (j‖i=0), from which an approximation toj‖i is de-
rived, which can be used to then derive a varying conduc-
tivity profile from the model for6∗

P (j‖i), which is an ex-
plicit function of position. This can then be used to solve
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Fig. 5. Plots of the effective height integrated Pedersen conductivity6∗
P

in mho versus ionospheric field-aligned current densityj‖i(µA m−2)

using the near-linear conductivity model given by Eq. (28). Three cases are shown forS=0.1, 1, and 10 mho (µA m−2)−1, as indicated.

the Hill-Pontius equation again, yielding a “first iteration”
to the angular velocity and currents, from which a modified
varying conductivity profile is derived. In principle, this pro-
cedure can then be repeated to find successive iterations to
the solution in the inner region.

4.3 Results for a near-linear conductivity model

We now present results, derived as discussed above, for a
simplified conductivity model in which the Pedersen con-
ductivity has a small near-constant value forj‖i negative
(i.e. downward field-aligned current), while increasing near-
linearly with the field-aligned current density whenj‖i is
positive (i.e. upward field-aligned current). Specifically, the
function employed is

6∗

P (j‖i) = 6∗

Po +

(
S

2

)(√
j2
‖i + j∗2

‖i + j‖i

)
, (28)

which is such that 6∗

P '6∗

Po for j‖i�−
∣∣j∗

‖i

∣∣, and

6∗

P '6∗

Po + Sj‖i for j‖i�
∣∣j∗

‖i

∣∣. The value of the limiting
conductivity in the inner region of the system is then

6∗

P (j‖i = 0) = 6∗

Po +

(
Sj∗

‖i

2

)
. (29)

In the results presented here we have taken6∗

Po=0.05 mho
(motivated, for example, by the results of Hill (1980) ob-
tained from analysis of plasma angular velocity profiles in
the innermost region),j∗

‖i'0.01µA m−2 (a somewhat arbi-
trary small value, which is such that the conductivity varies

between the above two behaviours over a narrow range of
j‖i∼0.01µA m−2 aboutj‖i=0), and three values of the slope
S=0.1, 1.0 and 10 mho (µA m−2)−1. We show these three
models for the conductivity in Fig. 5, plotted versusj‖i over
the physically interesting range out to 1µA m−2. We note
that the initial slopes of the empirical curves for the true
value of the Pedersen conductivity (as opposed to the effec-
tive value discussed here) shown in Fig. 4, lie between the
two larger of these values ofS. Results for the smallest value,
S=0.1 mho(µA m−2)−1, are included in order to address the
issue of the relation between the solutions derived here and
those obtained for constant conductivity in previous studies.

We thus begin here with the latter case,
S=0.1 mho(µA m−2)−1, and also choosėM=1000 kg s−1

as a typical value, as indicated above. In Fig. 6 we show
results in a standard form that will be used throughout
the paper. The four panels of the figure show, respec-
tively, the plasma angular velocity normalised to�J , the
azimuth-integrated equatorial radial currentIρ in MA, the
field-aligned current density at the top of the ionosphere
j‖i in µA m−2, and the effective height-integrated Pedersen
conductivity6∗

P in mho, all plotted versus radial distanceρe.
The last two quantities, of course, correspond to the values
at the respective feet of the field lines concerned, but they
have been plotted here versusρe so that the relationships
between all these quantities can be most readily appreciated.
In the next section we will also show solutions projected into
the ionosphere and plotted versus dipole co-latitude, so that
the ionospheric distributions can also be appreciated.
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Fig. 6. Plots of the magnetosphere-
ionosphere coupling current sys-
tem parameters for the near-linear
conductivity model (Eq. 28) with
slope S=0.1 mho (µA m−2)−1 (solid
lines), for constant conductivity
6∗

P
(j‖i=0)=0.0505 mho (dashed

lines), and the near-rigid corotation
approximations given by Eqs. (24)–
(26) (dot-dashed lines). The three solid
lines represent boundary condition
choices of j‖i(100RJ )=0.10, 0.03

and −0.04µA m−2 as indicated. The
solutions in each case are tracked to
13RJ , inside which they are completed
by the “first-iteration” approximation
discussed in Sect. 4.2. All parameters
are plotted versus jovicentric equatorial
radial distanceρe. Plot (a) shows the
plasma angular velocityω normalised
to the planet’s angular velocity�J .
The three solid curves are closely
similar to one another, and, therefore,
are not labelled. Plot(b) shows the
azimuth-integrated equatorial radial
current Iρ in MA, plot (c) shows the
field-aligned current density at the feet
of the field linesj‖i in µA m−2, while
plot (d) shows the effective height-
integrated Pedersen conductivity6∗

P
in

mho.



1810 J. D. Nichols and S. W. H. Cowley: Magnetosphere-ionosphere coupling currents

The dot-dashed lines in the figure panels show the small-
ρe approximations given by Eqs. (24) to (26), with6∗

P eval-
uated atj‖i given by Eq. (26). These approximations should
be valid in the inner region where the departure of the plasma
from rigid corotation is small. The dashed lines also show
the solution obtained, as in previous works, if the conduc-
tivity is taken to be the constant value6∗

P (j‖i=0), equal
(from Eq. 29) to 0.0505 mho in this case. According to the
above discussion, these are then the curves to which our so-
lutions should asymptote in the inner region asj‖i falls to
small values, such that the conductivity falls to6∗

P (j‖i=0).
It can be seen thatj‖i for this solution peaks at a value of
∼0.055µA m−2 at ∼30RJ , and falls to∼0.028µA m−2 at
the outer boundary at 100RJ . We note that such values ofj‖i

result in only modest increases in the conductivity according
to our assumed model, for example, reaching∼ 0.0562 mho
for j‖i∼0.056µA m−2. If we then choose a value ofj‖i at the
outer boundary at 100RJ which is close to that of the con-
stant conductivity curve, we may expect to derive a closely
similar solution, which is shown by the central solid curve
in each of the panels in Fig. 6, displaying the solution ob-
tained by the numerical integration of Eqs. (12) and (14),
which near-rigidly corotates at smallρe and has the value
j‖i=0.03µA m−2 at ρe=100RJ . (Note, however, that in
Fig. 6a the solid lines are so close to each other that they
are essentially indistinguishable.) It can be seen that, as ex-
pected, this solution is very close to the constant conductiv-
ity solution over the whole range of distances. The iterated
value ofω/�J at 100RJ , for example, is(ω/�J )≈0.1114
compared with(ω/�J )≈0.1065 for the constant conductiv-
ity solution. We thus confirm that the solutions obtained here
reduce to those found previously for constant conductivity in
the appropriate limit.

Two other variable conductivity solutions are also shown
in Fig. 6, for j‖i=0.10µA m−2 andj‖i=−0.04µA m−2 at
ρe=100RJ , such that the current at the outer boundary devi-
ates considerably from that of the constant conductivity so-
lution, one to larger positive values, the other to negative val-
ues. It can be seen that these solutions are closely similar to
that forj‖i=0.03µA m−2 in the inner region, diverging only
at larger distances towards the boundary condition imposed
at 100RJ . If the solution curves are projected (somewhat
unphysically) beyond 100RJ , it is found that the solution
for negativej‖i at the boundary diverges to large negative
currents at a radial distance just beyond 100RJ , while the
solutions for positive currents at the boundary grow approx-
imately linearly with the distance (results not shown). How-
ever, as can be seen in Fig. 6a, the solutions for(ω/�J ) in all
cases remain very close to that for the constant conductivity
6∗

P =6∗

P (j‖i=0)=0.505 mho, shown by the dashed line.
We now turn to cases with significantly larger values of

the slopeS in the conductivity model, such that the enhance-
ment of the conductivity with current is by a more substantial
factor. For example, forS=1 mho (µA m−2)−1 the conduc-
tivity increases from 0.055 mho whenj‖i=0 to 0.150 mho
when j‖i=0.1µA m−2, while for S=10 mho (µA m−2)−1

the corresponding increase is from 0.1 to 1.052 mho (see

Fig. 5). Results for these values ofS are shown in Figs. 7
and 8, respectively, where again we takeṀ=1000 kg s−1.
The format of the figures is similar to Fig. 6. It can be
seen in Figs. 7a and 8a that in the innermost region the
plasma angular velocity decreases from near-rigid corota-
tion with increasing distance, in line with expectations based
on the constant conductivity solution with6∗

P =6∗

P (j‖i=0),
shown by the long-dashed line, and the near-rigid approxi-
mation Eq. (24), shown by the dot-dashed line. The field-
perpendicular and field-parallel current components shown
in Figs. 7b–c and 8b–c correspondingly increase in accor-
dance with Eqs. (25) and (26). However, as the parallel cur-
rent increases in accordance with Eq. (26), so does the iono-
spheric Pedersen conductivity in accordance with Eq. (28),
such that when the increase in conductivity becomes com-
parable with or larger than6∗

P (j‖i=0), the plasma angu-
lar velocity departs from the constant conductivity solution
(long-dashed line), and falls less rapidly with distance, in
accordance with Eq. (24) (dot-dashed line). The onset of
this behaviour occurs at smaller radial distances for larger
values ofS, and hence at smaller departures of the angu-
lar velocity from rigid corotation, as can be seen by com-
paring Figs. 7a and 8a. Beyond this point, the increase in
the conductivity with the parallel current given by Eq. (26)
is such that the angular velocity given by Eq. (24) (dot-
dashed line) shows a shallow minimum, with(ω/�J )≈0.85
at ρe≈25RJ for S=1 mho (µA m−2)−1 in Fig. 7a, and with
(ω/�J )≈0.97 at ρe≈15RJ for S=10 mho (µA m−2)−1 in
Fig. 8a, before slowly increasing again at larger distances
(the departure from rigid corotation decreasing as∼ρ

−(m−2)
e

in this regime, wherem is the exponent of the KK field
model in Eq. 3a). Equations (24) to (26) thus imply that for
S≥1 mho (µA m−2)−1 the enhancement in the ionospheric
conductivity can be such that near-rigid corotation conditions
(given by Eq. 24) can be maintained to large distances, and
with it the growth of the current components according to
Eqs. (25) and (26). The numerical results (solid lines) show
that this is indeed the case, with the computed solutions for
the angular velocity following the near-rigid corotation value
given by Eq. (24) (approximately forS=1 mho (µA m−2)−1

in Fig. 7a, and very closely forS=10 mho (µA m−2)−1 in
Fig. 8a) out to a certain radial distance determined by the
outer boundary condition before falling to lower values at
larger distances. The distance to which the near-rigid coro-
tation approximation is followed increases with the cho-
sen value ofj‖i (and hence6∗

P ) at the outer boundary at
100RJ , as can be seen in the figures. These results there-
fore confirm the conjecture of Cowley and Bunce (2001) that
precipitation-induced enhancements of the Pedersen conduc-
tivity can act to maintain the plasma angular velocity closer
to rigid corotation to much larger radial distances than an-
ticipated on the basis of previously presented solutions using
typical constant “background” Pedersen conductivities of a
few tenths of a mho.
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Fig. 7. Plots of the magnetosphere-
ionosphere coupling current sys-
tem parameters for the near-linear
conductivity model (Eq. 28) with
slope S=1.0 mho (µA m−2)−1 (solid
lines), for constant conductivity
6∗

P
(j‖i=0)=0.055 mho (dashed

lines), and the near-rigid corotation
approximations given by Eqs. (24)–
(26) (dot-dashed lines). Also shown
by the dotted lines is the outer re-
gion approximation calculated from
Eqs. (30)–(33). The three solid
lines represent boundary condition
choices of j‖i(100RJ )=0.10, 0.03

and−0.04µA m−2 as indicated, as in
Fig. 6. The solutions in each case are
tracked to 13RJ , inside which they
are completed by the “first-iteration”
approximation discussed in Sect. 4.2.
All parameters are plotted versus
jovicentric equatorial radial distance
ρe. Plot (a) shows the plasma angular
velocity ω normalised to the planet’s
angular velocity�J , plot (b) shows
the azimuth-integrated equatorial radial
current Iρ in MA, plot (c) shows the
field-aligned current density at the feet
of the field linesj‖i in µA m−2, while
plot (d) shows the effective height-
integrated Pedersen conductivity6∗

P
in

mho.
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Fig. 8. As for Fig. 7 but withS=10 mho (µA m−2)−1, such that6∗
P

(j‖i=0)=0.1 mho.

The corresponding behaviour of the current components
shown in Figs. 7b–c and 8b–c is thus that in the inner re-
gion they follow the near-rigid corotation approximations
given by Eqs. (25) and (26), increasing rapidly with increas-
ing distance depending oṅM and the equatorial magnetic
model |Bze|, over the radial range where the angular veloc-
ity remains close to the near-rigid corotation approximation
Eq. (24). Beyond this distance, where the angular velocity
falls away from this behaviour, the field-aligned current also
falls away to smaller positive values, rapidly in the case of
S=10 mho (µA m−2)−1 shown in Fig. 8c, to the value of the
chosen boundary condition atρe=100RJ . Correspondingly,
the value of the Pedersen conductivity also falls with distance
in the outer region, as seen in Figs. 7d and 8d, while the total
currentIρ , shown in Figs. 7b and 8b, tends towards a con-
stant value. Overall, it can be seen that in cases where the
conductivity increases rapidly with the current density (i.e.S

is large), the form of the current profiles differ significantly
from those derived previously for constant conductivity. In
the latter case the upward field-aligned current density tends
to be broadly distributed over the middle magnetosphere cur-
rent sheet outside of∼20RJ for typical parameters (see, e.g.
the solutions in Cowley et al. (2002, 2003) and Nichols and
Cowley, 2003), such that the total radial current grows grad-
ually with increasing distance. In the solutions found here

for largeS, however, the field-aligned current input to the
current sheet is instead concentrated in the inner part of the
region where the conductivity is also enhanced, and then falls
to smaller but still positive values in the region beyond, the
radial extent of the main upward field-aligned current region
then depending on the outer boundary condition. The total
radial current then grows with distance according to Eq. (25)
within the main region of field-aligned current in the inner re-
gion, while plateauing at almost constant values in the region
beyond.

4.4 Outer region approximations

Approximate solutions based on these results can then be de-
veloped for the outer region, using the governing equations
given in Sect. 2. Specifically, we replace Eq. (12) by

Iρ = 8π6∗

P Fe�J

(
1 −

ω

�J

)
≈ constant, (30)

in which case the Hill-Pontius equation, in the form given by
Eq. (13), can be integrated directly to give(

ω

�J

)
≈

(
ρ′

e

ρe

)2(
ω

�J

)′

+
Iρ

Ṁ�J ρ2
e

(
Fe

(
ρ′

e

)
− Fe (ρe)

)
, (31)
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Fig. 9. Plots of the magnetosphere-
ionosphere coupling current sys-
tem parameters in a similar format
to Figs. 6–8 for the near-linear
conductivity model (Eq. 28) with
slope S=10 mho (µA m−2)−1 (solid
lines), for a constant conductivity
6∗

P
(j‖i=0)=0.1 mho (dashed lines),

and the near-rigid corotation ap-
proximation given by Eqs. (24)–(26)
(dot-dashed lines) for three values of
the iogenic plasma mass outflow rate
Ṁ=1000, 2000 and 3000 kg s−1 (as
indicated). The solutions in each case
are tracked to 13RJ , inside which they
are completed by the near-rigid coro-
tation approximation. All parameters
are plotted versus jovicentric equatorial
radial distanceρe. Plot (a) shows the
plasma angular velocityω normalised
to the planet’s angular velocity�J ,
plot (b) shows the azimuth-integrated
equatorial radial currentIρ in MA,
plot (c) shows the field-aligned current
density at the feet of the field linesj‖i
in µA m−2, while plot (d) shows the
effective height-integrated Pedersen
conductivity6∗

P
in mho.
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where(ω/�J )′ is a known value of the angular velocity at
some radial distanceρ′

e. We then assume that the angular ve-
locity and current components follow the near-rigid corota-
tion approximations given by Eqs. (24) to (26) out to distance
ρ′

e, then breaking away to the behaviour defined by Eqs. (30)
and (31) at larger distances, such thatj‖i and hence6∗

P reach
the value specified at the outer boundaryρe=ρeB (100RJ

in the results presented here). Thus, introducing Eq. (25)
into Eq. (30), the positionρ′

e where the break occurs is deter-
mined from the imposed boundary conditions by solving the
equation

2Ṁ�J∣∣∣∣Bze(ρ′
e)

∣∣∣∣ = 8π6∗

P

(
ρeB

)
Fe

(
ρeB

)
�J

(
1 −

(
ω

�J

)
B

)
, (32)

where from Eq. (31)(
ω

�J

)
B

≈

(
ρ′

e

ρeB

)2(
ω

�J

)′

+
2

ρ2
eB

∣∣Bze

(
ρ′

e

) ∣∣ (Fe(ρ
′
e) − Fe (ρeB)

)
, (33)

and (ω/�J )′ is determined from Eq. (24) evaluated atρ′
e.

With the valueρ′
e so determined, the approximate angular

velocity profile is given by Eq. (31), the constant value of
Iρ by Eq. (25) evaluated atρ′

e, and the conductivity profile
from Eq. (30). The parallel current is determined by in-
version of the expressions for the conductivity model given
by Eq. (28). These approximations are shown by the dot-
ted curves in Figs. 7 and 8, and are seen to agree quite well
with the numerical solutions, particularly with the results for
S=10 mho (µA m−2)−1 shown in Fig. 8.

4.5 Solution dependence oṅM

The results shown above in Figs. 6 to 8 have all employed
a fixed typical value of the iogenic plasma mass outflow
rate Ṁ of 1000 kg s−1. Here we consider how the solu-
tions depend onṀ for a given conductivity model. In
Fig. 9 we show results in our standard format forṀ=1000,
2000, and 3000 kg s−1 (our particular interest in larger val-
ues becoming clearer in Sect. 5), forS=10 mho (µA m−2)−1,
and for the fixed boundary condition thatj‖i=0.03µA m−2

at ρe=100RJ . In this case, however, three constant
conductivity solutions are now shown in each plot for
6∗

P (j‖i=0)=0.1 mho, corresponding to the three values of
Ṁ (dashed lines as marked), and also three curves for the
near-rigid corotation approximations given by Eqs. (24) to
(26). However, for the case of the plasma angular velocity
shown in Fig. 9a, although the departure of the angular ve-
locity from rigid corotation is proportional tȯM in the inner-
most region, where6∗

Po>Sj‖i in Eq. (28), over most of the
radial range, where the opposite inequality applies, the near-
rigid corotation approximation depends only on the slope S
and not on the mass outflow ratėM, i.e. if we put6∗

P 'Sj‖i

over most of the range, as given by Eq. (28), then substituting
for j‖i from Eq. (26) into Eq. (24) yields

ω

�J

' 1 −
ρe

∣∣Bze

∣∣2
4S�J BJ Fe

∣∣ dBze

dρe

∣∣ , (34)

such that the departure from rigid corotation is inversely pro-
portional toS (as can be seen in Figs. 7a and 8a), but is in-
dependent ofṀ. The angular velocity profiles in Fig. 9a
thus follow essentially the same curves as each other in the
inner region, before falling away from the near-rigid corota-
tion approximation at larger distances. This latter distance
decreases with increasinġM (for fixed boundary condition)
as can be seen in Fig. 9a, such that the plasma angular veloc-
ity at the outer boundary falls with increasinġM. Similarly,
the current components and conductivity grow more rapidly
in the inner region in proportion tȯM, as shown in Figs. 9b–
d and as expected from Eqs. (25) and (26), while also falling
away from this behaviour at smaller radial distances with in-
creasingṀ. The overall effect is that the main region of field-
aligned current flow into the current sheet moves inwards as
Ṁ increases, for a given value ofj‖i at the outer boundary.
The value at which the total radial current plateaus in the
outer region is also found to increase modestly withṀ under
these condition, as can be seen in Fig. 9b.

4.6 Results for a more realistic conductivity model

The final point we wish to discuss in this section concerns
the effect of the behaviour of the ionospheric Pedersen con-
ductivity with the field-aligned current. It was assumed in
the above calculations via Eq. (28) that the current increases
essentially linearly with the current for all positive values of
the latter (Fig. 5). This potentially results in very large values
of the conductivity being obtained, as can be seen, for exam-
ple, in Figs. 8d and 9d. It may be noted in the results pre-
sented in Sect. 3, however, that near-linear behaviour of the
conductivity may only prevail for sufficiently small values of
the field-aligned current density, with the conductivity tend-
ing to plateau or possibly even fall in value for larger values
of j‖i . We now investigate the effect of such conductivity
behaviour by modifying theS=10 mho (µA m−2)−1 model
such that beyond a certain value of the field-aligned current
density the conductivity increases much less rapidly than for
small values of the current. Specifically, the model adopted
is

6∗

P

(
j‖i

)
= 6∗

Po

+
1

2

S1 +
S2[

1 +

(
j‖i

j∗∗
‖i

)n] 1
n


(√

j2
‖i + j∗2

‖i + j‖i

)
,(35)

which is such that6∗

P '6∗

Po for j‖i negative, varies as
6∗

P '6∗

Po + (S1 + S2)j‖i for positivej‖i less thanj∗∗

‖i , and
then as6∗

P '(6∗

Po + S2j
∗∗

‖i ) + S1j‖i for j‖i greater thanj∗∗

‖i .
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Fig. 10. Plot of the effective height-integrated Pedersen conductivity6∗
P

in mho versus ionospheric field-aligned current density

j‖i (µA m−2) using the revised conductivity model given by Eq. (35) (solid line). This is compared with the near-linear conductivity model

given by Eq. (28) with slopeS=10 mho (µA m−2)−1 (dashed line).

Here we have taken6∗

Po=0.05 mho andj‖i=0.01µA m−2,
as before, together with S1=0.1 mho (µA m−2)−1,
S2=9.9 mho (µA m−2)−1, j∗∗

‖i =0.25µA m−2 and n=8.
This function is shown in Fig. 10 (solid line), together with
theS=10 mho (µA m−2)−1 model given by Eq. (28) (dashed
line). It can be seen that the two models are essentially iden-
tical for small positive and all negative values ofj‖i , with the
conductivity increasing at the rate of∼10 mho (µA m−2)−1

for positivej‖i less than 0.25µA m−2. Above this value of
the current, however, the conductivity curve rapidly flattens
to increase at the much reduced rate of 0.1 mho (µA m−2)−1.

Results using this conductivity model are shown in Fig. 11
in the same format as Figs. 6 to 9. Here we compare the
solution obtained with the above model with that obtained
with the S=10 mho (µA m−2)−1 model of Eq. (28), for the
same value ofṀ=1000 kg s−1, and with the same bound-
ary conditionj‖i=0.03µA m−2 atρe=100RJ . We note that
the dashed line showing the constant conductivity solution
for 6∗

P =6∗

P (j‖i=0)=0.1 mho is the same for both models.
The current profiles of the near-rigid corotation approxima-
tions Eqs. (25) and (26), shown by the dot-dashed lines, are
also the same for the two calculations, being dependent only
on Ṁ and the equatorial magnetic field model. However,
the angular velocity profiles in the latter approximation given
by Eq. (24) are in general different, being dependent on the
conductivity model. As can be seen in Fig. 11a, the two
profiles are very similar to each other in the inner region,
where the field-aligned current given by Eq. (26) lies below
∼0.25µA m−2, such that the model6∗

P values are closely
similar to each other. However, the field-aligned current ap-
proximation exceeds this value at and beyondρe∼25RJ ,
such that in the revised model the conductivities then fall
significantly below those given by the near-linear model with

S=10 mho (µA m−2)−1 (Fig. 10), and with it, the departure
of the plasma from rigid corotation given by Eq. (24) also
significantly increases. It can be seen in Fig. 11a that in the
inner region the numerically integrated angular velocity pro-
files follow their respective approximations, closely in the
case of theS=10 mho (µA m−2)−1 near-linear model out to
∼40RJ , and approximately in the case of the revised con-
ductivity model given by Eq. (35) out to 50RJ , before falling
more rapidly in the outer region to values which are quite
similar at the outer boundary. The current profiles shown in
Figs. 11b and 11c are also similar to each other. The parallel
current for the revised conductivity model in Fig. 11c lies
modestly below that of theS=10 mho (µA m−2)−1 model
beyond∼ 20RJ , while peaking at a larger value at a larger
distance, before falling precipitately to small values beyond
∼40RJ . The total radial current profiles shown in Fig. 11b
behave in a corresponding manner, with closely similar val-
ues being achieved at the outer boundary atρe=100RJ .
Turning now to the conductivity profile shown in Fig. 11d,
it can be seen that the effect of the revised conductivity
model is to truncate the increase in conductivity in the cen-
tral regions to reach a peak of only∼3 mho, compared with
∼20 mho for the near-linear model. Nevertheless, the ele-
vation of the conductivity in the revised model is still suffi-
cient to maintain the plasma angular velocity and the current
components close to the values given by the near-rigid coro-
tation approximation out to significant distances. The main
distinction between the two models is that the angular veloc-
ity is more significantly depressed from rigid corotation in
the revised model, such as to maintain similar values of the
currents.
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Fig. 11. Plots of the magnetosphere-
ionosphere coupling current system
parameters for the near-linear con-
ductivity model (Eq. 28) with slope
S=10 mho (µA m−2)−1, and the
revised conductivity model (Eq. 35)
(solid lines as labelled), for constant
conductivity 6∗

P
(j‖i=0)=0.1 mho

(dashed lines), and for the near-rigid
corotation approximations given by
Eqs. (24)–(26) (dot-dashed lines). The
solutions are tracked to 13RJ and
21RJ for the near-linear and revised
models, respectively, inside which
they are completed by the near-rigid
approximation. All parameters are
plotted versus jovicentric equatorial
radial distanceρe. Plot (a) shows
the plasma angular velocityω nor-
malised to the planet’s angular velocity,
plot (b) shows the azimuth-integrated
equatorial radial currentIρ in MA,
plot (c) shows the field-aligned current
density at the feet of the field linesj‖i
in µA m−2, while plot (d) shows the
effective height-integrated Pedersen
conductivity6∗

P
in mho.
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5 Solutions appropriate to Jovian conditions

In this section we examine solutions for the angular veloc-
ity and current components which are appropriate to condi-
tions in the Jovian magnetosphere, and consider how well
they fit to available observations. Specifically, we derive so-
lutions based on the empirical conductivity model given by
Eq. (23), shown by the dashed line in Fig. 4, and we also
choose boundary conditions that yield solutions appropriate
to the Jovian system.

5.1 Observed radial current profile

The Jovian observations to which we refer are the radial pro-
files of the radial equatorial currentiρ derived from Galileo
magnetometer data by Khurana (2001). As discussed in the
Introduction, the radial current is associated with the bending
of the magnetic field lines out of meridian planes, and hence,
with the appearance of aBϕ field which reverses in sense
about the centre of the equatorial current sheet, as shown in
Fig. 1. Applying Amp̀ere’s law to a loop passing through the
current sheet and closing in the region outside, we find

iρ = ∓
21Bϕ

µo

, (36)

where1Bϕ is the azimuthal field outside the current sheet
(the planetary azimuthal field is negligible at middle magne-
tosphere distances). The upper sign applies to observations
north of the current sheet, while the lower sign applies to
observations south of the sheet, and we assume north-south
symmetry of the field line bending. In Fig. 12b we show
the radial profile of the radial current derived from Galileo
data, kindly provided at increased 5RJ radial resolution by
K. K. Khurana (personal communication, 2002). This has
been derived using Eq. (36) from magnetic data outside the
current sheet, within a 3-h local time sector centred on mid-
night. Data from this sector have been chosen since it is less
likely to contain systematic contributions from other effects
that produce magnetospheric1Bϕ , such as field line bend-
ing associated with the day-night asymmetry of the magneto-
spheric cavity due to the dynamic pressure of the solar wind.
The resulting values ofiρ derived from Eq. (36) have then
been multiplied by 2πρe, in order to represent the total ra-
dial current integrated in azimuth, as seems appropriate as a
first approximation (see also Khurana, 2001). It can be seen
that the total radial current inferred from this data increases
rapidly in the inner region, between∼15 and 25RJ , before
plateauing at a value of∼100 MA at distances beyond, out
to ∼100RJ . As noted previously by Khurana (2001), these
results imply that the upward-directed field-aligned currents
which feed the current sheet are concentrated in the inner
region, centred near∼20RJ , with the upward field-aligned
current density in the ionsphere derived from the slope of the
curve in this region being typically∼0.2−0.3µA m−2.

5.2 Comparison with constant conductivity model results

The dashed lines in Fig. 12b show solution curves forIρ de-
rived for the typical value ofṀ=1000 kg s−1 and various
constant values of the effective Pedersen conductivity, 0.1,
0.2 and 0.3 mho, as marked, in the range used in previously
published studies. These are plotted together with the limit-
ing value of the current given by Eq. (25), shown by the dot-
dashed line. The other panels of the figure show the other pa-
rameters of these solutions, specifically(ω/�J ) in Fig. 12a
andj‖i in Fig. 12c. It can be seen that although these con-
stant conductivity solutions produceIρ profiles which are not
unadjacent to that derived from the Galileo data, they also do
not provide a good “fit” for any reasonable values of the sys-
tem parameters6∗

P andṀ. The “best fit” solutions (e.g. that
for Ṁ=1000 kg s−1 and6∗

P =0.2 to 0.3 mho in Fig. 12b) tend
to rise too gradually in the inner region and to overshoot at
larger distances, associated with the broadly-distributed pro-
file of the upward field-aligned current shown in Fig. 12c.

In Fig. 13 we also show for future reference the plasma
angular velocity and current components for these constant
conductivity solutions mapped along field lines into the iono-
sphere, using Eq. (4). In this format the plots extend from
a co-latitude of∼15.7◦, mapping to 100RJ in the equato-
rial plane, to 19◦, mapping to∼12.1RJ . In Fig. 13a we
show the angular velocity profiles (dashed), together with
the approximate forms (dot-dashed), while in Figs. 13b and
13c we show the total height-integrated Pedersen current in-
tegrated in azimuth, equal to half the conjugate equatorial
currentIρ , together with the similarly halved Galileo data,
and the field-aligned current density, respectively, in a sim-
ilar format. These theoretical plots are entirely representa-
tive of previously-published results, showing, for example,
the field-aligned current density peaking at a few tenths of
aµA m−2 near the poleward boundary of the ionospheric re-
gion mapping to the middle magnetosphere, and falling to
small values over a latitudinal scale of∼1.5◦ FWHM (i.e.
∼2000 km) in the ionosphere. In Figs. 13d and 13e we
also show estimates of the auroral accelerating voltage and
the precipitating auroral electron energy flux, derived from
Eqs. (15) and (16) (using the full formulae rather than the
approximate forms), with magnetospheric electron parame-
tersN=0.01cm−3 andWth=2.5 keV, as employed in previ-
ous papers and above in Sect. 3. These show that accelerating
voltages of several tens of kV are anticipated, together with
precipitating energy fluxes of a few tens of mW m−2, in line
with previous results (e.g. Cowley and Bunce, 2001; Cowley
et al., 2002, 2003). We recall that at∼20% conversion ef-
ficiency, an energy flux of 10 mW m−2 corresponds to a UV
luminosity of∼100 kR, such that typical luminosities are ex-
pected to be of this order, as observed.

5.3 Empirical conductivity model

We now turn to the results for varying conductivity, and first
discuss the conductivity model to be employed. As indi-
cated above, this is based on the empirical form Eq. (23)
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Fig. 12. Plots of the magnetosphere-ionosphere coupling current system parameters usingṀ=1000 kg s−1 and constant effective height-
integrated Pedersen conductivities of 0.1, 0.2 and 0.3 mho (dashed lines as labelled), together with the near-rigid corotation approximations
given by Eqs. (24)–(26) (dot-dashed lines). All parameters are plotted versus jovicentric equatorial radial distanceρe. Plot (a) shows the
plasma angular velocityω normalised to the planet’s angular velocity�J , plot (b) shows the azimuth-integrated equatorial radial currentIρ

in MA, while plot (c) shows the field-aligned current density at the feet of the field linesj‖i in µA m−2. In plot (b) the theoretical curves are
compared with the radial profile of the radial current derived from Galileo data in the midnight sector, as described in the text.
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Fig. 13. Panels(a), (b) and(c) show the magnetosphere-ionosphere coupling current system parameters for constant conductivity and the
Galileo data shown previously in Fig. 12a–c, but now projected along model magnetic field lines into the Jovian ionosphere and plotted
versus dipole co-latitudeθi , using Eq. (4). In panel (b) the equatorial radial currentIρ has also been divided by a factor of two to show
the azimuth-integrated Pedersen current flowing in one ionosphere,IP . Plot (d) then shows the minimum accelerating voltage8 in kV
required to drive the field-aligned current obtained from the exact form of Eq. (15). Plot(e)similarly shows the precipitating energy fluxEf

in mW m−2 obtained from the exact form of Eq. (16).

derived above in Sect. 3 from the modelling results pre-
sented by Millward et al. (2002). However, the quantity es-
timated above is the true height-integrated Pedersen conduc-
tivity 6P , while the value required here is the effective value
6∗

P , equal to(1−k)6P , reduced from the true value by at-
mospheric “slippage” discussed in Sect. 2.2 above. The ap-
propriate value ofk is not conclusively known at the present
time, but recent modelling results (G. H. Millward, personal

communication, 2003) indicate thatk≈0.5 under circum-
stances appropriate to those discussed in this paper. Here
we will therefore adopt this value, such that we will take
the factor(1−k)=0.5 in Eq. (6). Noting that the empiri-
cal form Eq. (23) goes to zero forj‖i=0, we will also add
a small constant conductivity6∗

Po. As found in Sect. 4, the
value of6∗

Po governs the nature of the angular velocity pro-
file at small distances wherej‖i becomes small. This value of
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Fig. 14. Plot of the effective height-integrated Pedersen conductivity6∗
P

in mho versus ionospheric field-aligned current density

j‖i (µA m−2) using the empirical conductivity model given by Eq. (37).

6∗

Po has thus been determined from the results presented by
Hill (1980), who examined Voyager-1 angular velocity data
in the inner region (from∼12RJ to ∼20RJ ) and compared
the data with constant conductivity solutions for a dipole
field model (which is reasonably realistic in the inner re-
gion). The theoretical angular velocity profiles depend on
the quotient6∗

P /Ṁ, the results obtained by Hill (1980) indi-
cating that6∗

P /Ṁ≈2.75×10−5 mho (kg s−1). Although it is
not a major point of our study, we have therefore employed
here6∗

Po=0.0275×Ṁ(1000 kg s−1) mho, such that the cal-
culated angular velocity profile perforce asymptotes to the
form determined by Hill (1980) in the inner region (and by
which we do not wish to imply that the “background” iono-
spheric conductivity is somehow physically determined by
the mass outflow rate from Io). In summary, therefore, here
we employ the following empirical conductivity model

6∗

P = 0.0275Ṁ + 0.08j‖i +

{
1.225

[
(j‖i/0.075)2

1 + (j‖i/0.075)2

]

×
1

1 + exp[−(j‖i − 0.22)/0.12]

}
, (37)

whereṀ is in units of 1000 kg s−1, andj‖i is inµA m−2.
In Fig. 14 we show6∗

P versusj‖i for Ṁ=1000, 2000 and
3000 kg s−1, as employed below.

5.4 Results using the empirical conductivity model

Results using the empirical conductivity model given by
Eq. (37) are shown in our standard format in Fig. 15. The
solid lines show three numerically computed solutions for

Ṁ=1000, 2000 and 3000 kg s−1, each employing differing
values ofj‖i at the boundary atρe=100RJ , such that the
total currentIρ at 100RJ is equal to 100 MA, in approxi-
mate agreement with the values obtained at large distance
from the Galileo data. The values ofj‖i(100RJ ) employed
are∼0.264,∼0.171 and∼0.133µA m−2 for Ṁ=1000, 2000
and 3000 kg s−1, respectively. The dot-dashed lines show the
corresponding near-rigid corotation approximations given by
Eqs. (24) to (26), while the dashed lines show the constant
conductivity solutions with6∗

P =6∗

P (j‖i=0). There is only
one constant conductivity solution for the angular velocity
due to the above choice of the form of6∗

Po.

We begin by comparing theIρ profiles shown in Fig. 15b
with the values derived from the Galileo data. It can be seen
that the shape of the theoretical curves agree reasonably well
with the Galileo data, consisting of a sharp rise in the inner
region, followed by an extended region of almost constant
values. However, it can be seen that the initial rise in the cur-
rent occurs at too large a radial distance forṀ=1000 kg s−1,
and approaches more satisfactory agreement asṀ increases
to 2000 and 3000 kg s−1, thus explaining our interest in larger
values ofṀ indicated above. However, even the results
for 3000 kg s−1 do not quite reach the mean of the Galileo
data in the innermost region, while the observational esti-
mates outlined in the Introduction suggest an upper limit of
the mass transport rate of∼2000 kg s−1, with smaller values
of ∼1000 kg s−1 being more typical. The implication may
therefore be that the mean|Bze| in the model employed here
is too large (see, e.g. Eq. 25) in the critical upward current
region, a possibility that needs to be carefully examined in
future study.
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Fig. 15.Plots of the magnetosphere-ionosphere coupling current system parameters obtained using the empirical conductivity model (Eq. 37)
(solid lines), constant conductivity6∗

P
=6∗

P
(j‖i=0) (dashed lines), and the near-rigid corotation approximations given by Eqs. (24)–(26)

(dot-dashed lines), for three values of the iogenic plasma mass outflow rateṀ=1000, 2000 and 3000 kg s−1 (as indicated). The empirical
conductivity model solutions have the boundary condition onj‖i set such that the value of the azimuth-integrated equatorial radial current
in each case is equal to 100 MA. The solutions are tracked numerically to 12RJ , inside which they are completed by the “first-iteration”
approximation of Sect. 4.2. All parameters are plotted versus jovicentric equatorial radial distanceρe. Plot (a) shows the plasma angular
velocityω normalised to the planet’s angular velocity�J , plot (b) shows the azimuth-integrated equatorial radial currentIρ in MA, together
with the radial profile of the radial current derived from GalileoBϕ data provided by Khurana, plot(c) shows the field-aligned current density
at the feet of the field linesj‖i in µA m−2, while plot (d) shows the effective height-integrated Pedersen conductivity6∗

P
in mho.

Turning now to the results for the field-aligned current
shown in Fig. 15c, we see that thej‖i profiles all strongly
peak in the inner region with similar peak values of be-
tween ∼0.22 and∼0.28µA m−2 for Ṁ=3000 kg s−1 and
1000 kg s−1, respectively, before falling rapidly at larger dis-
tances. However, as may be expected from the results dis-
cussed in Fig. 15b, the position of the peak moves in to-
wards the planet asṀ increases, fromρe≈30RJ when
Ṁ=1000 kg s−1, to ρe≈20RJ whenṀ=3000 kg s−1. The
Pedersen conductivity curves in Fig. 15d show a correspond-
ing behaviour, peaking in the inner region at∼0.7 mho.

Finally, the corresponding angular velocity curves are
shown in Fig. 15a. These show similar initial decreases
to each other in the innermost region (as guaranteed by
the choice of6∗

Po), before rising again outside∼15RJ , in
line with the “near-rigid” corotation approximation Eq. (24),
shown by the dot-dashed lines, and then falling more gradu-
ally at larger distances to values at the outer boundary which

decrease with increasinġM. These results show how it is
possible to deduce small values of6∗

P (for typical values
of Ṁ) from plasma angular velocity profiles in the inner
region, as found by Hill (1980), while values at larger dis-
tances are much higher than would be anticipated on this ba-
sis, as found, for example, by Kane et al. (1995) and Krupp
et al. (2001).

In Fig. 16 we show these parameters mapped along the
field lines into the ionosphere, together with auroral param-
eters derived from Eqs. (15) and (16), as in Figs. 13d and
13e. Figure 16a shows that the elevated conductivity condi-
tions produced by the auroral precipitation maintains near-
rigid corotation conditions up to dipole co-latitudes of∼17◦,
before falling rapidly to smaller values over∼1◦ latitude
in the poleward region. The total height-integrated Peder-
sen current curves(IP =Iρ/2) shown in Fig. 16b exhibit re-
lated behaviour, with values elevated between∼16.5◦ and
17.5◦ by the precipitation-enhanced Pedersen conductivity.



1822 J. D. Nichols and S. W. H. Cowley: Magnetosphere-ionosphere coupling currents

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

10

20

30

40

50
M
° êHkg s-1L

1000

2000
3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

2

4

6

8

10

12

14

E f êmW m-2 M
° êHkg s-1L

1000

2000

3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.05

0.1

0.15

0.2

0.25

j»»iêmA m-2

M
° êHkg s-1L

1000
2000
3000

3000
2000
1000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.2

0.4

0.6

0.8
SP

* ê mho

M
° êHkg s-1L

1000
2000
3000

1000
2000
3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.2

0.4

0.6

0.8

1
wêWJ

M
° êHkg s-1L

1000

2000
3000
All M

°

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

10

20

30

40

50

60
IpêMA

M
° êHkg s-1L1000

2000
3000

Fig 16a Fig 16b

Fig 16c
Fig 16d

Fig 16e
Fig 16f

FêkV

(a)

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

10

20

30

40

50
M
° êHkg s-1L

1000

2000
3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

2

4

6

8

10

12

14

E f êmW m-2 M
° êHkg s-1L

1000

2000

3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.05

0.1

0.15

0.2

0.25

j»»iêmA m-2

M
° êHkg s-1L

1000
2000
3000

3000
2000
1000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.2

0.4

0.6

0.8
SP

* ê mho

M
° êHkg s-1L

1000
2000
3000

1000
2000
3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.2

0.4

0.6

0.8

1
wêWJ

M
° êHkg s-1L

1000

2000
3000
All M

°

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

10

20

30

40

50

60
IpêMA

M
° êHkg s-1L1000

2000
3000

Fig 16a Fig 16b

Fig 16c
Fig 16d

Fig 16e
Fig 16f

FêkV

(b)

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

10

20

30

40

50
M
° êHkg s-1L

1000

2000
3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

2

4

6

8

10

12

14

E f êmW m-2 M
° êHkg s-1L

1000

2000

3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.05

0.1

0.15

0.2

0.25

j»»iêmA m-2

M
° êHkg s-1L

1000
2000
3000

3000
2000
1000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.2

0.4

0.6

0.8
SP

* ê mho

M
° êHkg s-1L

1000
2000
3000

1000
2000
3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.2

0.4

0.6

0.8

1
wêWJ

M
° êHkg s-1L

1000

2000
3000
All M

°

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

10

20

30

40

50

60
IpêMA

M
° êHkg s-1L1000

2000
3000

Fig 16a Fig 16b

Fig 16c
Fig 16d

Fig 16e
Fig 16f

FêkV
(c)

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

10

20

30

40

50
M
° êHkg s-1L

1000

2000
3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

2

4

6

8

10

12

14

E f êmW m-2 M
° êHkg s-1L

1000

2000

3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.05

0.1

0.15

0.2

0.25

j»»iêmA m-2

M
° êHkg s-1L

1000
2000
3000

3000
2000
1000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.2

0.4

0.6

0.8
SP

* ê mho

M
° êHkg s-1L

1000
2000
3000

1000
2000
3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.2

0.4

0.6

0.8

1
wêWJ

M
° êHkg s-1L

1000

2000
3000
All M

°

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

10

20

30

40

50

60
IpêMA

M
° êHkg s-1L1000

2000
3000

Fig 16a Fig 16b

Fig 16c
Fig 16d

Fig 16e
Fig 16f

FêkV
(d)

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

10

20

30

40

50
M
° êHkg s-1L

1000

2000
3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

2

4

6

8

10

12

14

E f êmW m-2 M
° êHkg s-1L

1000

2000

3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.05

0.1

0.15

0.2

0.25

j»»iêmA m-2

M
° êHkg s-1L

1000
2000
3000

3000
2000
1000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.2

0.4

0.6

0.8
SP

* ê mho

M
° êHkg s-1L

1000
2000
3000

1000
2000
3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.2

0.4

0.6

0.8

1
wêWJ

M
° êHkg s-1L

1000

2000
3000
All M

°

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

10

20

30

40

50

60
IpêMA

M
° êHkg s-1L1000

2000
3000

Fig 16a Fig 16b

Fig 16c
Fig 16d

Fig 16e
Fig 16f

FêkV

(e)15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

10

20

30

40

50
M
° êHkg s-1L

1000

2000
3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

2

4

6

8

10

12

14

E f êmW m-2 M
° êHkg s-1L

1000

2000

3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.05

0.1

0.15

0.2

0.25

j»»iêmA m-2

M
° êHkg s-1L

1000
2000
3000

3000
2000
1000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.2

0.4

0.6

0.8
SP

* ê mho

M
° êHkg s-1L

1000
2000
3000

1000
2000
3000

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

0.2

0.4

0.6

0.8

1
wêWJ

M
° êHkg s-1L

1000

2000
3000
All M

°

15.5 16 16.5 17 17.5 18 18.5 19
qiêdeg

10

20

30

40

50

60
IpêMA

M
° êHkg s-1L1000

2000
3000

Fig 16a Fig 16b

Fig 16c
Fig 16d

Fig 16e
Fig 16f

FêkV

(f)

Fig. 16.Plots of the solutions shown in Fig. 15 are shown projected along the field lines into the ionosphere, using the same line style format.
All parameters are plotted versus dipole co-latitudeθi . Plot (a) shows the plasma angular velocityω normalised to the planet’s angular
velocity �J , plot (b) shows the azimuth-integrated ionospheric Pedersen currentIP in MA, together with the Pedersen current derived
from Galileo data, plot(c) shows the field-aligned current densityj‖i in µA m−2, plot (d) shows the effective height-integrated Pedersen
conductivity in mho, plot(e) shows the minimum accelerating voltage8 in kV required to drive the field-aligned current, obtained from the
exact form of Eq. (15), while plot(f) shows the precipitating energy fluxEf in mW m−2 obtained from the exact form of Eq. (16).

The field-aligned current profiles shown in Fig. 16c show
similar curves peaking between∼0.22 and∼0.28µA m−2

for Ṁ=3000 kg s−1 and 1000 kg s−1, respectively, at colat-
itudes moving equatorward from 16.7◦ to 17.2◦ as Ṁ in-
creases from 1000 kg s−1 to 3000 kg s−1, in corresponding
behaviour with theIP curves. Comparison with the profiles
for constant conductivity shown in Fig. 13c show that the

current distributions are now significantly narrower, with a
width (FWHM) of ∼1◦ (∼1300 km). The conductivity pro-
files in Fig. 16d show corresponding behaviour, peaking at
∼0.7 mho at∼17◦. This is significantly larger than both
the background conductivity and the assumed constant con-
ductivity values which have been taken in previous papers.
The estimated accelerating voltages and precipitating energy
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Fig. 17.Plots of the magnetosphere-ionosphere coupling current system parameters obtained using the empirical conductivity model (Eq. 37)
(solid lines), constant conductivity6∗

P
=6∗

P
(j‖i=0) (dashed lines), and the near-rigid corotation approximations given by Eqs. (24)–(26)

(dot-dashed lines), for three values of the iogenic plasma mass outflow rateṀ=1000, 2000 and 3000 kg s−1 (as indicated). The empirical
conductivity model solutions have the boundary condition onj‖i set such that the value of the azimuth-integrated equatorial radial current
in each case is equal to 150 MA. The solutions are tracked numerically to 12RJ , inside which they are completed by the “first-iteration”
approximation of Sect. 4.2. The parameters in panels (a) and (b) are plotted versus jovicentric equatorial radial distanceρe, while those
in panels (c)–(h) are plotted versus dipole co-latitudeθi . Plot (a) shows the plasma angular velocityω normalised to the planet’s angular
velocity�J , plot (b) shows the azimuth-integrated equatorial radial currentIρ in MA, plot (c) shows the plasma angular velocity normalised
to the planet’s angular velocity�J , plot (d) shows the azimuth-integrated ionospheric Pedersen currentIP in MA, plot (e) shows the field-
aligned current density at the feet of the field linesj‖i in µA m−2, plot (f) shows the effective height-integrated Pedersen conductivity6∗

P
in mho, plot(g) shows the minimum accelerating voltage in kV required to drive the field-aligned current obtained from the exact form of
Eq. (15), while plot(h) shows the precipitating energy fluxEf in mW m−2 obtained from the exact form of Eq. (16).

fluxes which produce the elevated conductivities are shown
in Figs. 16e and 16f, respectively. The peak voltages are
∼50 kV, falling somewhat with increasinġM, with peak en-
ergy fluxes of∼14 mW m−2, again falling somewhat with
increasingṀ, in a region whose width (FWHM) is∼0.6◦

(∼800 km), significantly narrower than the profiles for con-
stant conductivity shown in Fig. 13e. These energy fluxes
correspond to a UV luminosity of∼80–140 kR in this re-
gion, which compares reasonably with main oval observa-
tions (Clarke et al., 1998; Prangé et al., 1998; Grodent et al.,
2003).

Finally, in order to display results which cover a reason-
able range of variations within the Jovian magnetosphere,
in Figs. 17 and 18 we show results in a similar format for
the same conductivity model, but where the value of the ra-
dial current at the outer boundary at 100RJ is fixed at val-
ues which are a factor of 1.5 larger (Fig. 17) and 1.5 smaller

(Fig. 18) than in Figs. 15 and 16, i.e. at 150 MA and 67 MA,
respectively. In order to keep the presentation reasonably
compact, however, we simply show the plasma angular ve-
locity and total equatorial radial current plotted versusρe in
Figs. 17a, b and Figs. 18a, b, and the angular velocity, Ped-
ersen current, field-aligned current, Pedersen conductivity,
accelerating voltage and precipitating electron flux plotted
versus co-latitude in Figs. 17c–h and Figs. 18c–h, respec-
tively. Comparison with Figs. 15 and 16 show that when
the field-perpendicular current is increased to 150 MA, the
angular velocities are elevated and the field-aligned current
is increased by a factor of∼1.8, while its spatial distribu-
tion is shifted polewards by∼0.2◦. Consequently, the accel-
erating voltages are increased to∼100 kV in this case, and
the peak energy fluxes to∼50 mW m−2, corresponding to
an enhanced UV auroral luminosity of 500 kR. The latitudi-
nal region in which the energy fluxes achieve such values is
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Fig. 17. Continued.

∼0.5◦ (FWHM), corresponding to 650 km in the ionosphere.
By contrast, when the total current is reduced to 67 MA at
the boundary at 100RJ , the field-aligned currents are corre-
spondingly reduced in rough proportion, as are the acceler-
ating voltages to∼25 kV, while the precipitating energy flux
then falls to∼5 mW m−2, corresponding to a weak UV lumi-
nosity of 50 kR. This extends over a latitudinal region∼0.7◦

(FWHM), corresponding to 910 km.

6 Summary and conclusions

In this paper we have considered the problem of the cou-
pling current system that flows between the ionosphere and
the middle magnetosphere current sheet in the Jovian system,
which imparts angular momentum to the plasma outflowing
from the Io torus. In modelling this current system we have,
for the first time, considered the enhancement in the iono-
spheric Pedersen conductivity which is produced by the pre-
cipitating energetic electrons in regions of upward-directed
field-aligned current flow. The properties of the electron pre-
cipitation are estimated from Knight’s (1973) kinetic theory,
while the effects on the ionospheric conductivity have been
determined using Millward et al.’s (2002) modelling results.
For simplicity we have employed these inputs to derive a
model for the dependence of the effective height-integrated
Pedersen conductivity on the upward field-aligned current
density, which is taken to be valid at all points in the mid-

dle magnetosphere. Inclusion of the effects of spatial de-
pendence would require development of models of the spa-
tial dependence of the properties of the hot magnetospheric
source electron population, that do not exist at the present
time. We have also employed a number of other simplified
models of the conductivity dependence on the field-aligned
current, which have allowed us to examine how the results
depend on the properties of the model. We have then incor-
porated these models into the description of the M-I system,
solving for the currents with the changing conductivity self-
consistently included. One element of inconsistency which
remains, however, is that the Knight (1973) theory requires
the presence of field-aligned voltages of∼20–100 kV on the
auroral field lines, whose effects are not included in our map-
ping of the flow between the magnetosphere and ionosphere,
where we have assumed equipotential field lines. This factor
should be taken into account in future work, but is not a pri-
ori expected to lead to very major effects, since the voltages
concerned are very small compared with the total voltages
across the middle magnetosphere current sheet of the order
of ∼10 MV.

Following definition of the Pedersen conductivity model
as discussed above, two coupled first-order differential equa-
tions must then be solved simultaneously, the first being the
Hill-Pontius equation for the plasma angular velocity based
on Newton’s laws, the second being the current continuity
equation (Eqs. 12 and 14 above). To define a particular solu-
tion then requires the choice of two boundary conditions, one
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Fig. 18. As Fig. 17 except with the boundary conditionIρ(100RJ )=67 MA.
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of which is set by the requirement that the plasma angular
velocity does not diverge at small radial distances, but rather
that the plasma rigidly corotates with the planet in this limit.
Practically, however, the solution of the equations requires
the choice of values of the plasma angular velocity and field-
aligned current at one boundary location, taken here to be the
outer boundary of the model current sheet at 100RJ , with the
choice of the field-aligned current also being equivalent to
the choice of the ionospheric conductivity at the outer bound-
ary, via the conductivity model employed. In the majority of
the calculations we have then held the field-aligned current
(and therefore also the ionospheric conductivity) constant at
the boundary and have then iterated the angular velocity to
find the solution that does not diverge at small distances.

The solutions so obtained show a number of important fea-
tures which are different from those obtained previously with
constant assumed ionospheric conductivities, and which po-
tentially resolve some outstanding issues concerning the dis-
tribution of plasma angular velocity and current in Jupiter’s
middle magnetosphere. First, concerning the plasma angu-
lar velocity, because the field-aligned current density falls
to small values in the innermost regions, the precipitation-
induced enhancement of the ionospheric conductivity is also
small in this region. The angular velocity thus tends to fall
relatively rapidly with distance in the innermost region, out
to ∼15RJ in the models derived in Sect. 5, which were in-
tended to represent reasonably realistic conditions in the Jo-
vian magnetosphere. Thus, for example, Hill (1980) derived
values of the Pedersen conductivity of∼0.05 mho for typ-
ical iogenic source rates of∼2000 kg s−1 from Voyager-1
angular velocity data in the inner region. However, the
field-aligned current and conductivity grow rapidly on field
lines that map to the equator at distances beyond∼15RJ

(corresponding to dipole co-latitudes poleward of∼18◦ in
the ionosphere), thus maintaining the plasma angular veloc-
ity at much higher values in the outer region than would
be obtained from the conductivities deduced in the inner
region. This result thus confirms the conjecture of Cow-
ley and Bunce (2001) to this effect, and provides an ex-
planation of the elevated angular velocities deduced from
energetic ion anisotropies in the outer region by Kane et
al. (1995) and by Krupp et al. (2001). In our “realistic”
models we then find that the field-aligned current peaks at
values∼0.22−0.28µA m−2 on field lines which map in the
equatorial plane to distances of∼20−30RJ (16.7◦–17.3◦

co-latitude in the ionosphere), with the peak field-aligned
currents corresponding to peak ionospheric Pedersen con-
ductivities of∼0.7 mho, according to our model. The field-
aligned currents and conductivities then fall to smaller val-
ues at larger distances, determined by the choice of bound-
ary condition. In our “realistic” models this has been set by
imposing the condition that the total radial current flowing
in the equatorial current sheet reaches 100 MA at 100RJ , in
conformity with the results derived from Galileo azimuthal
magnetic field data by Khurana (2001). The resulting solu-
tions for the current system are then found to be very sim-
ilar in form to that derived from the magnetospheric field

data, with the upward-directed field-aligned current input
into the current sheet being concentrated in the inner part of
the system at∼25RJ in the equatorial plane, such that the
equatorial radial current becomes plateaued at near-constant
values at distances beyond. However, matching the posi-
tion of the field-aligned current input deduced from Galileo
data, centred at∼20RJ , favours large values of the iogenic
source rate, of around 3000 kg s−1 or more. Such large val-
ues seem rather unrealistic when compared with a range of
previous estimates of the plasma production rate within the
torus, and the (smaller) outward transport rate within the
equatorial plasma disc. These suggest instead an upper limit
on the outward plasma transport rate of∼2000 kg s−1, with
∼1000 kg s−1 being a more typical value. A possible expla-
nation of this discrepancy which is suggested by Eq. (25)
(which should be valid in the region in question), is that the
strength of the north-south field threading through the cur-
rent sheet in this region is too large in existing models. This
possibility should be examined in future work.

We finally note that the location of the upward-directed
field-aligned currents deduced in this model are compara-
ble with the observed location of the Jovian main auroral
oval deduced from HST and Galileo data (e.g. Prangé et al.,
1998; Clarke et al., 1998; Vasavada et al., 1999; Grodent
et al., 2003). Although the field-aligned current is directed
out of the ionosphere into the equatorial current sheet over
the whole of the current sheet, as found in previous calcula-
tions (such that the current must close outside of the middle
magnetosphere in the poleward region not described by the
model), the concentration of the field-aligned current in the
inner region, relative to solutions with constant conductivity,
leads to a related concentration in the ionosphere. We then
find in our realistic models that the peaks in the field-aligned
current map to 16.7◦–17.3◦ co-latitude in the ionosphere for
mass outflow rates of 1000–3000 kg s−1, respectively, in a re-
gion whose FWHM is∼1◦ (1200 km north – south). The cor-
responding accelerating field-aligned voltages required by
Knight’s (1973) theory are then∼50 kV, and the peak pre-
cipitating electron energy fluxes are∼14 mW m−2, located
in a region of FWHM∼0.6◦ (∼800 km north – south), the
latter energy flux then resulting in a main oval UV aurora of
∼140 kR.
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