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Abstract

We show that the principal features of the main auroral oval in the jovian system are consistent with an origin in the magnetosphere–
ionosphere coupling currents associated with the departure of the plasma from rigid corotation in the middle magnetosphere, speci2cally
with the inner region of 2eld-aligned current directed upwards from the ionosphere to the magnetosphere. The features we refer to include
its location, its continuity in local time, its width, and the precipitating particle energy 5ux and auroral luminosity. A simple empirical
model of the 2eld and 5ow in the middle magnetosphere is used to estimate the 2eld-aligned currents 5owing into and out of the equatorial
current sheet associated with the breakdown of corotation. The models indicate that the current 5ows outwards from the ionosphere into
the current sheet through most of the middle magnetosphere. Mapped to the ionosphere, the upward 2eld-aligned current density is of
order ∼1 �A m−2, con2ned to circumpolar annular rings around each pole of latitudinal width ∼1◦ (∼1000 km), centred near ∼16◦
dipole latitude. The upward current is carried principally by downward-precipitating magnetospheric electrons from the tenuous hot plasma
which extends outside the cooler denser equatorial plasma sheet to high latitudes. For reasonable observed values of the magnetospheric
electron parameters it is found that such currents require the existence of 2eld-aligned voltages of order ∼100 kV. The auroral primaries
are thus ∼100 keV electrons, consistent with deep penetration of the jovian atmosphere and low-altitude auroras, as observed. The peak
ionospheric energy 5ux associated with the accelerated precipitating electrons is of order ∼0:1–1 W m−2, su=cient to drive a UV aurora
of 1–10 MR at ∼20% conversion e=ciency. In addition, to produce the current, the acceleration region must extend in altitude typically
above ∼3–4RJ. The spatially extended energetic auroral electron beams so formed are suggested to form a principal source of free energy
for non-Io-related radio emissions. An important implication of the model is that the main oval auroras and radio emissions will respond
principally to the dynamic pressure of the solar wind, in the sense of anticorrelation. c© 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

An important new source of information concerning
the dynamics of the jovian magnetosphere has recently
emerged via the availability of highly resolved images of
jovian auroras. Images of this nature have been obtained at
IR wavelengths from ground-based telescopes (e.g. Satoh
et al., 1996), at UV wavelengths from the Hubble Space
Telescope (e.g. PrangCe et al., 1998; Clarke et al., 1998), and
most recently and at highest spatial resolution in the visible
by the Galileo orbiter (Vasavada et al., 1999). The IR au-
roras represent mainly thermal emissions from the heated
auroral atmosphere and ionosphere, while the UV and visi-
ble auroras are directly excited by the precipitating magne-
tospheric particle 5ux. Various regions of auroral emission
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have been reported from these studies, including variable
diHuse emissions at highest latitudes in the polar cap, and
patches and arcs near the feet of the Io 2eld line. However,
the most signi2cant emission in terms of energy output
arises from circumpolar bands around both northern and
southern poles, consistently observed in all the above wave
bands, which has been termed the “main auroral oval”. This
emission, though of variable width and intensity, appears to
be essentially continuous in local time. It occurs at dipole
co-latitudes of ∼15◦, closer to the pole than the Io 5ux tube,
and encircles the polar cap emission at highest latitudes.
Magnetic modelling studies reported by the above authors
indicate that it lies on 2eld lines which map to the equator
beyond ∼20RJ, and thus to the region of the jovian middle
magnetosphere current sheet (e.g. Smith et al., 1976; Acuña
et al., 1983). The emission is very narrow in latitudinal
extent, but very bright. The overall width is ∼1000 km (i.e.
∼1◦ of latitude), with a brightness above∼100 kR at visible
and UV wavelengths (PrangCe et al., 1998; Vasavada et al.,
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1999). However, peak emissions within this band can have
a brightness up to several MR, con2ned to regions of width
a few ∼100 km or below. Assuming a ∼20% conversion
e=ciency (PrangCe et al., 1998), the precipitating particle en-
ergy input is thus estimated to lie typically in the range from
a few tens to a few hundred of mW m−2. Estimates of the
emission altitude vary from ∼250 km above the 1 bar level
for the optical emission (Vasavada et al., 1999), to ∼300–
500 km above the 1 bar level for the UV emission (PrangCe
et al., 1998). The implication of such low altitudes is that
the precipitating primaries, assumed electrons, must include
particles of very high energies, from several tens to several
hundreds of keV, in agreement with the results of studies
based on the UV emission spectra (Ajello et al., 1998).
Previous theoretical discussion of the origins of jovian

auroral precipitation has mainly focussed on wave-driven
pitch-angle diHusion of hot magnetospheric plasma (Thorne,
1983). Although wave amplitudes may be su=cient to 2ll
the loss cone and hence to produce signi2cant precipitation,
the resulting ionospheric energy 5uxes are found typically to
be ∼0:1–1 mW m−2. Such conclusions were most recently
con2rmed by Tsurutani et al. (1997), who examined the
hypothesis that the main oval is formed by wave diHusion
of magnetospheric plasma in the magnetopause boundary
layer. Using Ulysses data, they found that wave amplitudes
were su=cient to maintain keV electrons and keV–MeV
protons at the strong pitch angle diHusion (2lled loss-cone)
limit, but that the resulting precipitated energy 5uxes were
too low by ∼2–3 orders of magnitude to account for the
main oval emissions.
Jovian auroras have also been associated with 2eld-aligned

current systems which couple the magnetosphere and iono-
sphere, particularly those associated with the AlfvCen waves
which are formed downstream of Io in the corotating mag-
netospheric 5ow, and which propagate along the 2eld lines
to the ionosphere (e.g. Hill et al., 1983; Kopp et al., 1998).
On a larger scale, Isbell et al. (1984) have discussed the
excitation of 2eld-aligned currents and related aurora by
the interaction between the solar wind and a rapidly rotat-
ing magnetised planet. They point out that 5ux tubes in
the magnetopause boundary layer which are transported
downstream from the planet and into the tail by the input of
solar wind momentum will be twisted by planetary rotation,
thus forming annular zones of 2eld-aligned current which
5ow toward and away from the planet. Such a mechanism
might operate on polar cap 2eld lines which map, in the
main, to the magnetospheric tail at large distances from the
planet. However, it does not seem an appropriate starting
point to describe the main jovian auroral oval which, as
mentioned above, seems clearly to map deeper inside the
magnetosphere, to the region of the middle magnetosphere
current sheet. Indeed, GCerard et al. (1994) have suggested a
physical link between the UV aurora and 2eld-aligned cur-
rent sheets observed at jovicentric distances of ∼15–20RJ
during the dusk outbound pass of the Ulysses spacecraft
(Dougherty et al., 1993).

Fig. 1. Sketch of a meridian cross-section through the jovian magneto-
sphere, showing the principal features of the inner and middle magne-
tosphere regions. The arrowed solid lines indicate magnetic 2eld lines,
which are distended outwards in the middle magnetosphere region by az-
imuthal currents in the plasma sheet. The plasma sheet plasma originates
mainly at Io, which orbits in the inner magnetosphere at ∼6RJ , liberat-
ing ∼103 kg s−1 of sulphur and oxygen plasma. This plasma is shown
by the dotted region, which rotates rapidly with the planetary 2eld due
to magnetosphere–ionosphere coupling while more slowly diHusing out-
wards. Three separate angular velocities associated with this coupling are
indicated. These are the angular velocity of the planet �J , the angular
velocity of a particular shell of 2eld lines !, and the angular velocity of
the neutral upper atmosphere in the Pedersen layer of the ionosphere, �∗

J .
The latter is expected to lie between ! and �J because of the frictional
torque on the atmosphere due to ion-neutral collisions. The oppositely
directed frictional torque on the magnetospheric 5ux tubes is communi-
cated by the current system indicated by the arrowed dashed lines, shown
here for the case of sub-corotation of the plasma (i.e. ! 6 �J). This
current system bends the 2eld lines out of meridian planes, associated
with azimuthal 2eld components B’ as shown.

In open discussion at the Magnetospheres of the Outer
Planets meeting in Paris, August 1999, V.M. Vasyliunas
suggested that the main oval is related to the magnetosphere–
ionosphere coupling current system associated with the
breakdown of corotation in the middle magnetosphere,
speci2cally with the region of upward 2eld-aligned current
(see Fig. 1, to be discussed further below). A prediction
of this nature had been made much earlier by Kennel and
Coroniti (1975), in relation to the coupling of angular mo-
mentum between the planet and magnetosphere in a solar
wind-like radial out5ow plasma model which was then un-
der discussion. This suggestion has the initial virtues that
it is immediately consistent with both the observed longi-
tudinal continuity of the aurora, and the magnetospheric
mapping. Observations of the jovian plasma 5ow, albeit
limited at present, suggest that departures from rigid coro-
tation begin at equatorial distances of ∼20RJ (Belcher,
1983; Sands and McNutt, 1988). (We are referring here, of
course, to the departures from corotation associated with
outward radial transport of the iogenic plasma, and not to
the localised departures in the vicinity of Io’s orbit at ∼6RJ
which are instead associated with the ionisation of neutral
gas and pick-up by the 5ow (e.g. Brown, 1994)). In this
paper we therefore quantitatively investigate this sugges-
tion, speci2cally with regard to the amplitude and width of
the 2eld-aligned currents, and the conditions under which



S.W.H. Cowley, E.J. Bunce / Planetary and Space Science 49 (2001) 1067–1088 1069

they may be carried by the magnetospheric plasma. In the
next section we therefore employ a simple empirical model
of the middle magnetosphere, based on observations, to
evaluate the amplitude and extent of the 2eld-aligned cur-
rents. In Section 3 we then consider how these currents are
carried, and show that large ∼100 kV 2eld-aligned
voltages are required along the auroral 2eld lines,
thus also resulting in large precipitated particle energy
5uxes.

2. Breakdown of corotation and �eld-aligned currents

2.1. Physical background

In this section we present a simple empirical model of the
2eld and 5ow in the middle magnetosphere, and use it to es-
timate the form and magnitude of the 2eld-aligned currents
which couple the magnetosphere and ionosphere in this re-
gion. We 2rst discuss the physical background to the theory,
and in Fig. 1 sketch a cross-section through the inner and
middle magnetosphere showing the principal features. The
plasma in the jovian magnetosphere originates principally
from the moon Io, which orbits at a radial distance of ∼6RJ,
deep within the magnetosphere. The plasma consists mainly
of sulphur and oxygen ions, together with equal numbers
of electrons, and is con2ned to a near-equatorial toroidal
plasma sheet (the dotted region in Fig. 1) by the centrifu-
gal action of the near-corotating plasma 5ow. This plasma
diHuses slowly outwards into the equatorial middle mag-
netosphere via centrifugally driven 5ux-tube interchange
motions whose details are not thoroughly understood as
yet, and is eventually lost down-tail, again via processes
which are not at present well-determined. Here we use the
term “middle magnetosphere” to describe the region of 2eld
lines which pass through the equatorial plasma sheet. This
plasma carries a strong equatorial azimuthal current associ-
ated with radial stress balance, which thus distends the 2eld
lines in this region outwards from the planet, as shown in the
2gure.
As the iogenic plasma diHuses outward, its angular ve-

locity, which is close to rigid corotation with the planet in
the source region, tends to fall. If there is no torque on the
plasma, conservation of angular momentum indicates that
the azimuthal speed of the plasma will fall with radial dis-
tance as �−1, such that the angular velocity will fall as �−2.
However, when the angular velocity of the 5ux tubes fall be-
low the angular velocity of the planet, a diHerential velocity
exists between the neutral particles in the upper atmosphere
which rotate with the planet to a 2rst approximation, and
the charged particles in the ionosphere which rotate with
the 5ux tubes. Collisions between ions and neutral particles
in the Pedersen-conducting layer of the ionosphere will then
form a frictional torque on the 5ux tubes which tends to
spin them back up towards corotation, while the equal and
opposite torque on the neutral atmosphere tends at the same

time to reduce the angular velocity of the upper atmospheric
gas (Kennel and Coroniti, 1975; Huang and Hill, 1989). In
the steady state, Hill (1979) 2rst showed theoretically that
the ionospheric torque is su=cient to maintain near-rigid
corotation within a distance of a few tens of jovian radii in
the equatorial plane, depending on the ionospheric Pedersen
conductivity (directly related to the ion-neutral collisions)
and the mass out5ow rate of the iogenic plasma. Beyond
this distance, the ionospheric torque becomes increasingly
ineHective, such that the angular velocity then falls in-
creasingly away from rigid corotation, as �−2 at large
distances.
The ionospheric frictional torque is communicated to the

collisionless magnetospheric plasma by the magnetic 2eld,
which is distorted out of magnetic meridian planes into a
“lagging” con2guration. The 2eld distortion is associated
with azimuthal 2eld components which are directed op-
posite to corotation north of the equatorial plasma sheet,
and in the same direction as corotation south of the plasma
sheet, as observed (e.g. Smith et al., 1976; Khurana and
Kivelson, 1993; Bunce and Cowley, 2001), and as shown
in Fig. 1. The related current system is shown in Fig. 1 by
dashed lines, following the prior discussions of Hill (1979)
and Vasyliunas (1983). Pedersen currents 5ow equatorward
in both hemispheres, and close in outward radial currents
in the plasma sheet via a large-scale system of 2eld-aligned
currents which 5ow in the tenuous plasma between the iono-
sphere and the plasma sheet. The Pedersen current in the
ionosphere is associated with a j×B force directed opposite
to the rotation of the planet which balances the frictional
force of the neutral atmosphere on the ions. The force of
the ions on the neutral particles, which tends to de-spin the
atmosphere, is thus equal to the j × B force of the Peder-
sen current. The outward radial current in the equatorial
plasma sheet is associated with a j × B force in the sense
of planetary rotation, which tends to accelerate the magne-
tospheric plasma towards corotation with the planet. These
forces are such that if we consider any given 5ux tube, the
torque about the spin axis which tends to de-spin the atmo-
sphere (summed over northern and southern hemispheres)
is equal and opposite to the “spin-up” torque on the equato-
rial plasma. The circuit is then completed by 2eld-aligned
currents which are directed outwards from the ionosphere
into the magnetospheric plasma sheet in the inner part of
the region where the angular velocity of the plasma begins
to depart from rigid corotation, while reversing in sense at
larger distances in the outer part of the plasma sheet (Hill,
1979; Vasyliunas, 1983). The main auroral oval is sug-
gested here to correspond to the former of these 2eld-aligned
currents.
Our initial task is to estimate the form and magnitude

of these 2eld-aligned currents, employing for the purpose a
simple empirical model of the 2eld and 5ow. First of all,
however, we outline the basic theory, following the previous
discussions of Vasyliunas (1983) and Bunce and Cowley
(2001).
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2.2. Basic theory

We consider an axisymmetric magnetic 2eld (at least lo-
cally) whose principal components in cylindrical (�; ’; z)
coordinates are the poloidal components B� and Bz, but
where there is also a B’ component associated with 2eld
bending out of meridian planes, as mentioned above. The
curl of B’ gives the 2eld-aligned current density in the re-
gion between the ionosphere and the plasma sheet where
the 2eld-perpendicular currents are negligible, and in this
region �B’ = constant along the 2eld lines. The poloidal
2eld is described in terms of the vector potential A (where
B= curlA) by the expressions

B� =−@A’
@z

(1a)

Bz =
1
�
@(�A’)
@�

; (1b)

which thus only involve the azimuthal component, A’. The
5ux function for such a 2eld is given by F = �A’, and is
such that F is constant on a 2eld line (i.e. (B · ∇)F =
0). The surface F = constant thus de2nes an azimuthally
symmetric “shell” of 2eld lines passing from the southern
ionosphere, through the equator, to the northern ionosphere.
Knowledge of F thus allows us to map 2eld lines between
the equatorial current sheet and the ionosphere. Speci2cally,
it allows us to calculate in a simple manner the ionospheric
co-latitude of a 2eld line which passes through the equator at
a given radial distance. In general, F consists of two terms,
the 2rst due to the internal 2eld of the planet, approximated
here by the dipole term alone, while the second is due to
external currents, principally the azimuthal currents in the
equatorial current sheet in the middle magnetosphere. In
the ionosphere, the planetary dipole term is overwhelmingly
dominant, given by

Fdip = BJ�2
(
RJ
r

)3
; (2)

where r is the jovicentric radial distance, BJ is the jovian
equatorial magnetic 2eld strength (taken to be 4:28×105 nT
in conformity with the VIP 4 internal 2eld model of Con-
nerney et al. (1998)), and RJ is Jupiter’s radius (taken to
be 71,373 km). The absolute value of F has been 2xed by
taking F = 0 on the magnetic axis. Putting r ≈ RJ to a suf-
2cient approximation in Eq. (2) then gives the ionospheric
value of the 5ux function

Fi ≈ BJ�2i = BJR2J sin
2 �i; (3)

where �i is the perpendicular distance from the magnetic
axis, and �i is the magnetic co-latitude. In the equatorial
plane the 5ux function Fe is given by integration of Eq. (1b)

dFe
d�e

= �eBze; (4)

where Bze is the north–south component of the magnetic
2eld threading through the current sheet (negative in the

case of Jupiter), and �e is the radial distance from the mag-
netic axis. The 2eld Bze also consists of dipole and current
sheet contributions, the speci2c model for which employed
here will be described below. Mapping between the iono-
sphere and equatorial plane is then achieved simply by writ-
ing Fi(�i) = Fe(�e).
In the theory we distinguish three separate angular veloc-

ities with respect to an inertial (non-rotating) frame, as in-
dicated in Fig. 1. The 2rst is the angular velocity of rotation
of the planet, �J, which we take for simplicity to be aligned
with the magnetic axis (�J ≈ 1:76 × 10−4 rad s−1). We
thus neglect the ∼10◦ tilt of the dipole axis relative to the
spin axis, since this is not essential to the issues we wish to
address. The eHects of dipole tilt will be discussed further
in Section 4. The second is the angular velocity ! of the
plasma on the “shell” of magnetic 2eld lines of a given value
of F , which we take to be constant along the 2eld lines in the
steady state. That is, we assume that each 5ux shell rotates
rigidly without time-dependent distortion, though in general
the shells rotate diHerentially with respect to each other.
Sub-corotation of the plasma, as expected, implies !¡�J.
The third is the angular velocity of the neutral atmosphere
in the Pedersen conducting layer, �∗

J , which can diHer from
the angular velocity of the planet due to the torque induced
by ion-neutral collisions, as mentioned above. In this case,
we may anticipate that �∗

J will take a value which is inter-
mediate between ! and �J, such that formally we can write

(�J − �∗
J ) = k(�J − !); (5)

for some 0¡k¡ 1. The value of k is not well known at
present, but preliminary results based on the JIM model
of the coupled jovian ionosphere–thermosphere system
(Achilleos et al., 1998), indicate that k may be as large as
∼0:5, or possibly higher (S. Miller, private communication,
2000).
Consideration of the continuity of the current in the

magnetosphere–ionosphere coupling circuit in Fig. 1 shows
that the current 5owing in the two ionospheres on 2eld lines
of a given value of F in a given angular sector is equal to
the current 5owing in the equatorial plane on the same 2eld
lines in the same angular sector. Assuming for simplicity
that conditions in conjugate ionospheres are identical thus
yields

�ei�e = 2�iiPi; (6)

where �e and �i are (as above) the perpendicular distances
of the 2eld lines from the magnetic axis in the equatorial
plane and in the ionosphere, respectively, i�e is the radial
equatorial magnetospheric current intensity (A m−1), inte-
grated across the width of the plasma sheet, and iPi is the
equatorward height-integrated ionospheric Pedersen current
intensity. It is easily shown that under this condition, deter-
mined from current continuity, the torque about the magnetic
axis on the equatorial plasma on a given magnetic 5ux tube
is equal and opposite to the summed torques on the iono-
spheric plasma in the northern and southern hemispheres, as
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indicated above. The ionospheric current intensity in each
hemisphere is given by

iPi = �PEi; (7)

where �P is the height-integrated ionospheric Pedersen con-
ductivity, and Ei is the equatorward ionospheric electric 2eld
in the rest frame of the neutral atmospheric gas. Assum-
ing the polar magnetic 2eld to be near-vertical and equal to
twice the equatorial 2eld BJ in strength, the electric 2eld is
then given by

Ei = 2viBJ = 2(�∗
J − !)�iBJ ; (8)

where vi is the (westward) ion 5ow in the neutral atmosphere
rest frame. The ionospheric Pedersen current intensity is
therefore

iPi = 2�P(�∗
J − !)BJ�i = 2(1− k)�P(�J − !)BJ�i

= 2�∗
P(�J − !)BJ�i; (9)

where we have used Eq. (5) to derive the second form on
the RHS of Eq. (9). In the last form on the RHS we have
(following Huang and Hill (1989)) introduced the “eHec-
tive” Pedersen conductivity of the ionosphere

�∗
P = (1− k)�P; (10)

which is reduced from the true value by the factor (1 − k)
due to the “slippage” of the neutral atmosphere from rigid
corotation resulting from the ion-neutral collisional torque.
Introducing Eq. (9) into Eq. (6) and using Eq. (3) then yields

�ei�e = 4�∗
P(�J − !)�2i BJ = 4�

∗
P(�J − !)Fi: (11)

The magnitude and direction of the 2eld-aligned currents
5owing between the ionosphere and the equatorial plasma
sheet are directly related to the radial variation of the quan-
tity �ei�e, the equatorial radial current per radian of azimuth.
In fact it is clear that since there is no source of radial cur-
rent at the planet, the value of �ei�e at a certain distance is
equal to the integral of all the 2eld-aligned current 5owing
into the current sheet up to that distance per radian of az-
imuth. We will return to this point at the end of this section.
The condition div j = 0 then yields the following expres-
sion for the current density jz 5owing northwards out of the
northern surface of the current sheet

jz =−1
2
div(i�e�̂) =− 1

2�e

d
d�e

(�ei�e); (12)

where we have assumed that an equal and opposite cur-
rent also 5ows southward out of the southern surface of
the current sheet, hence giving the factor of a half. Thus
if �ei�e is independent of distance, no current 5ows into or
out of the current sheet from the “sides”, and there is no
2eld-aligned current. If, however, �ei�e increases with dis-
tance, as expected in the inner part of the system, then cur-
rent must 5ow from the ionosphere to the current sheet, so
that jz will be negative in the northern hemisphere. Cor-
respondingly, if �ei�e decreases with distance, then current
must 5ow from the current sheet to the ionosphere, and jz

will be positive in the northern hemisphere. However, the
quantity we require is not jz directly, but the 2eld-aligned
current density per unit magnetic 2eld. In the assumed ab-
sence of 2eld-perpendicular currents in the region between
the equatorial plasma sheet and the ionosphere, this quantity
will be constant along the 2eld lines in this region (i.e. it is
a function of F), and thus allows us to map the 2eld-aligned
current into the ionosphere. In the equatorial plane we thus
have from Eq. (12)

j||e
Be
=

jze
Bze

=− 1
2�eBze

d
d�e

(�ei�e); (13)

and hence in general we 2nd(
j‖
B

)
=− 1

2�eBze

d
d�e

(�ei�e)=− 2
�eBze

d
d�e

(�∗
P(�J−!)Fe)

=−2 d
dF
(�∗

P(�J − !)F); (14)

where we have employed Eqs. (4) and (11). The last form
makes it clear that (j||=B) is indeed a function of F alone,
and thus constant on a 2eld line between the equator and the
ionosphere. The 2eld-aligned current density in the iono-
sphere is thus given by

j||i = 2BJ

(
j||
B

)
=− 4BJ

�eBze

d
d�e

(�∗
P(�J − !)Fe): (15)

We noted above that the value of �ei�e at a certain radial
distance is equal to the integral of all the 2eld-aligned current
5owing into the current sheet up to that distance, per radian
of azimuth. That is, from Eq. (11)

I‖ =−Iz=−2
∫ �e

0
jz�′e d�

′
e =�ei�e =4�

∗
P(�J−!)Fe; (16)

where we have included the current from both hemispheres.
Near to the planet we expect ! → �J, so that (�J−!)→ 0,
and I|| → 0 as expected. With increasing distance, (�J−!)
will increase towards �J, while Fe will fall towards zero.
In general, the product 4�∗

P(�J − !)Fe will thus achieve a
maximum value at a certain distance, and will then fall. The
2eld-aligned current 5ows into the current sheet from both
sides up to the distance of the maximum value, and then
5ows out again at larger distances. The total current per ra-
dian 5owing in the circuit (both ionospheres combined) is
thus given by the maximum value of 4�∗

P(�J − !)Fe. In
a closed axisymmetric magnetosphere Fe would then go to
zero (the value at the planet’s pole) at the outer boundary
of the system in the equatorial plane. In this case 4�∗

P(�J −
!)Fe → 0 at the boundary, and all the current that enters
the sheet in the inner part exits the sheet in the outer part. In
an open magnetosphere (i.e. a magnetosphere with an ex-
tended magnetic tail), however, Fe will not go to zero at the
equatorial boundary, but to a 2nite value depending on the
amount of open 5ux present in the system (the magnetic 5ux
d� per radian of azimuth between 5ux shells F and F +dF
is just d�=dF). In this case not all of the 2eld-aligned cur-
rent which 5ows into the current sheet in the inner part will
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exit from the current sheet in the outer part. The remainder
will then close back into the ionosphere via the outer bound-
ary region where the equatorial current sheet terminates (i.e.
the magnetopause and boundary layers if the current sheet
terminates near the magnetopause).

2.3. Empirical model

In order to calculate (j||=B) as a function of distance in
the equatorial plane from Eq. (14), and hence j||i as a func-
tion of co-latitude in the ionosphere from Eq. (15), we thus
need to specify the variation with distance in the equato-
rial plane of the eHective Pedersen conductivity �∗

P at the
feet of the 2eld lines, the angular velocity of the plasma !,
and the 5ux function Fe and Bze 2eld (which are themselves
connected via Eq. (4)). In constructing the model presented
here our goal has been to consider only the simplest model
consistent with observations which is needed to demonstrate
the physical eHects of interest. The 2rst simpli2cation we
have made is thus to treat �∗

P as a constant, independent of
latitude. This is undoubtedly not the case because the in-
tense particle precipitation into the main auroral oval must
signi2cantly elevate the ionospheric densities and conduc-
tivities in this region relative to lower latitudes. However,
essentially no information exists on this eHect at present,
and attempting to model the potentially complex relations
between precipitation, conductivity, and plasma angular mo-
mentum is signi2cantly beyond the scope of the simple esti-
mations envisaged here. We thus take a constant value equal
to 0:5 mho, a value recently found to be consistent with the
observed azimuthal 2elds in the middle magnetosphere as-
sociated with the “lagging” 2eld con2guration (Bunce and
Cowley, 2001). This value is a little higher than those usu-
ally considered (of a few tenths of a mho), but is taken to be
representative of an ionosphere whose conductivity is some-
what elevated by auroral precipitation. However, the results
derived here can readily be scaled over a reasonably broad
range of conductivities to other assumed values, as will be
mentioned below.
The second topic concerns the adoption of a simpli2ed

form representing the radial pro2le of the angular velocity
of the plasma in the equatorial plane. Again, observational
information is relatively sparse. As indicated above, thermal
plasma observations during the pre-noon inbound passes of
Voyagers 1 and 2 indicate near-rigid corotation in the in-
ner part of the magnetosphere (except locally near Io’s orbit
as noted above), with !=�J ≈ 0:8 between 10 and 20RJ,
falling to∼0:5 at∼40RJ (Belcher, 1983; Sands and McNutt,
1988). At the larger distances of ∼30–50RJ on the Voyager
2 inbound pass, values of !=�J ≈ 0:5–0.6 have also been
derived from energetic ion anisotropies (Kane et al., 1995).
Similarly, at ∼50–70RJ on the pre-noon inbound Ulysses
pass, values of !=�J ≈ 0:2 have been reported from thermal
electron and energetic ion data (Phillips et al., 1993; Laxton
et al., 1997). On the post-midnight outbound pass of Voy-

ager 2 Kane et al. (1995) also report values of !=�J ≈ 0:5
at ∼70RJ, falling to ∼0:3 at ∼120RJ.
Overall, therefore, these observations are consistent with

angular velocities which are close to corotation within∼10–
20RJ, then fall to !=�J ≈ 0:5 at ∼50RJ, and to even smaller
values at larger distances (should the current sheet extend
beyond that distance in a particular local time sector). Here
we have therefore adopted the simple empirical form(
!
�J

)
=

1
(1 + (�e=�eo)n)

; (17)

where �eo=50RJ. Thus for all positive n we have !=�J → 1
as �e → 0; !=�J =0:5 at �e =�eo =50RJ, and !=�J → 0 as
�e → ∞. However, as n increases, so does the sharpness of
the decrease in the angular velocity about �e = �eo. This is
shown in Fig. 2a, where we plot the model values of !=�J
versus �e in the range 0–100RJ (the region considered here).
Pro2les are shown for n= 2; 4, and 6. The pro2le for n= 2
has the weakest gradient, and may be considered the most
likely in terms of the above observations. In addition, in this
case we have !=�J ˙ �−2e at large distances, in conformity
with the simple ideas discussed above based on conservation
of angular momentum. However, it remains of interest to
consider how the results depend on the form of the angular
velocity pro2le, and so we will also show results derived for
the larger n values.
The third topic concerns the magnetic 2eld model em-

ployed to determine the pro2les of Fe and Bze in the equato-
rial plane. Here we 2nd it important to the resulting values
of the 2eld-aligned currents to employ a magnetic model
which adequately represents the radially in5ated 2eld of the
middle magnetosphere current sheet. To this purpose, we
have taken the equatorial 2eld within a certain distance �∗e
to be given by the dipole 2eld plus the 2eld of the Con-
nerney et al. (1981) current sheet model (the CAN model).
That is, we take

Bze(�e) =−BJR3J
�3e

+ BCANz (�e); (18)

where

BCANz (�e) =
�oIo
2

×




log

[√
�2e + D2 + D√
�2e + D2 − D

]
+

R2oD
2(�2e + D2)3=2

−log
[√

R21 + D2 + D√
R21 + D2 − D

]
− �2eD
2(R21 + D2)3=2



: (19)

This approximate form for the CAN model 2eld is that re-
cently derived by Edwards et al. (2000), and is an accu-
rate representation of the model to within better than ∼1%
in the region of interest. The model itself was 2t to Voy-
ager and Pioneer 5yby data, and is reported by Connerney
et al. (1981) as being a reasonable approximation to ob-
served 2elds out to∼30RJ. The model parameters employed
here are the Voyager 1=Pioneer 10 set derived by Connerney



S.W.H. Cowley, E.J. Bunce / Planetary and Space Science 49 (2001) 1067–1088 1073

Fig. 2. Graphs of the parameters of our empirical model plotted versus equatorial jovicentric distance �e. (a) Shows the angular velocity of the plasma in
the equatorial plane normalised to the planetary angular velocity, (!=�J). (b) Shows a log-linear plot of the north–south equatorial 2eld |Bze| threading
the equatorial plane (solid line), where we note that the 2eld is actually negative, i.e. points south. The kink at a distance of 21:78RJ marks the
point where we switch from the dipole plus CAN model at small distances to the KK model at larger distances (see text). The dashed line shows the
planetary dipole value. (c) Shows the equatorial 5ux function of the model magnetic 2eld, Fe (solid line), compared with the planetary dipole value
(dashed line).
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et al. (1981), i.e. a current sheet half-thickness D = 2:5RJ,
inner and outer radii of Ro = 5RJ and R1 = 50RJ, respec-
tively, and a current intensity parameter (�oIo=2)= 225 nT.
Beyond distance �∗e we have employed the empirical Bze
model obtained from a 2t to outbound Voyager 1 data by
Khurana and Kivelson (1993), given by the power law

Bze(�e) =−A(RJ=�e)m; (20)

where A = 5:4 × 104 nT, and m = 2:71. For convenience
we term this the KK model. This expression was obtained
from a 2t to data over the radial range ∼20–100RJ, thus
overlapping with the CAN model in the range ∼20–30RJ.
Here we have switched from one model to the other at the
radial distance �∗e where the two curves intersect, such that
Bze is continuous. For the models chosen, we 2nd that this
occurs at �∗e = 21:78RJ, which thus lies within the region of
overlap of their respective regimes of validity. The modulus
of our model Bze is plotted versus �e in Fig. 2b (solid line)
in log-linear format, together with the dipole value (dashed
line) for purposes of comparison (the actual values of both
are of course negative). The former is smaller than the latter
typically by factors of ∼2–3 in the middle magnetosphere
region, due to the outward distension of the 2eld lines in
that region caused by the equatorial azimuthal currents.
With this model for Bze, the 5ux function in the equatorial

plane can now be determined. Within �∗e we take the value
corresponding to the planetary dipole plus the CAN model
of the current sheet, given by

Fe(�e) =
BJR3J
�e

+ Fe CAN(�e); (21)

where

Fe CAN(�e) =
�oIo
2

×




D
√
�2e +D2 +

�2e
2
log

[√
�2e + D2 +D√
�2e +D2 − D

]
− R2oD

2
√
�2e +D2

−D2

−�2e
2
log

[√
R21 + D2 + D√
R21 + D2 − D

]
− �4eD
8(R21 + D2)3=2



:

(22)

The expression for the 5ux function for the CAN model is
again that presented by Edwards et al. (2000), which also
represents the model function to better than ∼1% in the
region of interest. Beyond �∗e we use Eq. (4) to 2nd

Fe(�e) = Fe(�∗e ) +
∫ �e

�∗e

d�′e �
′
eBze(�

′
e) = Fe(�∗e )

+
AR2J

(m− 2)

[(
RJ
�e

)m−2
−
(
RJ
�∗e

)m−2]
; (23)

where Fe(�∗e ) is obtained from Eq. (21), and where we in-
troduced Eq. (20) into the integral. The 5ux function ob-
tained from Eqs. (21) and (23) is shown versus �e by the
solid line in Fig. 2c. The dashed line gives the corresponding

dipole value. It can be seen that Fe exceeds the dipole value
typically by factors of ∼2–8, increasing with �e, and still
has a signi2cantly large value of ∼3 × 104 nT R2J at large
�e. Field lines with smaller values of Fe thus do not close
within∼100RJ of the planet in this model, and can therefore
be taken to correspond to the 2eld lines of the distant tail,
mostly to open 5ux in the tail lobes. We note that a value of
F ≈ 3 × 104 nT R2J corresponds to a dipole co-latitude of
∼15◦ in the ionosphere (from Eq. (3)), which in turn cor-
responds to the region immediately poleward of the main
auroral oval.

2.4. Field-aligned currents in the equatorial plane

We now use Eq. (14) and the above empirical model
parameters to estimate the magnitude and form of the
2eld-aligned currents which couple Jupiter’s middle magne-
tosphere region to the ionosphere. Taking �∗

P to be constant,
and performing the diHerentiation in Eq. (14) we have(
j||
B

)
= 2�∗

P(�J − !)

×
[(

Fe
�2e |Bze|

)(
1

(�J − !)
d
d�e

(�J − !)
)
−1

]
; (24)

and since from Eq. (17) we have

(�J − !) = �J
(�e=�eo)n

(1 + (�e=�eo)n)
; (25)

we then 2nd(
j||
B

)
=
2�∗

P�J(�e=�eo)
n

(1 + (�e=�eo)n)

×
[(

Fe
�2e |Bze|

)(
n

1 + (�e=�eo)n

)
− 1

]
; (26)

where we have put Bze = −|Bze| at Jupiter. We note that
(j||=B) is positive (current 5ow from the ionosphere into
the plasma sheet) where the 2rst term in the bracket on the
RHS exceeds the second, while the direction of current 5ow
reverses in sense when the second term exceeds the 2rst.
It can be seen that, in addition to the exponent n describ-
ing the steepness of fall-oH of the plasma angular velocity,
the dimensionless parameter (Fe=�2e |Bze|) derived from the
magnetic model is also crucial. For a dipole 2eld this lat-
ter parameter is equal to unity, independent of distance. In
Fig. 3a we show this parameter versus �e for the empiri-
cal 2eld model introduced above (the kink in the curve at
�∗e = 21:78RJ occurs at the point where we switch from the
dipole plus CAN model to the KK model). The value in-
creases from near unity at small distances (where the plan-
etary dipole is dominant) to ∼15 at ∼100RJ. This is due to
the fact that for the model 2eld the Fe value is higher than
that of the dipole at a given distance, while |Bze| is smaller,
as previously shown in Figs. 2b and c discussed above.
Both combine to make the value of (Fe=�2e |Bze|) roughly an
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Fig. 3. (a) Shows the dimensionless parameter (Fe=�2e |Bze|) versus �e for our empirical 2eld model. For a dipole 2eld this parameter is equal to unity
for all �e. (b) Shows (j||=B) versus �e for our models with n= 2; 4, and 6 (solid lines). The dashed lines show the values derived using a dipole 2eld
for the same angular velocity pro2les (shown for n= 2; 4, and 6 from the inner to the outer curves, respectively). (c) Shows the total radial current per
radian of azimuth 5owing in the current sheet, �ei�e, versus �e, for n = 2; 4, and 6.

order of magnitude higher than the dipole value, and this
is re5ected in the model values of (j||=B) which we derive.
In Fig. 3b we therefore show the pro2les of (j||=B) ver-

sus �e derived from Eq. (26), using the model parameters

described above. The dashed lines show values derived
for a dipole 2eld for n = 2; 4, and 6 (from the “inner”
to the “outer” curves respectively). The values peak in
∼30–50RJ, depending on n, and then fall and reverse in
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Fig. 4. Shows the mapping of the 2eld lines between the equatorial plane and the ionosphere, given by the constancy of the 5ux function F along the
2eld lines. The ionospheric co-latitude of the 2eld lines �i is plotted versus equatorial radial distance �e. The solid line shows the mapping for our
empirical model, while the dashed line shows the planetary dipole mapping.

sense beyond ∼50–60RJ. Peak positive values are of order
∼10−13 A m−2 nT−1, increasing with increasing n. The
solid lines show values derived using the current sheet
model 2eld. Two major changes are observed. First, the
current remains positive throughout the whole domain of
interest, and does not reverse within ∼100RJ. That is,
for the simple but physically plausible model employed
here, the sense of current 5ow into the plasma sheet is
outwards from the ionosphere into plasma sheet through-
out the whole of the middle magnetosphere region. This
means that the “return” current 5ow will occur principally
at the outer boundary of the middle magnetosphere region
at large distances, rather than occurring in a more dis-
tributed way in the outer plasma sheet region, as discussed
above in Section 2.2. Second, the magnitude of (j||=B) is
increased by more than an order of magnitude, to values
of order ∼10−12 A m−2 nT−1 beyond ∼30RJ. For n = 2,
the maximum value is 0:85 × 10−12 A m−2 nT−1 at 66RJ,
but the current is broadly distributed and slowly varying
beyond ∼30RJ. As n increases, the maximum values also
increase, and become more sharply peaked near ∼50RJ
where the angular velocity pro2le changes most rapidly.
Maximum values are 1:68 × 10−12 A m−2 nT−1 at 53RJ
for n = 4, and 2:54 × 10−12 A m−2 nT−1 at 51RJ for
n = 6. We note that in a recent study, Bunce and Cowley
(2001) have derived values of (j||=B) from analysis of
magnetic 2eld data obtained from several spacecraft 5yby
passes, in the radial range 20–50RJ. Values derived from
analysis of the Voyager outbound passes, in particular,
increase from ∼0:2 × 10−12 A m−2 nT−1 at ∼20RJ, to
∼1:0 × 10−12 A m−2 nT−1 at ∼50RJ, very much in the
manner we have derived here for the current sheet 2eld
model. The values shown in Fig. 3b thus appear to be re-
alistic in both form and amplitude, within present (albeit
limited) knowledge. In the next section we map these cur-
rents into the ionosphere, using Eq. (15), and discuss the
implications.

Here, however, we present in Fig. 3c the total integrated
2eld-aligned current I|| per radian of azimuth (both iono-
spheres combined) versus �e, given by Eq. (16), for n=2; 4,
and 6. This quantity is, of course, also equal to the total
radial current per radian of azimuth 5owing in the plasma
sheet, �ei�e. This current grows from small values at small
�e to a value of ∼30 MA rad−1 at 50RJ, equal for all mod-
els, and then to values of ∼45; ∼53, and ∼55 MA rad−1 at
100RJ for n= 2; 4, and 6, respectively. Each of the curves
increase monotonically with �e, in conformity with the con-
sistent sense of j|| shown in the middle panel. Integrated
over azimuth, the total radial current at ∼100RJ is thus es-
timated to be ∼300 MA. The value deduced by Connerney
(1981) from analysis of Pioneer 10 azimuthal 2eld data was
140 MA, lower than this estimate by a factor of ∼2. These
values compare with the total azimuthal current 5owing in
the current sheet in the same region of ∼300 MA. How-
ever, of this total, the majority of the azimuthal current,
∼180 MA, 5ows in the inner part of the system between
∼5 and ∼20RJ where the radial current is relatively small.

3. Ionospheric currents and �eld-aligned voltages

3.1. Ionospheric 9eld-aligned currents

In this section we now map the 2eld-aligned currents de-
rived in the previous section down into the ionosphere using
the constancy of (j||=B) and Eq. (15). As indicated above,
the mapping is achieved using the constancy of the 5ux func-
tion F along the 2eld lines. From Eq. (3) we thus 2nd that
the ionospheric co-latitude �i of a 2eld line which passes
through the equator at a radial distance �e is given by

sin2 �i =
(
Fe(�e)
BJR2J

)
; (27)

where Fe(�e) is given by Eqs. (21) and (23). This mapping is
shown by the solid line in Fig. 4, where we plot �i versus �e.
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Fig. 5. Pro2les of the upward ionospheric 2eld-aligned current j||i plotted versus co-latitude �i, for the 5ow models with n = 2; 4, and 6. The curves
terminate at small co-latitudes at the 2eld line that maps to the outer limit of our model at 100RJ in the equatorial plane. The 2eld line at 19

◦
co-latitude

at the right-hand border maps to 12:1RJ in the equatorial plane, such that the whole mapping of the middle magnetosphere into the ionosphere is covered
by this plot.

The dashed line shows the dipole mapping for purposes of
comparison. Unlike the dipole mapping, which falls to small
values of �i (close to the magnetic pole) for large �e∼100RJ,
the current sheet 2eld mapping asymptotes to values of �i
just above ∼15◦ at such �e values, as noted above. The 2eld
lines at higher latitudes thus, in the main, represent tail 2eld
lines, as previously noted. Furthermore, we also note the
extremely narrow range of latitudes into which the middle
magnetosphere current sheet maps in the ionosphere. The
whole of the equatorial region between ∼20RJ and ∼100RJ
maps into a latitudinal strip little more than ∼1◦ wide. At
Jupiter, 1◦ of latitude corresponds to a horizontal north–
south distance of ∼1250 km.
Using this mapping and Eq. (15), we present in Fig. 5

the pro2les of upward ionospheric 2eld-aligned current, j||i,
versus co-latitude �i for n=2; 4, and 6. It can be seen that in
each case the main part of the 2eld-aligned current maps into
a region ∼1◦ wide, centred at a co-latitude of ∼16◦, in con-
formity with the above discussion. These values correspond
very well to those of the main auroral oval, as mentioned in
the introduction. With increasing values of the plasma an-
gular velocity exponent n, the width of the current-carrying
region narrows somewhat, and the peak current increases.
Maximum values are 0:72 �A m−2 for n=2; 1:44 �A m−2

for n = 4, and 2:18 �A m−2 for n = 6. Thus while the
details of the current distribution depend on the form of
the angular velocity pro2le, as expected, the basic values
of the current parameters do not. Upward-directed iono-
spheric 2eld-aligned currents mapping to the middle mag-
netosphere are estimated to be of amplitude ∼1 �A m−2,
restricted to a latitudinal region of width ∼1000 km. We
note that such current densities are also entirely typical of the

large-scale ionospheric 2eld-aligned currents which couple
the magnetosphere–ionosphere system in the Earth’s envi-
ronment (e.g. Iijima and Potemra, 1978).

3.2. Field-aligned voltages and precipitating electron
energy :uxes

We now consider the conditions required for the iono-
spheric 2eld-aligned currents derived above to 5ow. For a
current to 5ow from the ionosphere to the magnetosphere
we require either that ions 5ow out from the ionosphere to
the magnetosphere, or that electrons 5ow in from the mag-
netosphere to the ionosphere, or some combination of the
two. However, as in the case of the Earth, it seems very
unlikely that ionospheric ions can provide the required cur-
rent at Jupiter. If we assume, for example, that the ion 5ux
at high altitudes is limited to values estimated for the polar
wind out5ow, then typical net out5ow 5uxes at ionospheric
heights are likely limited to ∼1011 m−2 s−1 (Swartz et al.,
1975), or perhaps ∼1012 m−2 s−1 in the most favourable
circumstances (Nagy et al., 1986). These 5uxes correspond
to current densities of ∼0:01–0:1 �A m−2, which even in
the more favourable circumstance is less than the required
current density by about an order of magnitude. We there-
fore assume that the upward currents will be carried princi-
pally by downward-precipitating magnetospheric electrons,
and for simplicity we will henceforth neglect the ionospheric
ion contribution.
In the case of the Earth, it is found that 2eld-aligned

voltages of order a few kV are required to drive upward
2eld-aligned currents at densities which are comparable
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Fig. 6. Log–log plot of the Knight relation between the ionospheric 2eld-aligned current density, j||i, and the 2eld-aligned voltage, �, for various values
of the ratio RB of the magnetic 2eld strength Bi in the ionosphere and the 2eld strength B� at the “top” of the acceleration region. Results are shown
speci2cally for an isotropic Maxwellian magnetospheric population with a density N = 0:01 cm−3, and a thermal energy Wth = 2:5 keV. The solid lines
are for RB = 8; 27; 64; 125, and 216, corresponding to jovicentric distances of the “top” of the acceleration region of approximately 2RJ ; 3RJ ; 4RJ ; 5RJ ,
and 6RJ , respectively. The dashed line shows the limiting case for RB =∞.

with those estimated here. In the absence of a 2eld-aligned
voltage, the maximum 2eld-aligned current which can be
carried by precipitating magnetospheric electrons at iono-
spheric heights is given by

j||i(0) = eN
(
Wth

2�me

)1=2
; (28)

where e is the elementary charge, me the mass of an
electron, N the magnetospheric electron number den-
sity, and Wth the thermal energy. Eq. (28) corresponds
to having a full downward-going loss cone at the top of
the ionosphere, and an empty upward-going loss cone.
Now in assessing the magnitude of j||i(0) at Jupiter, it is
important to emphasise that the magnetospheric plasma
electrons which carry the current do not correspond to
those of the cool relatively dense plasma in the plasma
sheet, which are electrostatically con2ned to the equa-
torial region occupied by the outwardly diHusing heavy
iogenic ions. Rather, they correspond to the hotter more
tenuous plasma population which extends outside of the
plasma sheet down to the ionosphere. Scudder et al.
(1981) have studied this population in some detail using
Voyager thermal electron data, and indicate that typical
number densities are ∼0:01 cm−3, while typical ther-
mal energies are ∼2:5 keV. These are the values we
have adopted here. Using them in Eq. (28) we 2nd that
j||i(0) ≈ 0:013 �A m−2, which is less than the values
we have derived above by factors of 50–100. It there-
fore seems inescapable that large 2eld-aligned voltages
are required to carry the 2eld-aligned currents we have
estimated.
The relationship between the 2eld-aligned current carried

by precipitating electrons and the 2eld-aligned voltage was

2rst derived by Knight (1973), and is given by

j||i(�; RB) = j||i(0)RB

×
[
1−

(
1− 1

RB

)
exp

(
− e�
Wth(RB − 1)

)]
; (29)

where j||i(0) is as in Eq. (28), � is the 2eld-aligned voltage,
and RB = (Bi=B�) is the ratio of the magnetic 2eld strength
in the ionosphere, Bi, and the 2eld strength at the top of
the voltage drop, B�. The expression assumes an isotropic
Maxwellian velocity distribution in the magnetosphere (such
that N is independent of distance along the 2eld lines in the
absence of loss cones), though subsequent work has shown
that the results are not very sensitive to other reasonable
assumptions concerning the energy distribution (Pierrard,
1996; Dors and Kletzing, 1999). The result is also indepen-
dent of the distribution of the 2eld-aligned voltage along the
2eld lines, under the simplifying assumption that no parti-
cles mirror before experiencing the full voltage. We note
that considerable work over the past twenty years has es-
tablished in some detail the applicability of Eq. (29) in the
terrestrial environment (e.g. Lyons et al., 1979; Bosqued et
al., 1986; Weimer et al., 1987; Shiokawa et al., 1990, 2000;
Lu et al., 1991; Haerendel et al., 1994; Olsson et al., 1996;
Stauning, 1998; Antonova et al., 1999). Here we now apply
it to Jupiter.
In Fig. 6 we show in log–log format the current voltage re-

lationship given by Eqs. (28) and (29) for various values of
RB, speci2cally for N =0:01 cm−3, and Wth =2:5 keV. The
curves shown by the solid lines are for RB = 8; 27; 64; 125,
and 216, corresponding to cases in which the top of the ac-
celeration region is located at jovicentric distances of ap-
proximately 2RJ ; 3RJ ; 4RJ ; 5RJ, and 6RJ, respectively (for
a dipole 2eld which falls oH as the inverse cube of the
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Fig. 7. Plot of the 2eld-aligned voltage � versus RB given by Eq. (33) for an ionospheric current of j|i =1 �A m−2 and a magnetospheric population with
N = 0:01 cm−3 and Wth = 2:5 keV, such that the maximum ionospheric 2eld-aligned current without a 2eld-aligned voltage is j||i(0) = 0:013 �A m−2.
The minimum value of RB for which there is a solution, 74.6, is marked by the dashed vertical line. Above this value of RB the voltage falls rapidly
towards the minimum value of 184 kV, marked by the dashed horizontal line.

distance). The dashed line shows the limiting case RB → ∞,
such that taking the argument in the exponent in Eq. (29)
to be small, we 2nd

j||imax (�) = j||i(�; RB → ∞) = j||i(0)
(
1 +

(
e�
Wth

))
; (30)

i.e. a linear relationship between the current and the voltage.
We have termed this quantity j||imax (�) because it is the
maximum ionospheric current density that can be obtained
for a given voltage for given magnetospheric conditions. It
can be seen that for small values of the voltage the current
is equal to j||i(0) independent of � and RB, and only starts
to increase signi2cantly above this value when e� increases
above ∼Wth. The curves then increase, following closely
the RB → ∞ approximation given by Eq. (30), until e�
increases above ∼RBWth. Above this voltage, the current
saturates at the value

j||i(� → ∞; RB) = RBj||i(0): (31)

The saturation current corresponds to the situation in which
all the electrons which reach the “top” of the acceleration
region (where B = B� = Bi=RB) are accelerated along the
2eld into the ionosphere and contribute to the current. The
convergence of the 2eld lines then ampli2es the precipitating
electron 5ux at the ionosphere (and hence the current) by
the factor RB = (Bi=B�) compared with the case where the
voltage is zero.
Using these curves we can now consider the conditions

required such that a certain current density j||i will 5ow at
ionospheric heights. If j||i ¿ j||i(0), as shown above, then
a voltage � must exist along the 2eld lines, the minimum
value of which is given by the RB → ∞ solution given by
Eq. (31), i.e.

e�min =Wth

((
j||i

j||i(0)

)
− 1

)
: (32)

We estimated above that the current densities required at
Jupiter are about two orders of magnitude higher than j||i(0).
The voltages required, and the resulting particle accelera-
tions, are therefore also very large, of order ∼100Wth. That
is, the auroral electrons must be accelerated to energies two
orders of magnitude higher than magnetospheric energies.
SinceWth is of order∼1 keV, the implied voltages are of or-
der∼100 kV, and the electrons are accelerated to∼100 keV
(near the upper limit for non-relativistic theory). For a
2nite value of RB, the voltage is higher than that given by
Eq. (32), and instead Eq. (29) gives

e�= (RB − 1)Wth log
[

RB − 1
RB − (j||i=j||i(0))

]
: (33)

As is evident from Fig. 6, the required voltage is in2nite
when RB = (j||i=j||i(0)), and then falls as RB increases to-
wards �min given by Eq. (32). No solutions exist for RB less
than (j||i=j||i(0)). In Fig. 7 we show an example for a mag-
netospheric population with the same parameters as chosen
above (i.e. N = 0:01 cm−3 and Wth = 2:5 keV) such that
j||i(0) = 0:013 �A m−2, where we plot � versus RB for a
typical required ionospheric current of j||i =1 �A m−2. The
minimum value of RB, for which the required voltage is in2-
nite, is RB=74:6 in this case (corresponding to a jovicentric
distance of 4:2RJ as discussed further below), marked by the
dashed vertical line. Above this value of RB the voltage falls
rapidly with increasing RB towards the minimum value of
184 kV given by Eq. (32), marked by the dashed horizontal
line. Thus the “top” of the acceleration region does not have
to lie at great distances above the minimum value, given by
the minimum RB value, before the required voltage falls to
values close to the minimum value. For example, suppose
the top of the voltage drop lies at a jovicentric distance of
6RJ (compared with the minimum distance of 4:2RJ), such
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that RB=216. Then the required voltage is 225 kV compared
with the minimum value of 184 kV. Here we will therefore
take the minimum voltage given by Eq. (32) as a su=cient
approximation for the present estimates.
It is also of interest to consider the minimum distance of

the “top” of the acceleration region, given by the minimum
value of RB for which there exists a solution for a given j||i.
From Eq. (31) the minimum value of RB is given by

RBmin =
(

Bi
B�max

)
=
(

j||i
j||i(0)

)
: (34)

For the polar dipole 2eld we have(
Bi
B�

)
≈

(
r
RJ

)3
; (35)

where r is the jovicentric radial distance. Thus the “top” of
the voltage drop must extend to a jovicentric distance of at
least rmin given by(
rmin
RJ

)
≈

(
j||i

j||i(0)

)1=3
: (36)

Noting again that we require currents about two orders of
magnitude higher than j||i(0), we thus typically require the
acceleration region to extend to jovicentric distances above
∼4RJ.
In Fig. 8a we thus show the minimum voltage �min along

the jovian polar 2eld lines given by Eq. (32), plotted ver-
sus the ionospheric co-latitude �i for our empirical models
with n = 2; 4, and 6. Apart from the small oHset value of
(Wth=e) = 2:5 kV on the RHS of Eq. (32), essentially neg-
ligible in the present context, the value of � scales with the
value of j||i shown previously in Fig. 5. As for the iono-
spheric current, therefore, signi2cant values of the voltage
thus extend over latitudinal distances of ∼1◦, centred near
∼16◦, with peak values of 133, 266, and 404 kV for n=2; 4,
and 6, respectively. We note, however, that since these val-
ues scale, very nearly, with the current, they also scale with
the value of the eHective ionospheric Pedersen conductivity
�∗
P, which we have assumed to be 0.5 mho. For smaller or
larger values of �∗

P, so the voltages will be smaller or larger
in proportion. However, for reasonable values in the range,
say, ∼0:2–1 mho, the voltages will typically be in the range
∼50–250 kV for slowly varying angular velocity pro2les
such as the n= 2 model.
The magnetosphere–ionosphere coupling circuit will

therefore typically accelerate electrons to high energies
∼50–250 keV along the 2eld lines down into the iono-
sphere. Such energies are consistent with the low altitudes
at which both visible and UV auroras are observed to occur
(e.g. PrangCe et al., 1998; Vasavada et al., 1999), as noted
above. The observed UV auroral spectrum also requires the
presence of high-energy electrons above ∼50 keV (Ajello
et al., 1998), though also indicating the presence of a broad
spectrum, rather than the essentially mono-energetic beam
that would be produced by the present mechanism. How-
ever, as at Earth, we expect that a secondary population

of electrons will form via scattering processes underneath
the acceleration region, with energies extending in a rel-
atively 5at spectrum between low energies and the beam
energy (Evans, 1974). These particles will be trapped be-
tween low-altitude magnetic mirror points and high-altitude
electrostatic re5ection points, while being diHused and
precipitated by plasma waves.
In Fig. 8b we similarly show the minimum jovicentric

radial distance of the top of the acceleration region, given
by Eq. (36), plotted versus ionospheric co-latitude. Values
are typically in the range ∼3RJ to ∼5RJ over the main
part of the current-carrying region. We note that these dis-
tances scale as the cube root of the 2eld-aligned current
density, hence as the cube root of the assumed value of
the eHective ionospheric Pedersen conductivity. These re-
sults do not, therefore, vary greatly with the conductivity
value assumed, over the range of reasonable values. The
implication of these results is that accelerated 2eld-aligned
electron beams will be present over a broad range of jovi-
centric distances away from Jupiter, extending to at least
∼4–5RJ. We assume that these electrons provide a major
source of free energy for jovian radio emissions. If the
radio waves are produced at a frequency close to the local
electron cyclotron frequency, e.g. via the cyclotron maser
instability as is commonly assumed for both Earth and the
outer planets (e.g. Ladreiter et al., 1994; Zarka, 1998),
then the implication is for a broad-band source extending
from frequencies of ∼100 kHz at the “top” of the acceler-
ation region to ∼20 MHz at the auroral ionosphere. Such
frequencies correspond essentially to the jovian b-KOM,
HOM and non-Io-DAM radio emissions (e.g. Zarka, 1998).
We suggest that the mechanism discussed here provides
not only an explanation for the main auroral oval at Jupiter,
but also for a major component of its radio emissions.
In Section 4 we discuss the implications for the expected
solar wind modulation of both the auroral and the radio
emissions.
We now consider the precipitated energy 5ux of the auro-

ral electrons, and the consequent auroral brightness. Without
2eld-aligned acceleration, the maximum energy 5ux of the
magnetospheric electrons into the ionosphere is given by

Ef (0) = 2NWth

(
Wth

2�me

)1=2
; (37)

which is essentially the unaccelerated current density per
elementary charge given by Eq. (28) (i.e. the unacceler-
ated number 5ux) times a characteristic energy. This is
also the maximum energy 5ux that can be delivered to the
ionosphere by magnetospheric pitch angle diHusion in the
strong diHusion limit. For the magnetospheric parameters
employed above, i.e. N = 0:01 cm−3 and Wth = 2:5 keV,
we 2nd Ef (0) ≈ 0:07 mW m−2. Assuming that this is
converted with 20% e=ciency into UV auroral photons of
energy 10 eV, the brightness of the resulting aurora will
be ∼0:8 kR. These values compare with the main oval
energy 5uxes of ∼10–200 mW m−2 and corresponding
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Fig. 8. (a) Shows the minimum 2eld-aligned voltage �min required to drive the 2eld-aligned current plotted versus ionospheric co-latitude �i, derived
from Eq. (32) for our empirical models with n= 2; 4, and 6. (b) Shows the minimum jovicentric distance of the “top” of the acceleration region along
the auroral 2eld lines, rmin, given by Eq. (36). (c) Shows the precipitated energy 5ux in the RB → ∞ approximation given by Eq. (39).

auroral brightnesses of ∼100 kR to ∼2 MR estimated from
Hubble Space Telescope observations by PrangCe et al.
(1998). Thus as discussed in the introduction, without ac-
celeration, energy 5uxes are two orders of magnitude lower

than those required to explain even the lowest intensities
observed in the main oval, even in the strong diHusion (full
loss-cone) limit. However, 2eld-aligned auroral acceleration
increases the precipitated energy 5ux through two eHects.
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The 2rst is that the electron number 5ux reaching the iono-
sphere is enhanced by the 2eld-aligned collimation of the
2eld-aligned accelerated particles. The value of the number
5ux is set by the required 2eld-aligned current density, such
that the enhancement factor required is (j||i=j||i(0)), which
is around ∼50–100 as noted above. The second factor is
that the typical energy of the auroral electrons is enhanced
by the voltage drop, which involves essentially the same
factor, as indicated by Eq. (32) above. The energy 5ux is
thus enhanced by a factor of order (j||i=j||i(0))2, i.e. a fac-
tor of about 103–104. Thus the energy 5ux we obtain is of
order ∼0:1–1 W m−2, corresponding to a 1–10 MR aurora.
The mechanism is thus able to account for the brightest of
main oval emissions.
In more detail, under the same assumptions that led to

Eq. (29) for the current density, Lundin and Sandahl (1978)
showed that the precipitated energy 5ux of the accelerated
electrons is given by

Ef (�; RB) =
1
2
Ef (0)RB

[(
2 +

e�
Wth

)

−
(
e�
Wth

+2
(
1− 1

RB

))
exp

(
− e�
Wth(RB − 1)

)]
;

(38)

where Ef (0) is given by Eq. (37), and we have used the
same notation as above. Here we will take the limit RB →
∞ to a su=cient approximation, equivalent to the minimum
accelerating voltage given by Eq. (32). In this limit we then
have

Ef (�; RB → ∞) = Ef (0)

[
1 +

(
e�min
Wth

)
+
1
2

(
e�min
Wth

)2]
;

(39)

where we see that Ef (0) is enhanced by a factor which is
in accord with the above discussion (the leading term being
the last one in the bracket on the RHS).
In Fig. 8c we thus show the precipitated auroral electron

energy 5ux versus ionospheric co-latitude, calculated from
Eq. (39) for our empirical models with n=2; 4, and 6. Peak
values are 0.10, 0.39, and 0:88 W m−2 for n = 2; 4, and 6,
respectively. According to the above discussion, these en-
ergy 5uxes correspond to a peak UV auroral brightness of
∼1; ∼4, and∼9 MR respectively. These model values scale
approximately as the square of the assumed value of the ef-
fective ionospheric Pedersen conductivity, and thus may be
considered uncertain by a factor of at least∼4 in either direc-
tion. The latitudinal extent of the model emission (FWHM)
is ∼940; ∼600, and ∼410 km, respectively. These values
thus provide a reasonable explanation of the principal char-
acteristics of the main jovian auroral oval, as discussed in
the introduction.

3.3. Magnetospheric and ionospheric potentials

The results derived above have shown that in order
for the 2eld-aligned currents to 5ow which are required

by the magnetosphere–ionosphere coupling circuit, large
2eld-aligned voltages ∼100 kV must exist along the au-
roral 2eld lines. That is, the feet of the auroral 2eld lines
in the ionosphere must be at a higher positive potential
by ∼100 kV than on the same 2eld lines in the equatorial
plane. These are very large potential diHerences, and in this
section we 2nally examine the implications for the struc-
ture of the potential in the ionosphere. In fact we will show
that because the magnetospheric voltages are so large, only
a modest rearrangement of the equipotentials are involved
from an electrostatic viewpoint.
We begin by calculating the electrostatic potential in

the equatorial plane which is associated with our empirical
model. This is obtained by integrating the radial electric
2eld associated with the equatorial 5ow, given by

Er(�e) =−V’(�e)Bz(�e) =−�e!(�e)Bz(�e); (40)

where !(�e) is given by Eq. (17), and Bz(�e) by Eqs. (18)
and (20). Taking the arbitrary zero of potential to be at the
outer limit of our model at a radial distance of 100RJ in
the equatorial plane, we then have the equatorial potential
�e(�e) given by

�e(�e) =
∫ 100RJ

�e
Er(�′e) d�

′
e

=−
∫ 100RJ

�e
�′e!(�

′
e)Bz(�

′
e) d�

′
e; (41)

where we note that since Bz is negative in the equatorial
plane, potential �e takes positive values. We have numeri-
cally integrated this formula, and in Fig. 9 show�e versus �e
for our models with n=2; 4, and 6, in log-linear format. The
total voltage between the inner edge of the model current
sheet at �e=5RJ and the outer edge of the model at 100RJ is
∼50 MV, and thus much larger than the 2eld-aligned volt-
ages required here. However, the voltage across the middle
magnetosphere region where the 2eld-aligned voltages ac-
tually occur (and hence across the main auroral oval iono-
sphere), say between ∼25RJ and 100RJ, is much smaller,
∼2:5 MV, and is thus only a factor of ten larger than the
2eld-aligned voltages themselves. A more careful study is
therefore warranted.
We have thus mapped the equatorial voltages along the

2eld lines into the ionosphere assuming equipotentiality of
the 2eld lines, and have then examined how the ionospheric
potential structure is changed when the 2eld-aligned poten-
tials are added. In Fig. 10 we show results for n=2; 4, and 6 in
panels (a), (b), and (c), respectively. The short-dashed lines
show the potential versus ionospheric co-latitude assuming
the 2eld lines are electric equipotentials. The 2eld-aligned
potential is then shown by the long-dashed lines, as shown
previously in Fig. 8a. The total ionospheric potential �i
is the sum of these two, and is shown by the solid lines.
It can be seen that the total potential remains monotoni-
cally varying in each case, and diHers relatively little from
the values deduced from assuming that the 2eld lines are
equipotentials. From an electrostatic viewpoint, therefore,
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Fig. 9. Log-linear plot showing the electrostatic potential in the equatorial plane, �e, versus equatorial jovicentric distance �e, obtained by numerical
integration of Eq. (41). Results are shown for n= 2 (solid line), n= 4 (long-dashed line), and n= 6 (short-dashed line). In each case the arbitrary zero
of potential has been chosen to lie at the outer limit of our model at 100RJ .

the 2eld-aligned voltages can be produced by relatively
small poleward displacements of the equipotentials across
the 2eld lines, through distances of order ∼0:1◦–0:2◦ (100
–200 km) at ionospheric heights.
At the same time, however, we note that the 2eld-aligned

potentials result in a lack of complete self-consistency in our
model, since their existence modi2es the 2eld-perpendicular
electric 2eld in the ionosphere, and hence the Pedersen cur-
rent from which we calculated the 2eld-aligned currents. In
a self-consistent solution, the Pedersen current should be
calculated from the total 2eld-perpendicular electric 2eld in
the ionosphere, given by the 2eld mapped from the magne-
tosphere modi2ed by the eHect of the 2eld-aligned potential.
We note from Fig. 10 that the perturbing ionospheric elec-
tric 2elds are relatively small for the n = 2 model, where
they act to reduce the perpendicular electric 2eld and cur-
rent over most of the region of interest. However, the eHect
becomes much more important as the 2eld-aligned voltages
become larger with increasing n, strengthening the electric
2eld in the poleward-most region and weakening it further
equatorward (and thus tending to narrow the latitudinal ex-
tent of the largest 2eld-aligned current and aurora). This
eHect should clearly be taken into account in future work.
However, given the simplicity of our calculations this re2ne-
ment is hardly warranted here, particularly considering the
additional lack of self-consistency in not having included
the modi2cation of the ionospheric conductivity produced
by the electron precipitation. While our study should gen-
erally give the right order of the eHects expected, the de-
tails will undoubtedly become modi2ed in more complex
self-consistent calculations.

4. Summary and discussion

In this paper we have investigated the suggestion
that the main jovian auroral oval is connected with the

magnetosphere–ionosphere coupling current system associ-
ated with the breakdown of rigid corotation in the middle
magnetosphere region. We have 2rst employed a simple
model of the magnetic 2eld and plasma 5ow in the inner
and middle magnetosphere, based on observations (albeit
limited in the case of the 5ow), to estimate the magnitude
and form of the 2eld-aligned currents associated with the
coupling current system. Although the details depend upon
the precise 5ow model employed, we 2nd for the simple
models employed here that the currents are directed out of
the ionosphere into the current sheet throughout the whole
of the middle magnetosphere region, out to ∼100RJ. Char-
acteristic magnitudes are (j||=B) ≈ 10−12 A m−2 nT−1 on
2eld lines mapping beyond ∼25RJ in the equatorial plane.
The return current to the ionosphere must then 5ow in the
region which bounds the middle magnetosphere at its outer
limit (e.g. the magnetopause region if the current sheet
extends that far). Mapped to the ionosphere, these currents
form circumpolar rings of upward 2eld-aligned current
which are located at ∼16◦ magnetic co-latitude (according
to our simple axisymmetric magnetic model), with a lati-
tudinal width of only 0:5◦–1◦ (i.e. ∼500–1000 km). The
location and width are consistent with those of the main
jovian auroral oval (Satoh et al., 1996; PrangCe et al., 1998;
Clarke et al., 1998; Vasavada et al., 1999). Peak magni-
tudes of the 2eld-aligned current at ionospheric heights are
estimated to be of order ∼1 �A m−2.
We then considered the conditions required to drive these

currents via precipitating auroral electrons. Using typical
parameters for the hot magnetospheric electrons outside
the equatorial plasma sheet (a density of ∼0:01 cm−3 and
a temperature of 2:5 keV), based on Voyager observa-
tions, we 2nd using Knight’s (1973) theory that substantial
2eld-aligned voltages are required to provide the necessary
number 5ux to the ionosphere, of order ∼100 kV. Further-
more, the acceleration region must extend to high altitudes
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Fig. 10. Plots showing the ionospheric potential �i versus co-latitude �i, for n = 2; 4, and 6 in the panels (a), (b), and (c), respectively. In each case
the short-dashed lines show the equatorial potential �e given by Eq. (41) mapped into the ionosphere using the constancy of F along 2eld lines. The
long-dashed lines show the 2eld-aligned potential as in Fig. 8a. The total ionospheric potential is the sum of these two, and is shown by the solid lines.

along the jovian polar 2eld lines, typically to altitudes above
∼3–4RJ. Three implications follow. The 2rst is that the au-
roral primary electrons will be of high energy, ∼100 keV,

much higher than would be expected on the basis of in
situ magnetospheric observations. This is consistent with
deep penetration of the jovian atmosphere and low-altitude
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auroras, as observed (Ajello et al., 1998; PrangCe et al., 1998;
Vasavada et al., 1999). Second, the precipitating electron
energy 5uxes are ampli2ed relative to those anticipated for
strong diHusion precipitation of magnetospheric electrons
by factors of ∼103–104, to peak values of 0:1–1 W m−2.
These are comparable to the largest values deduced from
auroral observations, as discussed in the introduction, and
are su=cient to produce the brightest of observed auroras,
in the range 1–10 MR (e.g. PrangCe et al., 1998). Third,
the free energy associated with the electron beams may be
expected to excite a variety of waves in the auroral plasma.
In particular, radio waves excited at frequencies near the
local electron cyclotron frequency by the cyclotron maser
instability in the extended acceleration region will form
sources of broad-band emission extending from ∼100 kHz
to ∼20 MHz. These waves correspond to the bKOM,
HOM, and non-Io-DAM emissions (e.g. Zarka, 1998). We
also note that the acceleration regions may be expected
to produce upward-directed ionospheric ion beams which
will be injected directly into the magnetosphere at energies
∼100 keV.
A number of important implications follow from the re-

sults derived here. The 2rst concerns the expected nature of
the response of the main auroral oval emissions, and the as-
sociated radio emissions, to the conditions prevailing in the
interplanetary medium. At Earth, the main auroral emissions
are related principally to the direction of the interplanetary
magnetic 2eld (IMF), which modulates the magnetosphere–
ionosphere current systems associated with Dungey-cycle
5ow via the rate of reconnection at the magnetopause. Auro-
ral emissions associated with the enforcement of corotation
current system, however, will not behave in this manner,
but will respond instead to the dynamic pressure of the solar
wind which modulates the size of the magnetospheric cavity.
Speci2cally, we expect that the emissions will generally be
weaker for large values of the dynamic pressure, resulting in
a compressed magnetosphere, and stronger for small values
of the dynamic pressure, resulting in an expanded magneto-
sphere. Suppose, for example, that we initially have an ex-
panded sub-corotational magnetosphere, and that the system
is suddenly compressed by an increase in dynamic pressure
of the solar wind. As the magnetospheric 5ux tubes move
inwards, the angular velocity of the plasma will increase
towards corotational values due to conservation of angular
momentum. This will directly reduce the current 5owing
in the magnetosphere–ionosphere coupling circuit, and will
cause the main oval auroras and associated radio emissions
generally to weaken. In extreme cases, however, it may even
be possible for the magnetospheric plasma to super-rotate
for some interval in the outer regions after compression, re-
sulting in a reversal in the sense of the current system in that
region. In such cases a latitudinal restructuring of the main
oval emissions will occur depending upon the new angular
velocity pro2le, which could even involve bifurcated au-
roral structures if the pro2le becomes non-monotonic with
distance. Similarly, suppose that the magnetosphere is in a

compressed state, and suddenly expands outwards due to a
drop in the dynamic pressure of the solar wind. Then the an-
gular velocity of the magnetospheric plasma will drop as it
expands outwards, the coupling currents will increase, and
with them the brightness of the auroras and associated ra-
dio emissions. Such time-dependent phenomena may prove
to be quite dramatic at Jupiter due to the large and rapid
changes in solar wind dynamic pressure which occur, which
are associated with interplanetary corotating interaction re-
gions. The size of the jovian magnetosphere is known to
change by linear factors of at least two due to these varia-
tions. Observations of the behaviour of the auroras may then
provide a means of remote sensing the dynamic response
of the middle magnetosphere to such compressions and ex-
pansions. The time-scale for re-structuring of the 5ow and
auroras will typically be a few hours, given the time taken
by the solar wind to propagate around the near-planet mag-
netosphere, and the internal times required for communica-
tion between the equatorial plasma and the ionosphere via
AlfvCen waves.
Although the time-dependent phenomena anticipated

above may prove to be the most dramatic, we also expect the
basic conclusion of stronger main oval auroras for expanded
magnetospheres and weaker main oval auroras for com-
pressed magnetospheres to hold under more general condi-
tions, including the steady state. As indicated by the above
analysis (Eqs. (15) and (24)), the strength of the ionospheric
2eld-aligned currents, and the luminosity of the consequent
auroras, depends both on the structure of the magnetic 2eld
in the middle magnetosphere, and on the angular velocity
pro2le of the equatorial plasma (the dependence on the
eHective Pedersen conductivity will be commented upon
below). In the steady state, the angular velocity pro2le is
in principle determined self-consistently by considering
the ionospheric torque on the outwardly-diHusing iogenic
plasma, as in the study by Hill (1979). It may be consid-
ered a weakness of the present work that a simple empirical
model of the 5ow was imposed, rather than being calculated
self-consistently, but this at least has allowed us to choose
a pro2le that is in rough accord with (albeit limited) plasma
observations, and so to decouple this part of the theoretical
problem. In Hill’s analysis, the angular velocity pro2le was
calculated assuming a dipole magnetic 2eld. More recently,
however, Pontius (1997) has solved the same problem us-
ing realistic models of the extended middle magnetosphere
2eld lines, and has shown that the angular velocity pro2le
is remarkably insensitive to the magnetic model (see his
Fig. 4). If this is the case, then the largest eHect on the mag-
nitude of the ionospheric 2eld-aligned currents, and hence
on the auroral luminosity, will be through the 2eld structure
factor (Fe=�2e |Bze|). The eHect of this on our results can be
seen directly in Fig. 3b, where we showed the pro2les of
(j||=B) derived using the same equatorial 5ow pro2les for
both our empirical model of the extended middle magneto-
sphere 2eld, and for a dipole 2eld. The 2eld-aligned current
densities in the ionosphere implied by these results are more
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than an order of magnitude larger for the extended current
sheet 2eld than for the dipole 2eld, with the implication
that the consequent auroras will be around two orders of
magnitude brighter. Although this represents a comparison
of extreme cases, we can nevertheless conclude that the
ionospheric 2eld-aligned current densities will generally be
larger in more expanded magnetospheres with extended 2eld
lines than in compressed magnetospheres, such that the au-
roras will also be brighter in the former case than the latter.
Knowledge that the jovian main auroral oval maps into

the sub-corotating middle magnetosphere, at distances be-
tween ∼20RJ and several tens of RJ, also has some useful
implications for the origins of adjacent auroral emissions.
Speci2cally, we may infer that those which occur at higher
latitudes, such as the transpolar emission and diHuse polar
cap emissions described, e.g. by PrangCe et al. (1998), are lo-
cated on 2eld lines which lie outside the main sub-corotating
middle magnetosphere, and thus map to the outer magne-
tosphere, magnetopause boundary layers, and magnetic tail.
These auroras may thus contain components which relate
both to external and to internal dynamical processes, e.g:
to solar wind-magnetosphere coupling (which may thus be
modulated by the direction of the IMF), and to the iogenic
plasma mass-loss process such as the plasmoid mechanism
discussed by Vasyliunas (1983). On the lower latitude side,
the emissions map from the inner middle magnetosphere,
roughly inside ∼20RJ, to the Io plasma torus at ∼6RJ. Con-
tinuous relatively weak emission between the main oval and
Io’s orbit, referred to as the “low-latitude belt” by PrangCe
et al. (1998), most likely just represents a continuation to
lower latitudes and lower intensities of the process discussed
here, eventually weakening to levels comparable to those
produced simply by pitch-angle diHusion of the magneto-
spheric plasma. The occasional existence of arc-like fea-
tures in this region, however, also indicates the existence
of more dynamic processes. The location of Io’s orbit is
well-marked, of course, by the longitudinally localised au-
rora observed downstream of the moon’s footprint, which
is produced by the direct interaction between Io and the
near-corotating magnetospheric plasma. In addition to this,
however, PrangCe et al. (1998) also provide evidence for a
more longitudinally extended narrow “Io oval”, located near
Io’s orbit. It seems natural to suggest that this is formed
by the local slowing of the 5ow observed in the vicinity
of Io’s orbit (e.g. Brown, 1994), which is due to local ion
pick-up from the neutral atom tori (e.g. Pontius and Hill,
1982). This slowing will again be associated with a localised
magnetosphere–ionosphere coupling current system of the
same basic form as that considered here, and we may con-
jecture that the “Io oval” aurora is associated with the inner
region of upward-directed 2eld-aligned currents. It remains
to be shown, however, that the ionospheric energy 5ux that
would be produced by this process is consistent with the
observed auroral luminosity (peaking at ∼100 kR).
We now brie5y discuss some limitations of our study.

We start with the eHect of dipole tilt, noting as above that

our theoretical analysis assumes that the magnetic and rota-
tional axes are co-aligned, as seems appropriate for an initial
calculation. We may then enquire whether any systematic
System III-related eHects are likely to be present in the au-
roral luminosity, due, e.g. to the fact that for a tilted dipole,
a given magnetic shell mapping to a given magnetic latitude
will have diHering jovigraphic latitudes at diHering System
III longitudes. Our initial conclusion is that no such sim-
ple systematic eHect should exist. The ionospheric Pedersen
current, and hence the 2eld-aligned current, is determined
by the magnetospheric 5ow in the atmosphere rest frame,
and so assuming for simplicity that the atmosphere rigidly
corotates, it is simplest to consider the issue in the planet’s
rest frame. In this frame the magnetic axis is 2xed in direc-
tion, and departures from corotation occur as rotations of the
5ux shells speci2cally about the magnetic axis, which for
sub-corotation will be directed clockwise as viewed from
above the north pole. The ionospheric currents, and conse-
quently the 2eld-aligned currents and aurora, will thus also
be axisymmetric about the magnetic axis. Correspondingly,
the torque on the plasma and on the atmosphere will always
be aligned with the magnetic axis, irrespective of the rela-
tive direction of the planet’s spin axis. Indeed, the theory
we have derived follows through exactly as above, with the
identi2cation that the factor (�J − !) represents the angu-
lar velocity of the 5ux shell about the magnetic axis in the
planet’s rest frame. No simple System III-related longitude
asymmetries associated with dipole tilt are thus anticipated.
However, this statement does not preclude the existence of
more subtle eHects associated with non-dipole terms of the
planetary 2eld, nor eHects associated with corotation break-
down of the neutral atmosphere in the Pedersen conducting
layer, whose zonal 5ow will not then be co-aligned with the
ionospheric 5ow. We note that PrangCe et al. (1998) do in-
deed report some evidence for System III-related variations
in the main oval emissions, but theoretical examination of
these eHects requires a much more detailed study than is
possible here.
A far more serious limitation of our calculations, in our

view, is the lack of a fully self-consistent treatment of the
currents, conductivities, electric 2elds, and 5ows associated
with the auroral acceleration region. In our study we took
a simple empirical model of the equatorial 5ow, mapped it
along model magnetic 2eld lines into the ionosphere, calcu-
lated the ionospheric current and the 2eld-aligned current
assuming a uniform ionospheric conductivity, and then de-
termined the 2eld-aligned voltage from Knight’s relation.
As noted above in Section 3, this procedure ignores both the
expected modulation of the ionospheric conductivity due to
the precipitated particle 5ux, as well as the modi2cation of
the ionospheric 5ow and current resulting from the eHect of
the 2eld-aligned voltage. While the estimates presented here
should provide an initial guide to the orders involved, de-
termination of a fully self-consistent model is a goal which
requires a much more detailed calculation. In addition, the
analysis should 2nally be closed via the self-consistent
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calculation of the radial pro2le of the plasma angular ve-
locity for a given mass out5ow rate. However, we suggest
in the latter regard that the mechanism discussed here may
well provide a simple explanation for the failure of the
standard theory to account for the observed slow fall-oH
of the plasma angular velocity with distance, a di=culty
which has been discussed previously by Pontius (1997).
This suggestion arises from the fact that the electron pre-
cipitation associated with the 2eld-aligned currents which
occur as the departure from rigid corotation takes place will
act to increase the ionospheric conductivity, as noted above.
This in turn will act to increase the torque on the equatorial
plasma supplied from the ionosphere, and hence reduce the
fall-oH rate of the angular velocity. A detailed calculation
is again required to determine whether the mechanism can
account quantitatively for the observations.
Finally we note that the processes discussed here for

the jovian environment should also be operative in the
rotation-dominated magnetosphere of Saturn. We note that
UV observations of Saturn using the Hubble Space Tele-
scope indeed con2rm the existence of a high-latitude auroral
ring which appears similar in form to the main jovian oval
(Trauger et al., 1998). However, in this case the auroras
have an apparently persistent maximum in intensity in the
dawn sector, and are of very variable intensity. A solar
wind-related generation mechanism for at least some of the
high-latitude auroral emission should not therefore be ruled
out at this stage, noting that “region-1” currents associated
with the Dungey cycle will be upward-directed in the dawn
sector at Saturn due to the reversed 2eld direction relative
to Earth. Further study of the kronian auroras is required to
address this issue.
The main conclusion of our paper is, however, that the

principal characteristics of the main jovian auroral oval can
be accounted for by the hypothesis that it is connected with
the magnetosphere–ionosphere coupling currents associated
with the breakdown of corotation in the middle magneto-
sphere, speci2cally with the region of upward 2eld-aligned
current. These auroral characteristics include the continuity
in local time, the latitudinal location, the latitudinal width,
the energy of the auroral primaries, and the precipitating en-
ergy 5ux and auroral luminosity. The theory also potentially
provides a direct link with major aspects of non-Io-related
jovian radio emissions, and with features of the radial pro2le
of the angular velocity of the equatorial plasma. It also sug-
gests that interplanetary modulation of the emissions should
be linked primarily to the dynamic pressure of the solar
wind, rather than, e.g. to the direction of the IMF, as at
Earth.
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