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A b s tra c t
Observational evidence indicates that low energy

(10's to

100's of eV) plasma generated in the inner regions of
Jupiter's magnetosphere is transported outwards. However,
the bulk plasma flow is corotational throughout the inner
and middle magnetosphere,

and thus cannot be responsible for

radial transport. Analogy with the Earth's plasmasphere has
prompted a radial diffusion model involving violation of the
third adiabatic invariant,

driven

(unlike the terrestrial

case) by fluctuations in the strength of winds in the
planet's upper atmosphere. However, this model alone is
insufficient to explain the observed plasma distribution and
we must seek an additional radial plasma transport model.

In

this thesis we review the observational evidence and
theoretical arguments which lead us to the conclusions
stated above. We also discuss attempts to formulate an
additional radial transport model. Most of these models
incorporate magnetohydrodynamic

(MHD) magnetospheric

interchange motions. Unfortunately,

none of these models is

entirely compatible with the observed plasma distribution.
We attempt to resolve some of the difficulties mentioned
above by creating a model of magnetospheric interchange
motions which uses a particle description of the plasma,
rather than the MHD fluid description used in earlier
models. We also extend the theory of MHD interchange motions
from describing isotropic plasmas, to describing anisotropic
plasmas in the special case where the field-aligned
components of gravitational or centrifugal force are
negligible

(unfortunately, this excludes the jovian

magnetosphere). Nevertheless,

our criteria may be applied in

the jovian example provided we assume that interchange
occurs rapidly compared to a particle bounce time
to such interchange as 'fast'
(qualitatively)

(we refer

interchange). We propose

that a particle model of fast magnetospheric

interchange may explain the observed behaviour of jovian
plasma,

given that some pitch angle scattering occurs.
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Introduction
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1.1 Overview
Jupiter commands superlatives. It is the largest body in the
solar system, besides the Sun. It has the largest radius
Rj = 71400 km by definition), rotation rate

(1

(once every 9

hours and 55 minutes), internal magnetic field

(the average

equatorial cloud top value is 0.4 mT) and also the largest
magnetosphere. The distance between the centre of Jupiter
and the sub-solar point on the bowshock varies between about
120 Rj and roughly 50 Rj. The minimum value occurs when the
solar wind is strongest and corresponds fairly well with the
value which would be expected if solar wind dynamic pressure
was balanced by the internal planetary magnetic field
pressure alone
Axford,

(Brice and Ioannidis,

1970; Mendis and

1974). The great expansion of the magnetospheric

cavity during weak solar wind conditions is due to the
inflationary pressure of an energetic magnetospheric plasma
(Smith et a l ., 1978).
A comparison with the terrestrial magnetosphere may serve to
give meaning to these statistics. The distance between the
centre of the Earth and the sub-solar points of the
terrestrial bowshock and magnetopause are typically 12 and
10 R e respectively. The distance,
and the 'surface'

1 Rj, between the centre

of Jupiter is about 11 RE .

Observations of magnetic field structure lead to a natural
division of the dayside magnetosphere into three distinct
regions

(Acuna et al., 1983). The inner magnetosphere

6 Rj) is dominated by the planetary internal field.
middle magnetosphere
quantity of plasma,

(1 to

In the

(6 to 30-50 Rj) there is a substantial
largely confined about the equatorial

plane. The roughly dipolar planetary magnetic field is
deformed by currents which flow in this plasma, tugging the
magnetic field lines radially outwards near their mid-points
(Figure 1.1). The effects of fluctuations in solar wind
pressure are most apparent in the outer magnetosphere, which
extends from the magnetopause to approximately 30-50 Rj
(depending on the solar wind pressure). In the uncompressed

12

nightside magnetosphere, the integrity of the plasma sheet
which defines the middle magnetosphere persists to much
greater distances. The nightside outer magnetosphere is
currently almost completely unexplored.

p t

R j

)

F i gure 1.1. M e r i d i a n plane projec t i o n of dayside m a g n e t o s p h e r i c fi e l d
lines in cylindrical coordinates
Caudal

(1986).

(p,z)

from the self-consistent m o d e l of

The model is valid in the noon m e r i d i a n for latitudes

b e l o w about 50°. Note departure f r o m dipole fi e l d

(e.g. Figure 5.1) .

The rotational kinetic energy of Jupiter is the ultimate
energy source for most jovian magnetospheric processes.
Jupiter's rapidly rotating and powerful magnetic field
produces a corotation electric field which dominates the
competing convection electric field induced by the solar
wind

(Brice and Ioannidis,

1970) giving rise to a

predominantly corotational plasma flow which extends from
the planet to the magnetopause in the dayside magnetosphere
(Krimigis and Roelof,

1983) . Our current understanding of

the global pattern of magnetospheric plasma flow is
summarised in Figure 1.2, from Cheng and Krimigis

(1989).

Although a variety of sources of jovian magnetospheric
plasma have been proposed

(e.g. Siscoe,

13

1978 and references

F i g u r e 1.2

(a) C o n v e c t i o n - c o r o t a t i o n e q u i p o t e n t i a l s assuming s u n w a r d

co n v e c t i o n in the tail. D a s h e d curves show a p p r o ximate m a gnetopause
locations scaled for cases of E a r t h a n d Jupiter.
F i g u r e 1.2

(b) Speculative ad hoc m o d i f i c a t i o n of

(a) to produce a

g l o b a l convection model consistent with obse r v a t i o n s of Voyager 2.
P l a s m a in the grey region is rich in h e a v y ions,
c r e a t e d in the Io torus,

while pl a s m a in the d o t t e d region has a m o r e

sol a r wind-like composition

therein)
below)
Jupiter

l i kely to have b e e n

(after Ch e n g and Krimigis,

1989).

it is now believed that the Io plasma torus

(see

is the main source of plasma in the magnetosphere of
(e.g Bagenal,

1989). The ultimate source of this

material is considered to be Io itself, though the problem
of exactly how material is fed from Io to the torus is still
a matter of some debate
predominantly of sulphur

(e.g. Schneider et al. 1989). Ions,
(S) and oxygen

(0) are thought to

be generated in the torus at the rate of lO^--*- amu/sec,

a

much greater rate than is considered plausible for other
possible sources, such as ionosphere of Jupiter and the
solar wind

(Hill et al., 1983). Several years of ground-

based observations of the torus have shown that it is not
undergoing consistent rapid growth, which implies that
plasma is being removed from the torus at a rate comparable
to the plasma creation rate. Furthermore,

observations of S

and 0 ions in the magnetosphere beyond the torus suggest
that an outward emigration of torus plasma is occurring.
This thesis is concerned with the questions of why and how
14

these iogenic ions come to be distributed throughout the
jovian magnetosphere.

1.2 Description of the Inner and Middle Regions of the
Jovian Magnetosphere
The four Galilean moons

(two of which are comparable in size

with the planet Mercury), four much smaller moonlets and a
tenuous ring system share the inner and middle
magnetospheres with clouds of neutral atoms and a variety of
charged particles. These charged particles can be sub
divided into three broad categories; a low-energy plasma
(100's of eV and below), an energetic plasma

(10's of keV)

and charged particles of still higher energies. The Io
plasma torus and the equatorially confined plasma sheet,
into which the torus merges,

are largely composed of low-

energy plasma, the dominant population by number and mass
density.

It is the centrifugal stresses created by this

plasma that distort the magnetic field. The low-energy
plasma structure lies within an all-pervading energetic
plasma which is responsible for inflating the magnetosphere
when the solar wind is weak. This energetic plasma is the
dominant population in terms of plasma pressure.

In

contrast, the behaviour of the very energetic charged
particles is dictated by the magnetospheric magnetic field,
but these particles do little to affect that field.
Of the four Galilean moons,

it is only the innermost,

Io,

that currently exhibits volcanic activity and only Io which
orbits within a huge cloud of neutral particles and ions;
the conclusion that the two phenomena are related is
unavoidable. The volcanoes of Io are thought to be driven by
tidal forces; an orbital resonance between Io, Europa and
Ganymede causes Io to be squeezed and stretched in Jupiter's
powerful gravitational field. Consider the very different
fates of Io and the Moon, which are very similar in size and
orbit at about the same distances from their respective
primaries!

15

4

F i g u r e 1.3. The Io torus region,
and the sodium neutral cloud.

showing the hot an d cold plasma tori

The pic k - u p process is illustrated in this

sketch of the equatorial plane

(after Bagenal,

1989).

The observation of sodium D-line emission
scattering of sunlight)

(a resonant

from a cloud of sodium atoms in the

vicinity* of Io (Brown, 1974) was the first hint that Io was
geologically active. Subsequent observations have also
revealed the presence of potassium, sulphur and oxygen atoms
(Schneider et a l ., 1989). It is likely that other neutrals,
such as molecular SO 2 and its dissociation products may also
be present. With the exception of the sodium neutral cloud
(Figure 1.3) which is easy to observe because of its very
intense emission, the distribution of these neutral atoms is
not well known. However, the distributions of sodium and
potassium atoms are likely to be similar,

since their

lifetimes against ionisation by electron impact
cases, the dominant mechanism)

(in both

are both about an hour.

It is

estimated that oxygen and sulphur neutrals will survive
perhaps ten times longer than sodium atoms before
ionisation, which is sufficient time for them to form much
more extended clouds. These clouds may completely encircle
Jupiter, but are likely to exhibit much more azimuthal and
radial variation than the plasma torus

(Smyth and Shemansky,

1983; Schneider et al., 1989). Unfortunately,

although 0 and

S are thought to dominate the neutral clouds by number,
is very hard to map their distribution as their emission

16

it

intensities are a factor of 100 to 1000 times smaller than
for sodium. Using a different observational technique,
Bagenal

(1985) has interpreted Voyager plasma data as

indicating that an SC>2 cloud may reach inwards from the
orbit of Io

(5.9 Rj) as far as 5.3 Rj.

As we will see, the neutral clouds and the plasma torus are
thought to interact,

each altering the other. Thus we must

understand the neutral material if we are to fully
understand the plasma torus.
The plasma torus,

like the neutral clouds, emits light and

can be seen from Earth. The emission reveals that the inner
and outer parts of the torus are distinctly different. The
predominant emission from the outer region is in the
ultraviolet and comes from a plasma at a temperature of
around 50 eV. This region is known as the 'warm torus'

or

'hot torus'. The temperature of the plasma in the much
smaller,

inner torus is only about 2 eV and the dominant

emission from this, the 'cold torus',
of the spectrum

is in the visible part

(e.g. Kupo et a l . 1976). The emissions are

mainly from S^+ , S^+ , 0+ and 0^+ ions in the hot torus,

and

from S+ ions in the cold torus. A more careful examination
of the torus emissions

(Figure 1.4) has revealed another

distinct ion population, predominantly S+ , characterised by
a continuum of temperatures ranging from 7 to 35 eV. These
ions are confined between the orbit of Io
inner edge of the hot torus

(Trauger,

(5.90 Rj) and the

1984). The brightness

of this emission feature, which is sometimes known as the
plasma ribbon, has been observed to fluctuate and has faded
significantly in recent years

(N. Schneider, personal

communication). Ground based observations have also
suggested that the torus appearance varies with time,
sometimes quite dramatically, probably in response to
volcanic activity on Io (Mekler and Eviatar,

17

1980).

CHARGE

F i gure 1.4.

(left)

D E N S I TY (CM*3 )

Distrib u t i o n of torus S ions w i t h L-shell in the

centrifugal equatorial plane,

inferred fr o m g r o u n d based,

observations, by model l i n g the p r o j e c t e d image brightness.

line of sight
Note that we

can distinguish two seperate S p opulations near L = 6, on the basis of
temperature
d i s t r ibution
F i g u r e 1.5.

(after Trauger,
(lower curve)
(right)

1984) . Traugers'

radial electron d e nsity

is in good agreement wi t h Figure 1.5.

Isodensity contour m a p of p o s i t i v e charge den s i t y

(in elementary charges cm"^)

as a function of ra d i a l distance and height

above the centrifugal equatorial plane

(after B a g e n a l et al.,

1985).

The Voyager 1 spacecraft travelled through the plasma torus.
Investigators have used the data returned from the plasma
science

(PLS) and planetary radio astronomy

(PRA)

experiments during the inbound journey, to infer the three
dimensional distribution of charge density in the torus
(Bagenal et al., 1985). The three dimensional distribution
of ions will be similar, but not precisely the same, since
not all torus ions are singly charged; some are doubly or
triply charged. In order to perform the analysis,

it was

necessary to assume that the torus is azimuthally symmetric.
Figure 1.5 shows the inferred distribution of charge,
presented in cylindrical polar coordinates which are aligned
with the 'centrifugal equatorial plane'
Appendices, Dessler,

1983) .
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(defined e.g.

Cold torus plasma is observed to extend inwards at least as
far as the perijove of Voyager 1 (4.9 Rj) but the plasma
density declines steeply within 5.3 Rj and the inner
boundary of the cold torus is conventionally set at 5 Rj.
The boundary between the hot and cold tori is very clear in
data from the PLS experiment, which reveal a large change in
plasma temperature taking place in a very small radial
distance interval. Bagenal

(1989) places the boundary at

5.56 Rj. This boundary is fairly clear in the charge density
distribution. Figure 1.5 also shows the smooth decline in
plasma density as the hot torus merges into the plasma sheet
which occupies the middle magnetosphere. The outer boundary
of the hot torus is usually placed between 7 and 8 Rj.
Comparing the two tori, we see that the spread of plasma
along the magnetic field is much smaller in the cold torus.
Furthermore, the charge and plasma densities are high
throughout a much larger volume in the hot torus.

In fact it

has been estimated that only about 2% of the torus plasma
resides in the cold torus

(Bagenal,

1989).

It is also

interesting that the region of peak charge density
particles cm"^)
ribbon'

(3000

coincides with the location of the 'plasma

observed from Earth. Unfortunately, Voyager 2 did

not enter the torus region

(its perijove was at about 10

Rj) •
The distribution of plasma can also be presented in terms of
the number of ions per unit magnetic flux, Y. Figure 1.6
shows the radial variation of Y inferred from Voyager 1
observations by Bagenal and Sullivan

(1981). Subsequently,

the PLS data was reanalysed and estimates of the magnitude
of Y (though not the variation with L) were revised. Figure
1.7 shows a revised and expanded plot for the region inward
of Io, taken from Bagenal

(1985). A corrected plot of Y

beyond the orbit of Io is not available. Although it is
often stated that the peak value of Y occurs at the hot/cold
torus boundary

(e.g. Bagenal,

1989) Figure 1.7 shows that Y

is fairly level between the torus boundary and Io, perhaps
dipping slightly between peaks at the boundary and at Io.

19

L-SHELL
F i g u r e 1.6.

(left)

Radial p r ofile of Y inferred by Bagenal and Sullivan

(1981). The quantity Y/2ttBj R j 2 is the nu m b e r of ions in a flux shell
e n c l o s i n g unit m a g n e t i c flux
F i g u r e 1.7.

(right)

(after Bagenal,

(e.g. Siscoe et al.,

1981).

Re v i s e d version of Figure 1.6 for the region L < 6

1985).

Note that the L axis is l a b elled in the opposite

sense to the labelling in Figure 1.6.

The distributions of charge density and of Y have both been
inferred from observations made along the Voyager 1
trajectory. It is important to note that in order to perform
these extrapolations several assumptions are made, each of
which may introduce error. These distributions have already
been revised once,
(Bagenal,

after a reanalysis of the PLS data

1985). Thus the true

(as opposed to inferred) peak

in Y may indeed occur at the hot/cold torus boundary,
despite Figure 1.7.
The torus and the plasma sheet are mainly composed of plasma
with energies of 100's of eV or less, which was referred to
as low-energy plasma in the introductory paragraph. Bagenal
(1989) divides this plasma into two parts, a thermal
population and a hot population. The temperature of the
thermal ion population

(Figure 1.8) is about 50 eV in the

hot torus, near Io, and appears to rise to 400-500 eV in the
9-11 Rj region

(the thermal electron population is typically

a factor of.10 cooler). The ion temperature in the middle
magnetosphere is typically at or above the 100 eV level,
rising gradually with increasing L, though there are
apparently a few regions in which it falls to much lower

20

levels

(Belcher, 1983). Figure 1.8 shows a particularly

dramatic example where the ion temperature is thought to
drop to 10's of eV between 12 and 14 Rj. Although the
thermal electron population is generally cooler than the ion
population,

it exhibits the same gradual rise in temperature

with L. However, the sudden drop in ion temperature between
12 and 14 Rj is found to coincide with a sudden rise in
electron temperature

(Bagenal,

1989) hinting at the

possibility that spacecraft charging might be responsible,
at least in this case.
As its temperature rises slowly with distance, the plasma is
increasingly able to spread along the magnetic field (i.e.
its 'scale height' rises)

and Bagenal infers that the plasma

'disc' thickness rises gradually with increasing radial
distance

(see Figure 1.9). The hot ion population

temperature rises from about 300 eV at Io

(where they are

likely to be torus pick-up ions) to about 1 keV level by 9
Rj. Between 7 and 8 Rj such ions begin to swamp the PLS
detector, though they cannot make up more than 35% of the
ion population

(Bagenal,

1989). It has been observed that

10000

1000

100
>
c

K-

10
I

7) (cold)

7; (hot)
0.1

4

5

6

7

8

9

10

II

12

13

14

L-shell (offset)

F i g u r e 1.8.
i n b o u n d pass

Ion temperatures d e r i v e d from the PLS data on the V o y a g e r 1
(from Bagenal,

1989) . The t h ermal an d hot ions r e f e r r e d to

in the text c o rrespond to the 'cold'

and 'hot'
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data in the figure.

0

F i g u r e 1.9.

o

o

Sketch of ion dist r i b u t i o n in a mer i d i a n plane.

The Io torus

lies to centre-left with the plasma sheet e x t ending away f r o m the hot
torus to the r i g h t . The thermal,
regions are shown in dark grey.

iogenic ions which dominate these
Spots

indicate the hot iogenic ions

(probably pi c k - u p ions which have had few collisions and thus lost
little energy since being c r e a t e d ) . Bo t h populations s pread away fr o m
the equatorial p l a n e as their tem p e r a t u r e s rise with L. The ene r g e t i c
p l asma

(30 keV a n d above)

is found alm o s t everywhere as shown b y the

open circles and is subject to p r e c i p i t a t i o n losses

(arrowed c i r c l e s ) .

the hot ions are not confined to the centrifugal equator
beyond 12 Rj.

It is likely that their distribution will

resemble the sketch of Figure 1.9, in which the plasma scale
height rises rapidly with increasing radial distance.
The third population indicated in Figure 1.9 contains both
the energetic plasma and the very energetic chargedparticles
mentioned in the introductory paragraph. At these energies,
particles cannot be effectively confined near the equator
(having scale heights of 50 Rj or more; Caudal,

1986)

and

are likely to be present in all parts of the magnetosphere.
Although too energetic to be detected by the PLS, these
particles were observed by the Low-Energy Charged Particle
(LECP) experiment and the Cosmic Ray System (CRS) experiment
carried by Voyager. Using a Maxwellian fit, a characteristic
temperature was inferred for the 'thermal component'

(our

energetic plasma) which varies irregularly with L between 20
and 45 keV, though a value of 30 keV is often quoted
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(Krimigis et a l ., 1981). A self consistent model of the
jovian magnetosphere

(Caudal,

1986) has given strong support

to the view that the energetic plasma makes the dominant
contribution to plasma pressure in the jovian magnetosphere.
Both the energetic plasma and the very energetic particles
are thought to be diffusing inwards

(in contrast with the

outward diffusion of the lower energy plasma). This is
certainly the case for a population of 0 and S ions with
energies of 10's of MeV which have been studied by Gehrels
and Stone,

(1983). The numbers of these particles decrease

dramatically between L * 12 and L « 6 (with the strongest
losses outside L * 8) in a manner consistent with inward
diffusion and precipitation into the jovian atmosphere,
where they may drive the observed aurorae.

1.3 Limitations of Spacecraft Plasma Observations
The foregoing description summarises the current view of
plasma distribution.

It is worth emphasising that there may

be flaws in this picture, which is built upon a relatively
weak observational foundation

(inevitably,

at this early

stage of exploration). There may be flaws in the
interpretation of the data returned from Voyager and there
is already reason to believe that there are both plasma and
neutral populations which Voyager was unable to detect.
There may also be things which the Voyager and Pioneer
missions missed, whose presence we have not imagined.
The Pioneer and Voyager spacecraft were designed and
launched before the existence of the iogenic plasma
(described above) became known and most charged particle
instrumentation was built with either the solar wind or very
energetic radiation belt particles in mind. Experimenters
were thus unable to interpret the data returned from Jupiter
until they had deduced how their instruments might respond
to the corotating plasma found there
Krimigis and Roelof,

(e.g. Belcher,

1983;

1983) . Analysis of the plasma data

returned from the Pioneer solar wind experiment has proved
difficult to analyse, but appears to support claims that the
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torus did not change dramatically in the 6 years between the
Pioneer and Voyager flyby's
therein)
Eviatar

(Belcher,

1983 and references

in contrast with the conclusions of Mekler and
(1980) who have made ground based observation of the

torus. The difficulties in PLS data interpretation were such
that the data was analysed a second time as understanding of
the instrument response improved

(Bagenal,

1985,

1989).

Another consequence of early ignorance of conditions near
Jupiter is that the energy ranges covered by the PLS and
LECP do not overlap, which excludes the possibility of
cross-checking the observations and has left a tantalising
gap in coverage. A determination of radial profiles of the
plasma distribution in the 6 to 30 keV energy range
importance of which was mentioned above)

(the

outside 12 Rj and

of the 6 to 200 keV energy range within 12 Rj, must
therefore await the arrival of the Galileo spacecraft at
Jupiter.
The potential of the instruments to return useful data was
not always realised. For example, mission constraints meant
that the plasma instruments were not always oriented
favourably during flight. Unfortunately, this was the case
for both the PLS and LECP on the outbound legs of both
Voyager flyby's. Environmental problems such as spacecraft
charging events and saturation of detectors also affected
the quality of experimental data. For example, within 12 Rj,
LECP observations of the 30 keV plasma were rendered
meaningless by high fluxes of more energetic particles
(Bagenal,

1989).

Even if Voyager had had ideal instrumentation and
orientation throughout the flyby,

investigators would be

faced with a fundamental problem of interpretation;

it is

very difficult to distinguish between temporal and spatial
variation of observations made during a single spacecraft
flyby. Even if a static magnetosphere is assumed, there is
uncertainty as to whether a quantity is varying with radius,
latitude,

longitude or some combination of the three.
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The interpretation of Voyager data has proved rather
demanding. Ground based observations have proved very
valuable in interpreting spacecraft data, by constraining
the range of possible explanations

(e.g. Bagenal,

1989) .

However, because of the limited quantity of data available
and the problems in convincingly demonstrating a unique
interpretation of that data, it is sometimes difficult to
know how much weight to put on 'observations'. The
forthcoming Galileo orbital tour of Jupiter should lead to a
dramatic improvement in the quality, volume and usefulness
of magnetospheric observations.

1.4 Understanding the Observations
The problem of why the plasma is distributed as it is,
rather than in any other way, can be divided up into two
questions; how does the torus material get from Io into the
tori in the first place and what happens to it after it is
ionised? As we have already indicated, plasma transport is
an important part of the answer to the second question.

1.4.1 The supply of material from Io to the magnetosphere
Io's remarkable volcanic eruptions are not in themselves
able to eject material beyond Io's gravitational sphere of
influence

(Hill et a l . 1983). Instead, the favoured

explanation for the release of material from Io involves
'sputtering',

in which energetic ions

(e.g. from the

corotating magnetospheric plasma) hit neutral particles and,
in some cases, pass on sufficient energy to allow them to
escape Io. Although sputtering may occur from the surface of
Io, its diffuse SO 2 atmosphere,

or from volcanic plumes and

the locally thicker atmosphere in their vicinity,

it seems

likely that the greatest number of sputtered neutrals are of
volcanic origin

(Moreno,

1989). Not all sputtered neutrals

have sufficient energy to escape Io, but those that do will
follow the orbits into which they have been ejected,
contributing to the neutral clouds.
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1 . 4 . 2 The d i s t r i b u t i o n

of plasma

- s o urces

The neutral clouds would gradually disappear if they were
not replenished by sputtering,

for they are bathed in solar

radiation and interact with the plasma torus. Electron
impact ionisation and photo-ionisation convert neutral
material into charged particles,

supplying the plasma torus

at the expense of the neutral clouds. The neutral clouds are
also depleted through charge exchange reactions,
corotating ion strikes a neutral.

in which a

In a charge exchange

interaction the total quantity of torus plasma is unaltered,
since the reaction produces an energetic neutral, which
rapidly leaves the vicinity,

and a new ion. As the solar

illumination is essentially uniform, the distribution of
plasma generated by photo-ionisation depends only on the
distribution of neutrals. The effectiveness of electron
impact ionisation depends on local electron number density
and temperature

(Moreno and Barbosa,

1986). Consequently,

the distribution of plasma generated by electron impact
ionisation depends on the distribution of neutrals and of
electrons and on the temperatures of those electrons.
The distribution of neutrals is poorly known, but some work
has been done to examine the form it might take. Linker et
a l . (1985) have simulated the trajectories of large numbers
of sputtered neutrals and, assuming a spatially uniform
probability of ionisation

(by electron impact), have

examined how far along their trajectories neutrals might
travel before being ionised. The result is a model of the
distribution of neutrals,

and of the distribution of newly

ionised plasma. For simplicity,

it is assumed that the

magnetic field axis is aligned with the axis of Io's orbital
plane. Several models of the velocity distribution of
sputtered neutrals are used. Further variation is introduced
by comparing models in which sputtering occurred uniformly
over the entire surface of Io (as from an atmosphere)

and

models in which the sputtering site is confined to a
particular region on Io (as from an area of volcanic
activity). The possibility that the sputtered neutrals are
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mainly molecules is also considered

(using S2 molecules). In

this case,

since it involves two

stages

ionisation takes longer,

(dissociation of molecule to atoms and ionisation of

atoms). The study of molecular sputtering is driven both by
ample evidence of molecules at Io (the atmosphere is mainly
SO 2, and S2 is present in many volcanic plumes)

and by an

observational constraint on the level of ionisation in the
vicinity of Io

(which would be expected to be very much

higher if atoms rather than molecules dominate the sputtered
material). Linker et al. express their results in terms of
the number of ions per unit flux

(Y) vs. L-shell.

The distribution of S+ resulting from the sputtering of S 2
molecules from the trailing,

Jupiterward region of Io

to contain major S 2~producing volcanoes)

(known

is shown in Figure

1.10. The two panels correspond to two models of the
sputtering velocity distribution,

the left and right hand

panels corresponding to sputtering by very energetic ions
and less energetic,

corotating ions

affect the trailing hemisphere)

(which will mainly

respectively.

It is

remarkable that the model ion distribution tends to form a
peak inwards of Io's orbit at around 5.6 - 5.7 Rj, in good
agreement with the Voyager observations

(see Figure 1.6).

Furthermore, this result applies when the probability of
ionisation is spatially uniform. The probability of electron
impact ionisation is actually much greater in the warm
torus, which,

as Linker et al. remark, would tend to enhance

the ion density between the hot/cold torus boundary and the
orbit of Io. Thus, many of the distinguishing features of
the plasma ribbon feature,

such as its location, very high

ion density and sharply defined inner boundary,

are all

reproduced naturally in this model. The low levels of
emission from the ribbon region in recent years

(Schneider,

personal communication) would be consistent with a recent
reduction in volcanic activity

(and hence a reduced S ion

source rate).
The fate of neutral S2 sputtered from the entire surface is
also examined. Figure 1.11 shows that the resulting
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distributions of S+ ions are roughly symmetrical in L
(though varying somewhat with the choice of sputtering
velocity distribution model)

centred on Io's orbit. As SO 2

is the dominant atmospheric gas, it is more likely to be
sputtered from the entire surface of Io than S 2 . However, we
can extrapolate from the S 2 results, noting that S2 is
broken down ten times faster than SO 2 , and assume that the
dispersion of SO 2 will be similar to that of S2 , but with a
greater proportion of the sputtered material travelling
further from Io. Differences in composition between the hot
torus and the more distant

(from Io) cold torus support the

view that less S2 survives to reach the cold torus

(Moreno

w
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Radial distance (flj)

F i g u r e 1.10.

(left-hand panels)

Radial distance (R j)

Distrib u t i o n of S+ ions created b y

io n i s a t i o n of S 2 molecules sputtered f r o m the sulphur-rich region of
Io's trailing hemisphere
al.

(see inset)

acc o r d i n g to a model of Linker et

(1985). The left a n d right hand panels of Figure 1.10 correspond to

two possible types of sputtering; by v e r y energetic or merely c orotating
ions respectively. Note the existence of a peak in ion formation at
about 5.6 Rj - roughly the location of the hot / c o l d torus boundary.
F i g u r e 1.11.

(right-hand panels)

As Fi g u r e 1.10, but for a case where

s p u t t e r i n g occurs over the entire surface of Io
al.,

(also from Linker et

1985). These curves should be re g a r d e d as mod e l s of SO 2

distribution,

since SO 2 is d istributed m u c h mo r e u n i f o r m l y over Io's

s u r face than S 2 (likewise SO 2 gen e r a t i n g v o l c a n o e s ) . Note how the
p a r t i c l e s are distributed both inwards an d outwards of Io, and that a
p e a k in the distribution,

away from Io, will not arise irrespective of

the sputtering model.
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and Barbosa,

1986). Using this argument, we infer from the

evidence for the presence of significant quantities of SO 2
neutrals at 5.3 Rj

(Bagenal,

1985)/ that significant

quantities will also be present as far out as 7 or 8 Rj.
Although the Linker et al. model seems to do a good job of
explaining why the region of peak plasma generation lies
inward of the orbit of Io, it is clearly oversimplified.

If

we improve our description of the torus and its environment
we find that the passage of Io

(and the neutral clouds)

through the torus is rather complex

(Schneider et al.,

1989). This motion introduces periodicities of 6.5, 13 and
42.5 hours into the rate of plasma generation, which is
doubtless complicated further by other phenomena,

such as

fluctuations in volcanic activity and atmospheric density.
We can improve the model by recognizing the existence of a
10° tilt between the axes of the planetary magnetic field
and of Io's orbit,

and that the torus plasma is confined

about the 'centrifugal equatorial plane' which is tilted by
about 7° with respect to the orbital plane of Io (Dessler appendices B and C, 1983). Further noting the orbital
periods of Io

(42.5 hours)

and of the plasma

(10 hours)

can see that in the torus plasma rest frame,

Io and the

we

neutral clouds appear to perform retrograde orbits every 13
hours in a plane which is inclined at 7° to the plane of the
torus. Thus Io and the neutral cloud cross the torus plane
at two particular magnetic longitudes every 6.5 hours and
can rise above or drop below the torus plane by up to 0.7
Rj, depending on magnetic longitude

(Cf. Figure 1.5). This

motion introduces variability into the rate of electron
impact ionisation

(and of charge exchange reactions) which

is likely to be greatest where Io and the neutrals pass
through the centre of the torus. Furthermore,

Io appears to

move inward and outward in the torus rest frame because of
the

(-0.13 Rj) offset of the dipole component of Jupiter's

magnetic field. Finally, there is observational evidence for
the existence of an electric field across the whole torus,
fixed in Sun-Jupiter coordinates. This effectively pulls the
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plasma torus *0.15 Rj away from Jupiter on the east
Jupiter on the west)

(toward

and causes the plasma at Io's orbit to

be denser and hotter in the west than in the east. Together,
these phenomena cause complex variations in the rate of
plasma production with both position and time. A detailed
model of the torus plasma source will not be a simple one.
After an ionisation, the resulting electron and ion are
'picked-up'

and corotate with the magnetic field, gaining a

gyration energy close to the kinetic energy of corotation
(e.g. Bagenal,

1989). The particles will also begin a bounce

motion along the magnetic field whose amplitude is set by
the distance from the centrifugal equator at which the ion
is created

(though the amplitude might be larger if the

field-aligned component of the velocity of the parent
neutral is significant). The period of the bounce motion is
about 6 hours, though it falls with decreasing distance
within the orbit of Io (Chapter 5, Appendix B ) . The
particles will be gradually smeared in longitude by
adiabatic drift motion,

so as to smooth out the uneven

distribution of newly created ions which arises due to the
inclination between the orbit of Io and the torus plane.

1.4.3 The distribution of plasma - radial transport
There are three ways in which the number density of charged
particles at a particular location can be reduced.
Corotating ions can either recombine with electrons or
undergo charge exchange with a neutral. The neutral created
by either of these two processes is no longer bound to the
magnetic field by electromagnetic forces, but it retains the
kinetic energy of the corotation it possessed in its charged
state. Consequently the 'born-again' neutral rapidly leaves
the torus on a tangential trajectory. The escape time is
sufficiently short that there is a low probability of re
ionisation within the torus. The rate at which ions are
removed in this way from a particular region depends on the
local densities and temperatures of the ion, electron and
neutral populations.

Some of the fast neutrals generated in
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this way will be re-ionised elsewhere in Jupiter's
magnetosphere,

and, in the sense that ions are

redistributed, this is a radial plasma transport process.
However,

it is thought that this process has only affected a

tiny fraction of the plasma in the jovian magnetosphere
(Barbosa et al.,

1984). Interestingly,

studies of the

distribution of sodium atoms confirm that the fast neutral
mechanism operates; there is no other explanation for the
observed presence of Na atoms in an annular wedge which
reaches from Io's orbit through the boundaries of the
magnetosphere and beyond into interplanetary space
al.,

(Flynn et

1990).

Neither the recombination nor the charge exchange mechanism
can explain the outward spread of large amounts of iogenic
plasma to fill up the torus beyond Io

(Figure 1.5) and to

populate the magnetosphere beyond. The key to understanding
those properties of the plasma distribution and the division
of the torus into hot and cold parts lies with the third
loss process,

radial plasma transport.

Prior to studies of the torus, the 'ionospheric dynamo'
model

(see Chapter 3) of radial transport of charged

particles had been developed in the context of a
(successful) theory of the jovian synchrotron radiation.
According to the model, the radial diffusion of energetic
electrons

(and ions) is assumed to violate only the third

adiabatic invariant of the charged particles. The diffusing
quantity is then the number of charged particles per unit
flux, Y. It seems that the very much less energetic charged
particles found in the torus should be caused to diffuse in
the same way

(this possibility was probably first proposed

by Siscoe and Chen,

1977) and indeed it is thought that

ionospheric dynamo diffusion plays a major role in
populating the cold torus

(see 1.4.4). However,

as we

explain below, plasma transport in the hot torus is much
more rapid than in the cold torus and it has been concluded
that some other transport process is also at work. The
nature of this second process is the main problem which we
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address in this thesis.
Notwithstanding the evidence that ions may be being created
(and destroyed)

throughout a neutral cloud of dimensions

comparable to the torus
Moreno,

(Linker et a l ., 1985; Barbosa and

1987) the most convincing transport model presented

to date is that of Siscoe et al.

(1981) which assumes a

localised source near the orbit of Io and neglects sources
and losses elsewhere. The model assumes that plasma
transport can be represented as a diffusion of Y and that
the system was in a steady state when Voyager flew through
it, so that the radial flux of ions was the same across all
L-shells.

In this special case, the flux of ions depends on

the product of the diffusion coefficient and the density
gradient

(Siscoe et a l ., 1981), and it follows that the ion

distribution can be explained entirely in terms of
variations in the local rate of diffusion.
As shown in Figure 1.12, Siscoe et a l . (1981) divide the
profile of Y into four sections

(precipice,

ledge,

ramp and

disc) each of which is characterised by a particular
gradient in Y. The precipice region corresponds to the cold
torus,

and the ledge to the UV emitting hot torus

(so that

the ramp corresponds to the outer boundary of the hot
torus). Evidence from various UV studies

(e.g. Broadfoot et

a l ., 1981)

shows no particular variability of emission with

longitude

(though fluctuations in intensity do occur). This

is usually interpreted as suggesting that the hot torus is
azimuthally symmetric and stable,

so we may infer that the Y

distribution, though based only on the inbound observations
of Voyager 1, is representative of the torus as a whole at
the time of the encounter and for some time afterwards.

The observed profile of Y in the precipice region is very
poorly represented by the curve fitted by Siscoe et a l . in
Figure 1.12,

suggesting that transport in the cold torus is

more complicated than they acknowledge.
model,

In the steady state

steep slopes are associated with slow transport
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(weak

L
F i g u r e 1.12. A n n o t a t e d version of Figure 1.6

diffusion)

(from Siscoe et al.,

and gentle slopes with rapid transport

1981).

(strong

diffusion). The large difference in gradient between the
extremely steep slope

(the precipice)

of Y in the cold torus

region and the shallower slopes of Y in the hot torus and
beyond are interpreted as implying that transport is much
slower in the cold torus than in the hot torus. This
conclusion is consistent with models of the tori which
explain the much lower temperature of the cold torus as a
result of plasma having a much greater residence time in the
cold torus, and therefore a more prolonged exposure to
cooling influences, than plasma in the hot torus. Such a
dramatic change in the diffusion rate is inconsistent with
the rationale of ionospheric dynamo diffusion theory
(Richardson et al., 1980)

implying that an additional

transport process is at work, as suggested earlier.
While discussing figure 1.7, we noted that the inferred
distribution of Y does not have a clear peak at the hot/cold
torus boundary. Rather the profile of Y appears to be fairly
level between the hot/cold torus boundary and the orbit of
Io. If the hot torus transport process is indeed associated
with negative gradients in Y,
the hot/cold torus boundary,

then the peak in Y must lie at
in which case the high values

of Y between the hot/cold torus boundary and the orbit of Io
are probably an artefact associated with the uncertainties
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inherent in the estimation of Y. However,

a plateau in Y

would also be consistent with outward diffusion from the
hot/cold torus boundary through a distributed plasma source
in the ribbon region. This interpretation, bearing in mind
the predictions of Linker et al., suggests that sputtering
from S 2-rich regions may have dominated Io-wide sputtering
during the period prior to the flyby of Voyager 1.
Although no one has attempted to use Voyager data to
directly infer the form of Y in the middle magnetosphere it
is often supposed to have only a very slight gradient. For
example, the constancy of Y is assumed in the selfconsistent magnetospheric model of Caudal

(1986), though if

diffusion is occurring it is necessary that there be at
least a slight negative gradient in Y throughout.
In attempting to identify an additional transport process,

a

good starting point is to identify the energy source. The
hot torus/plasma sheet transport process may release part of
the centrifugal potential energy possessed by the corotating
plasma. This possibility is supported by the observation
that the transport process appears to operate only where
there is a negative gradient in Y, so that the net outward
transport of material releases centrifugal potential energy.
Such a release of potential energy can be used to drive
motion in any hypothetical radial transport process we may
imagine, provided the rate at which the process converts the
potential energy into forms other than kinetic energy is
smaller than the rate at which potential energy is released.
One such transport process is flux tube interchange

(Gold,

1959). In fact there have been several suggestions that
centrifugally driven flux tube interchange has a role in
jovian plasma transport since the discovery of the jovian
magnetosphere

(e.g. Melrose,

1971; Mendis and Axford,

1967; Ioannidis and Brice,

1974; Hill,

1976). We review the

full spectrum of interchange models in Chapter 3.
'Diffusive flux tube interchange' was first suggested by
Siscoe and Chen

(1977) in a discussion of radial transport

in the cold torus. They stated that the diffusant quantity,
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namely the number of ions per unit flux, Y (which is
actually characteristic of any radial transport process
which violates the third invariant)

should be interpreted as

the total number density in a flux tube. Siscoe and Summers
(1981) developed this idea,

formulating the 'centrifugally

driven interchange diffusion model' which has become the
most well established model for plasma transport in the hot
torus and beyond. However,

as we will show in Chapter 3,

there appear to be some problems reconciling the
characteristics of a diffusion process with flux tube
interchange and, as a consequence,

centrifugally driven

interchange diffusion has not been universally accepted.
In addition to explaining why plasma transport in the space
outside the orbit of Io is so rapid, we must also explain
why the torus contains so much plasma. To see the problem,
let us reconsider the case of the transport model proposed
by Siscoe et al.

(1981). Siscoe et a l . imagine a steady

state diffusion of Y, from a localised source near the orbit
of Io and that there are no sources and losses elsewhere in
the magnetosphere.

If the diffusion rate varies smoothly

with L, we expect a smooth decline in the diffusing quantity
(i.e. Y) with distance from the source,

as indicated by the

dashed line in Figure 1.12, in which case the plasma
represented by the shaded area of Figure 1.12 would not be
present in the torus. Therefore, unless we relax the model
assumptions and allow additional sources or losses to play a
part

(or even abandon the assumption of time-independence)

the marked discontinuities in the gradient of Y at about 7
and about 8 Rj can only be explained by local variations in
the rate of diffusion. Thus, if we can explain why such
variations in the rate of diffusion occur in the ramp
region, we can explain the high plasma content of the torus
(in the context of the assumptions stated above).
In terms of the centrifugally driven flux tube interchange
model,

Siscoe et al.

(1981)

suggest that the 'ramp'

location

coincides with the inner edge of the ring current plasma
distribution,

and that interchange diffusion is thus impeded
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by pressure gradient inhibition of interchange

(discussed in

Chapter 3). In essence, this ring current impoundment model
requires that the centrifugal force on the impounded plasma
is balanced by the inwardly directed pressure of the ring
current plasma.
The reader may wonder if the difference in transport rates
between the hot and cold tori could be explained in terms of
the ionospheric diffusion dynamo model alone/e.g. if the
centrifugal force could enhance outward motions and impede
inward motions in the random walk of a diffusing particle.
However, provided its first and second invariants are not
violated, the only effect of the centrifugal force on a
magnetospheric charged particle is to alter its adiabatic
drift velocity. Therefore,

as the ionospheric dynamo

diffusion theory is valid for a wide range of drift
velocities,

it may be applied both to iogenic S and 0 atoms

and to the much less massive protons and electrons which it
was originally intended to describe. Nevertheless,
strongly scattered plasma,
the motion are violated,

in a

in which all three invariants of

such 'centrifugally biased'

diffusion remains a possibility.

In this context,

it is

interesting to note that diffusion by single particle
scattering

(e.g. off waves or other particles)

in which the

diffusing quantity is the particle number density, n

(rather

than Y) has not been ruled out. If scattering were to
specifically affect torus ions, energetic particles would
still diffuse in response to the electric fluctuations
associated with the ionospheric dynamo, but torus ions would
behave differently. The usual argument against diffusion of
n

(Richardson et a l ., 1980) of torus ions is that the two

peaks in the torus number density distribution
are hard to explain

(Figure 1.5)

(requiring a special arrangement of two

particle sources and a sink) while the single peak in Y is
exactly what is expected for diffusion. However, the peaks
lie in the plasma ribbon

(probably the main source region)

and the cold torus, and as we shall see, the cold torus peak
can be explained in terms of ionospheric dynamo diffusion
models.

In fact, the plasma distribution is perfectly
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consistent with a diffusion of n confined to the hot
torus/plasma sheet region,

for there are no subsidiary peaks

in n in this region. It might also be argued that scattering
is more likely to occur in the hot torus, where particles
are more energetic.
To summarise, there appears to be a transport process
operating in the hot torus and the magnetosphere beyond,
which does not operate in the cold torus.
described above,

In the study

it has been assumed that this process can

be treated as a diffusion of the plasma density per unit
flux,

like ionospheric dynamo diffusion, but that it gives

rise to more rapid plasma transport than ionospheric dynamo
diffusion. Assuming a steady state model,

it has been

inferred that the rate of this diffusion varies
significantly in the region 7 to 8 Rj. The most successful
model to date for this transport process is centrifugal
interchange diffusion, but there appear to be some
difficulties with this model as we show in Chapter 3.
Furthermore, the observations do not distinguish between the
possibilities of a diffusion in which the diffusant quantity
is the plasma density n and a diffusion in which the
diffusant quantity is the plasma density per unit flux, Y.
In the next two sub-sections we will briefly enlarge upon
the current state of understanding of the plasma
distribution and emphasise the implications for transport
m odels.

1.4.4 The cold torus
The cold torus is better understood than the hot torus,
largely because the superior observational evidence enables
us to place tighter constraints on theoretical models of the
cold torus. We expect that a comprehensive model of the cold
torus will describe many interactions;

involving ion

populations in a variety of ionisation states and of a
variety of species,
course electrons,

several neutral populations and of

all of which have unique distributions.

The relative motion of the non-coplanar plasma and neutrals
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further complicates the problem.

In the following we shall

see that the current level of understanding is rather less
sophisticated.
As mentioned above,

it is believed that ionospheric dynamo

diffusion transports material into the cold torus from the
source region lying just outside the hot/cold torus
boundary. As the plasma slowly diffuses inwards,
emission of radiation,

it cools by

losing its ability to support itself

against the field-aligned forces and it gradually collapses
toward the centrifugal equator, giving rise to the small,
tapering density distribution that has been observed
Figure 1.5). As the plasma collapses,

(e.g.

its density rises,

enhancing the emission and causing further cooling of the
plasma. According to Belcher

(1983) this positive feedback

is responsible for the sharp transition in temperature and
ionisation states that characterises the hot/cold torus
boundary. Diffusion rates are typically estimated to be of
the order of a year for the cold torus and of the order of a
month for the hot torus.
In order to explain the rapid decline of ion density per
unit flux with radius

(Figure 1.7) and the observed

distribution of particular ion species in L, Barbosa and
Moreno

(1988) argue that it is necessary to invoke the

presence of clouds of SC>2 , SO, S and 0 neutrals

(and are

supported by the detection of S02+ in the cold torus;
Bagenal,

1985). These neutrals interact with inwardly

diffusing ions in a cascade of charge exchange reactions,
such that ions of all the species known to be present can be
created and destroyed throughout the cold torus

(though at

differing rates depending on the local conditions). The
importance of including charge exchange reactions is
demonstrated in Figure 1.13 which illustrates the steady
state distribution

(presented as Y ( = NL^) vs. L curves)

various species, according to Barbosa and Moreno's model.
These curves demonstrate that although inward radial
diffusion is the dominant source for most species in the
model,

charge exchange is actually the dominant source for
38

of

S+ , which has a peak at 5.6 - 5.7 RJ (roughly the site of
the 'plasma ribbon'). Furthermore, the S+ curve implies that
some cool S+ created through charge exchange diffuses
outwards, towards the hot torus, and thus mingles with
hotter S+ diffusing inwards from the hot torus. Such an
outward transport of cool S+ may explain the existence of
two distinct S+ populations of different temperatures in the
plasma ribbon region

F i g u r e 1.13.

(Figure 1.4).

Ion distribution b y species,

ions p e r unit flux,

in terms of the number of

Y, in the cold torus and inner,

to t h e model of Barbosa and Mo r e n o

hot torus, a c c o r d i n g

(1988). Compare wi t h Figure 1.7.

The importance of the neutral clouds is also highlighted by
an energy balance calculation

(Moreno and Barbosa, 1986)

which suggests that the primary contributor to the
luminosity of the cold torus is the energy acquired by
locally created S+ ions as they are picked-up, with inward
diffusion of ions from the hot torus playing an important,
but secondary role.
Barbosa and Moreno

(1988) have proposed the most successful

cold torus model so far, in terms of reproducing the
observed cold torus composition and, as we have seen above,
it may have shed light on the mystery of the plasma ribbon
composition. However a number of the assumptions on which
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their model is built could be improved upon. For example,
the model assumes that the density of neutrals is constant
throughout the region and also that the neutral clouds have
no inner edge, despite evidence

(observations of corotation

lag and ion velocity distributions)

that a cold torus

neutral cloud exists and has an inner edge at about 5.3 Rj
(Bagenal,

1985). Although we have little observational

evidence about the distribution of neutrals,

it would be

interesting to see the effect on Barbosa and Moreno's torus
model of substituting the model neutral and plasma
distributions derived from the sputtering models of Linker
et al.

(1985)

for the original initial conditions -

particularly since Linker et a l . offer the only other
explanation for the ribbon feature!
The successes of the Barbosa and Moreno model are all the
more interesting because the model does not describe a
change in the diffusion rate at 5.6 - 5.7 Rj of the sort
outlined in the previous section.

Instead, the model uses a

description of hot torus ion composition at 5.9 Rj as a
boundary condition and assumes that plasma is transported
inwards from there by ionospheric dynamo diffusion. Again,
it would be interesting to know how the Barbosa and Moreno
model would be affected if it were modified to allow for
more rapid diffusion in the region 5.6 to 5.9 Rj and perhaps
a distributed source of pick-up ions.

The Barbosa and Moreno model is by no means perfect. For
example,

consider Figure 1.7, the distribution of the total

number of ions per unit flux, Y, inferred to exist in the
modelled region

(Bagenal,

the sum of the curves

1985). It is difficult to see how

(Figure 1.13) presented by Barbosa and

Moreno for various ion species could resemble Figure 1.7
(though the Bagenal curve may also be imperfect). If the
distribution of plasma inferred by Bagenal is correct, it is
possible that we may have to abandon steady state models to
describe it,as suggested by Richardson and Siscoe

(1983).

Modellers of the cold torus await an improved description of
the distribution of neutral material.
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In the mean time,

it

would be useful to carry out some of the studies proposed
here. However,

it is clear that the plasma torus/neutral

cloud system is so complex that we cannot decide whether
enhanced diffusion is a feature of the ribbon region or not
without learning more about interrelated topics,

such as the

distribution of pick-up ions and charge exchange reactions.

1.4.5 The hot torus and plasma sheet
Study of the hot torus has been hampered by uncertainty
about torus properties, due to difficulties in interpreting
PLS data,

saturation of the important lower energy particle

detectors in the LECP instrument and difficulties in
reconciling these and other observations. The problems are
reviewed by Bagenal

(1989) who also provides results from

her recent re-analysis of PLS data. For example,

fundamental

questions remain unanswered, for lack of measurements of how
corotation lag varies with distance in the torus

(which

would shed light on the distribution of the plasma source
region(s)) and measurements of temperature anisotropies in
the torus

(with which our characterisation of the

distribution of the plasma along the magnetic field could be
improved). Despite the difficulties, broad agreement on the
composition of the hot torus has recently been reached.
The most interesting feature of the observations

(see 1.2),

from the point of view of radial transport studies,

is the

generally positive temperature gradient seen in all charged
particle populations,
magnetosphere

from the hot torus out into the middle

(the temperature drop in Figure 1.8 in the

region 11 to 14 Rj is an anomalous feature). There does not
appear to be any satisfactory explanation in the literature
for this feature.

In Bagenal's 'thermal plasma'

(see 1.2)

the phenomenon is manifested as the failure of current sheet
plasma to cool adiabatically as it travels outwards into the
middle magnetosphere

(McNutt et al.,

1981). The same holds

for her 'hot plasma' population, which spreads ever further
along the magnetic field as L values increase

(Figure 1.9).

The phenomenon has even been inferred for the 'energetic'
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plasma. Using a self-consistent model of the magnetosphere,
Caudal and Connerney

(1989)

find that as the 30 keV plasma

is transported inwards, the change in plasma pressure with
flux tube volume is not adiabatic. They are unable to
explain this non-adiabaticity in terms of a loss process

(at

least beyond L = 10) and suggest that either some
unspecified cooling process is going on or that the inward
diffusion of hot plasma is much more complex than envisaged
in their model. Thus we see that the evidence of a failure
to conserve the first adiabatic invariant appears across the
range of energies we have considered. This strongly suggests
that the non-adiabaticity is a feature of the radial
transport process, rather than a
plasma population

peculiarity of a particular,

(e.g. it has been suggested that the

temperature profile of the thermal population could be
explained in terms of a mixture of outwardly diffusing,
adiabatically cooling, torus ions and ions picked-up
locally). The non-adiabatic plasma distribution certainly
cannot be explained by the centrifugal,diffusive flux tube
interchange model presented by Siscoe et a l . (1981).
As mentioned above,

agreement seems to have been reached on

the composition of the hot torus
epoch). Interestingly,

estimates of the amount of energy

available to the torus plasma
torus model)

(during the Voyager 1

(according to the consensus

do not match the quantities of energy which the

torus is observed to radiate. The heart of the problem is a
difficulty in explaining why the electron population
stimulates the emission from ions)

(which

is so hot. Electrons are

picked-up in the torus with very low temperatures

(i.e.

gyration energies) typically hundredths of an eV, because of
their small mass. Collisions between electrons and pick-up
ions

(having energies of several hundred eV) in the

relatively dense hot torus allow an energy exchange which is
thought to both cool the ions, accounting for the 50 eV
'thermal' populations,

and heat the electrons. However,

it

is estimated that collisional heating involving the torus
pick-up ions cannot provide enough heat to the torus
electrons. Recently,

it has been proposed that inward radial
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transport of energetic plasma from beyond the torus may help
to account for the 'missing' energy

(e.g. Sittler,

1989).

Although it is likely that most energetic plasma particles
having energies greater than a few tens of keV at L = 8
precipitate into the jovian atmosphere during inward
diffusion, the remainder of the energetic particles may
reach the torus and supply energy to the torus electrons.
Unfortunately, with the available torus data we cannot
confirm that such energetic particles are present in the hot
torus; we must wait for the Galileo spacecraft to reach
Jupiter for a determination of radial profiles of the 6 to
200 keV energy particles, before we can test this hypothesis.
Good observations of energetic plasma within L = 12 are also
desirable for at least two other reasons. Such observations
are needed to test the suggestion of Summers and Siscoe
(1985a) that a plasma population of energy below about 4 keV
impounds the hot torus. Bagenal

(1989) confirms that a

substantial population of keV ions is thought to exist
outside L = 8, but suggests that further work is needed to
confirm the impoundment hypothesis.

Such observations will

also help us to characterise the precipitation of particles
into the jovian atmosphere and hence to characterise the
variation of ionospheric conductivity with latitude. As
ionospheric conductivity is a very poorly known parameter,
but has an important role in transport models, we need to
learn more about it.
Evidence is coming to light which suggests the interesting
possibility that neutral clouds associated with the second
Galilean satellite, Europa, may have a role in providing
magnetospheric plasma. Europa orbits Jupiter at 9.4 Rj and
like Io, is similar in size to the Earth's Moon

(though it

is a little smaller than Io) though unlike Io, Europa is
covered in water ice. There is ample evidence for the
expected bombardment of Europa by corotating magnetospheric
particles

(e.g. Lane et a l . (1981) have found that the

trailing hemisphere is stained with implanted sulphur,
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SO or

SO 2 ) and Johnson et al.

(1983) have estimated the rate at

which material might be lost to space. Voyager PLS
observations in the region 9 to 11 Rj suggest an enhanced
corotation lag, and electron and ion heating which may be
due to pick-up of plasma in this region

(Bagenal,

1989). The

conclusion that neutrals are being sputtered from Europa and
forming a europan neutral cloud seems highly plausible.

It

is not clear how important such a europan neutral cloud
would be as a plasma source

(though it is unlikely to match

the Io source) but more detailed measurements in this region
by Galileo may place useful additional constraints on
transport models.
The hot torus/plasma sheet region offers a number of tests
for radial transport models. Such models should be
consistent with the plasma distribution throughout the
region, but in particular should explain the ramp

(see 1.3)

and the distribution near Europa. Furthermore, the transport
of energetic plasma into the hot torus has been proposed in
order to explain electron temperatures there. Long term
observations,

such as Galileo will make, may enable us to

examine time variations of torus temperatures and energetic
particle flux, which will provide a further challenge to
transport models. No transport model has so far met the
challenge of explaining the non-adiabatic plasma
distribution noted above.

1.5 The Use of Adiabatic Theory and Magnetohydrodynamics in
Rapidly Rotating Magnetospheres
The adiabatic theory of charged particle motion and concepts
of magnetohydrodynamics

(MHD) such as the flux tube, have

already been referred to and will be used in the following
chapters.

It seems appropriate to remark that the use of

this theory in rapidly rotating magnetospheres,

such as that

of Jupiter, does have formal theoretical justification.
Northrop and Birmingham

(1982) examined guiding centre

motion for the special case of a rapidly rotating
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(in the

sense that the corotation electric drift velocity exceeds
the gyrovelocity)

rigid, arbitrarily asymmetric magnetic

field with E (( = 0. They proved that the second invariant is
conserved and derived a guiding centre drift equation,
incorporating Coriolis and centrifugal drifts as well as the

Vb and curvature drifts. They also demonstrated that the
particle kinetic energy in the rotating frame, minus the
centrifugal potential,

is an exact constant of motion in a

rigid rotator. This result, combined with the idea of a
drift shell

(implicit in J conservation)

limits and makes

periodic any radial excursions by the particles. Therefore
the particles do not experience a steady gain or loss of
energy in such a system.
This work was extended by Cheng

(1984) who considered the

case in which small departures from rigid rotation occur.
These deviations, which might be due to corotation lag or
plasma convection for example,

are small in the sense that

the drift velocity due to the electric field associated with
deviations from strict corotation is small compared to the
gyrovelocity. Expressions for the parallel and perpendicular
guiding centre motion in the corotating frame are derived,
and invariance of J under these conditions is verified. The
validity of the frozen-in field line concept under these
conditions is also demonstrated.
This body of work justifies the extension of the MHD
concepts and adiabatic theory to the study of the jovian
magnetosphere,

subject to Cheng's constraint, which is

apparently satisfied by most of the plasma studied by the
PLS and LE C P . The constraint will be violated if there is
significant corotation lag in parts of the magnetosphere

(as

some experimenters suggest).

1.6 Contents of the Thesis
The foregoing discussion has shown that there is plenty of
evidence that radial plasma transport occurs in Jupiter's
magnetosphere.

Studies of the Io torus provide good grounds
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for believing that at least two distinct transport
mechanisms exist and operate there; diffusion, driven
through fluctuations in the strength of the ionospheric
dynamo, and also some sort of centrifugally biased transport
process, possibly also diffusive. Some authors have
suggested that the latter process is linked with MHD
centrifugal interchange motion.
The principles underlying the concept of interchange motions
are described in Chapter 2 and various attempts to model
jovian plasma transport,
interchange motions,

among them models which invoke MHD

are reviewed in Chapter 3. However,

it

is shown that all models so far proposed are in some
respects unsatisfactory.

A new transport mechanism is proposed in Chapter 4. An
investigation of magnetospheric interchange on such short
length scales that the MHD approximation cannot hold, has
led us to suggest that centrifugal potential energy may
drive a turbulent spectrum of electrostatic waves in the
plasma which will constitute a diffusing medium. Conditions
are unsuitable for the generation of such waves in the cold
torus region, but satisfactory outside it. As the main
plasma source lies at the hot/cold torus boundary, we expect
an outward particle flux,

just as has been observed.

Therefore, provided the transport rate associated with this
mechanism is larger than that expected for ionospheric
dynamo diffusion, this new mechanism will exhibit all the
characteristics of the centrifugally enhanced transport
process inferred to operate in the hot torus. We suggest
that this new mechanism represents the best model currently
available, while acknowledging that it is currently
incomplete

(we have not calculated a diffusion coefficient).

During the course of our research it became clear that there
is a class of MHD interchange motions which has not so far
been described in the literature. Chapter 5 describes the
new type of interchange motions, which we refer to as
'fast',

and contains a derivation of the stability criteria.
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Some of the novel behaviour of plasma during 'fast' MHD
interchange motions may also be a feature of rapid motions
in the non-MHD interchange of Chapter 4.
Finally in Chapter 6, we summarise our findings and place
them in context.
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Chapter 2

Magnetospheric Interchange Instability
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2.1 Introduction
Studies of magnetospheric interchange usually focus on the
adiabatic MHD magnetospheric interchange instability, which
belongs to the family of Rayleigh-Taylor instabilities. A
Rayleigh-Taylor instability occurs whenever an adiabatic
interchange of fluid elements results in a reduction of
stored energy, be that energy stored as internal energy
(kinetic energy of particles within the fluid element)
potential energy

(Siscoe,

or

1982). The stored energy which is

released during the exchange plays the necessary role of the
kinetic energy associated with the interchange motion,
enabling the motion to be self-propelled and to occur
spontaneously. When such a process is possible, the initial
state is described as unstable. In this context, the term
'adiabatic'

indicates that no heat transfer occurs between

the ambient fluid and interchanging fluid elements/ and thus
that the entropy

(a function of pvY) of the particles in a

fluid element is conserved during the exchange.

In section

2.7 we examine the possibility of interchange motions which
are not adiabatic in this sense.
Before discussing the magnetospheric case,

it will prove

rewarding to examine some simpler and perhaps more familiar
examples.

2.2 Incompressible Fluids
A conceptually very simple case involves two immiscible,
incompressible fluids of differing densities. No
compressional work can by done during an exchange of fluid
elements,

since the volumes of these elements of

incompressible fluid are constant

(by definition).

Consequently internal energy cannot be tapped to drive an
exchange,

and we need only consider changes in potential

energy.
Let the fluid of greater mass density lie above the other
fluid in a gravitational field. The exchange of equal
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volumes of the two fluids releases gravitational potential
energy

(by lowering the common centre of gravity of the

elements), satisfying our requirement for a net release of
stored energy.

Such interchanges will occur spontaneously,

until the lighter fluid lies on top of the heavier fluid
throughout the system. Afterwards,

the system is left stably

stratified. We conclude that the system is stable if the
mass density decreases with height and unstable if it
increases with height. We choose to consider the exchange of
elements of equal volume,

so that the surrounding fluid will

be virtually unmodified by the exchange and need not be
considered in evaluating the potential energy released.
In contrast, the exchange of fluid elements causes no
distinguishable changes in a single

(isothermal)

incompressible fluid, and in particular,
gravitational potential energy,

cannot release

since there is no gradient

in the fluid density in this example. Thus an interchange
cannot occur spontaneously and this is the case of marginal
stability.
The foregoing arguments demonstrate that the stability
condition can be expressed in terms of the distribution of
mass density p throughout the system. The system will not
perform spontaneous gravitationally driven interchange
motions if g and Vp are parallel everywhere such that

g.Vp > 0
where g is the gravitational field vector. In our example
there are initially no gradients in p except at the boundary
between the two fluids where there is a positive
discontinuity in the gradient.
Most liquids can be described as incompressible fluids to a
good approximation.
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2.3 Compressible Fluid Constrained by Gravity
In the case of a compressible fluid

(e.g. a gas), not only

can interchange motions release gravitational potential
energy

(GPE), but they also involve a change in the internal

energy of an interchanging fluid element. The amount of
energy released depends on the properties of the surrounding
fluid, and on how changes in the fluid pressure in an
interchanging fluid element are related to changes in the
volume of the element. In this section we will confine our
attention to the Rayleigh-Taylor instability and consider
the adiabatic motion of fluid elements.
Let us consider the stability of a single species,

ideal gas

atmosphere in equilibrium with gravity. For clarity, we will
require that atmospheric parameters vary only in the
vertical direction. The properties of such atmospheres are
uniquely defined by the force balance between the gas
pressure and gravity, and by the equation of state of the
gas. The pressure distribution in an atmosphere in quasi
static equilibrium is such that the difference in the
pressures exerted by gas above and below a gas layer

(which

lies parallel to the ground) balances the weight of that
layer. This implies that the pressure falls with increasing
height,

z, and that the differential pressure exerted on a

layer of thickness dz obeys
dp = - n m g dz

(where n, the number density arid p, the pressure, vary with
height; m is the particle mass and g gravitational
acceleration). The gas will adopt a gravitationally imposed
pressure profile given by
p'/p = - mg/kBT
where ' indicates differentiation with respect to height.
This pressure profile depends on the local temperature,
which is not free to vary, but is related to the pressure by
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the equation of state

(p varies as nT) expressed as

p' /p = T' /T + n' /n

For example,

consider the trivial case of an isothermal

atmosphere, where the local temperature is constant and T' =
0, by definition,
Similarly,

so that p'/p is constant.

consider an adiabatic atmosphere. Here the

atmospheric pressure and volume are related by the adiabatic

relation pvY = constant, where y is the ratio of specific
heat capacities Cp/Cv . This allows us to write the equation
of state in the equivalent forms
p' /p = y n' /n

or

p' /p = y/(y-l) T'/T

so that the temperature gradient is uniquely defined by
T' =

(y-1) mg/ykB

Now that we understand the properties of the atmosphere,

let

us consider the stability of a fluid element in that
atmosphere. We define a fluid element in our gas as the
space occupied by a fixed number of gas particles, which are
assumed to have similar mean motions and to be constrained
by the rest of the gas to remain together. Thus a fluid
element has a fixed mass (as it has a fixed number of
particles), but its volume and thus its density are able to
change.
The internal pressure of a moving fluid element must change
to match the ambient pressure,

in order to preserve the

quasi-static mechanical equilibrium of the atmosphere.

In an

adiabatic interchange motion, the volume of a moving fluid
element evolves in response to changes in ambient pressure
according to the adiabatic relation
also express as

'p/(pY)

= constant' .

52

(above) which we can

Just as in the previous example, we wish to determine
stability by evaluating the change in total energy of the
system following an exchange of two fluid elements. Our
previous example showed that the least complicated approach
involves considering an exchange which does not alter the
characteristics of the surrounding fluid. Thus we need to
consider two fluid elements which will each occupy the
volume vacated by their counterpart in the exchange; no net
work will be done during such an exchange. In general,

such

'equivalent-volume'

fluid elements will not contain the same

number of particles,

and will have different masses so that

a net change in the GPE of the system will occur.
Marginal stability corresponds to the special case in which
the two fluid elements do contain the same number of
particles

(i.e. mass). Recalling that each element is to

occupy the precise volume vacated by the other, we see that
the condition for marginal stability can be met if the
atmospheric density at the point of origin of one element
matches the density within the other element when it arrives
there.

In other words, the atmospheric density must vary

with pressure in the same way as the density within an
exchanged element; namely, adiabatically. Therefore the
marginally stable atmosphere is the adiabatic atmosphere.
An atmosphere is unstable if the centre of mass is lowered
by an exchange of 'equivalent-volume'

fluid elements,

requiring that the new upper element is less dense than its
new surroundings

(and the lower element more dense). Thus,

the density of an unstable atmosphere declines less rapidly
with height

(falling pressure) than an adiabatic atmosphere.

Therefore, given the pressure profile of an atmosphere, we
can establish the stability of the atmosphere by comparing
its density profile with the adiabatic density profile
appropriate to that pressure profile using

g. (Vn - Vncr) < 0

(unstable)
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where g represents the local gravitational acceleration
vector, Vn is the local number density gradient and Vncr
would be the local density gradient in an adiabatic
atmosphere assuming the same pressure profile. Since we are
considering a single species gas, we may substitute p for n,
so that the expression given above becomes the same as the
condition given in 2.2, with the exception that the
marginally stable gradient (Vncr) was zero in that case.
Using the equation of state

(p'/p = n'/n + T'/T = [n'/n]cr +

[T'/T]cr) we could alternatively express the stability
criteria in terms of temperature gradients. Just as the
density gradient of an unstable atmosphere is shallower than
the corresponding adiabatic gradient,

so the temperature

gradient must be steeper than the corresponding adiabatic
gradient. For example, consider an isothermal atmosphere,
for which n'/n =

p' /p and T'/T = 0. Examining either

the density gradient or the temperature gradient, we conclude
that an isothermal atmosphere is stable to adiabatic
interchange.
We can also distinguish between stable and unstable
atmospheres by considering the interchange of two fluid
elements of the same mass. In this case, no GPE is released,
but the work done by the atmosphere on one element is not
equal to the work done on the atmosphere by the other
element

(in contrast with the exchange of 'equivalent-

volume' elements)

and internal energy may be released.

both this argument and the 'equivalent-volume'

In

argument,

a

marginally stable interchange involves the exchange of two
elements of equal mass,

in which no net work is done;

implying that the marginally stable case is an adiabatic
atmosphere.
These arguments also apply in a rotating system where we
must include a centrifugal force

(though care must be taken

to consider the possible effects of the Coriolis force).
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2.4 Magnetospheric Interchange Instability in an Isotropic
Low Beta Plasma
We will now extend our discussion from gases to space
plasmas and introduce magnetic fields into our models.

It is

usually reasonable to describe a space plasma as an ideal
magnetohydrodynamic

(MHD) fluid. In the general case of a

magnetospheric plasma, the three-dimensional equilibrium
magnetospheric structure is determined by a balance of
magnetic tension, magnetic pressure, plasma pressure and
gravitational/centrifugal forces. However, we may consider
the simpler case of the low beta limit

(the 'plasma beta'

is

defined as the ratio of plasma pressure to magnetic field
pressure)

in which it is appropriate to ignore the effects

of plasma pressure on the magnetic field structure and also
to ignore the contribution of external forces

(e.g.

gravity). The equilibrium condition for such a magnetosphere
is that
V j B2/ h 0 - B 2 /2h 0 c = 0
where c is the magnetic field curvature b . V b and b is the
unit vector along B (e.g. see Southwood and Kivelson,

1987).

This expression shows that a balance between curved field
lines pulled tight by magnetic tension forces,

(B^/jiqJc , but

held apart by gradients in magnetic pressure, V ±B2/|i.Q/
defines the shape of a magnetosphere in the limit of low
beta.
In this section we will describe magnetospheric interchange
motions in the low beta limit,
Gold

following the seminal work of

(1959). Although we assume that the plasma has no role

in the magnetospheric force balance, we do consider the
plasma to be a potential energy source for interchange
motions.

In the gas atmosphere example, we found it useful

to identify 'fluid elements',

defined as sets of particles

which remain together as a group at all times.
of an MHD fluid in a magnetosphere,

In the case

the analogue of a fluid

element is the magnetic flux tube; according to the 'frozen-
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in' condition, each flux tube must contain a specific and
unchanging quantity of plasma

(e.g. Alfven and Falthammar,

1963).
As in our previous examples, we require that quasi-static
mechanical equilibrium is preserved during an exchange of
fluid elements.

In this example, the magnetospheric

structure is defined entirely by magnetic forces
the shape

(and hence volume)

(above)

so

of a moving flux tube will

respond only to changes in the ambient magnetic pressure.
Continuing with the analogy, the role of equivalent-volume
fluid elements is played by flux tubes containing the same
quantity of magnetic flux,

for these exert the same magnetic

pressure and will have the same volume when placed in the
same location in a magnetosphere.
An exchange of two flux tubes containing the same amount of
flux will leave the magnetic field essentially unchanged and
therefore will not involve a change in the magnetic energy
of the system. Magnetospheric interchange motions are not
driven by a release of stored magnetic energy.

Instead,

in a

direct analogy with the preceding examples, they are driven
by the net release of energy stored in the plasma in the
flux tubes.
We will assume that the plasma pressure is isotropic,

and

that the plasma density and pressure are uniform throughout
a flux tube

(though this will not in general be the case).

Also, we will once again consider adiabatic interchange,
which the volume occupied by a fluid element
mass of fluid)

in

(i.e. a fixed

is related to the pressure in the fluid

element by the adiabatic relation.
As in the previous examples,

let us consider the interchange

of equivalent-volume fluid elements
elements)

(i.e. equi-flux

so that the ambient fluid is unaffected and may be

neglected.
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In the gas case, we saw that the volume occupied by a fluid
element depends on the ambient pressure,

for the pressure

within a travelling fluid element must always match the
ambient value to maintain mechanical equilibrium in the
system. Consequently, the density and volume of the fluid
element must vary adiabatically with the ambient pressure.
The condition for marginal stability to gravitationally
driven interchange is that the mass per unit 'equivalent-

volume' is constant; thus we infer that the marginally
stable atmosphere is an adiabatic atmosphere.
In the MHD case, the volume occupied by a fluid element
depends on the ambient magnetic pressure which is related to
the flux density and is a function of position alone.
Consequently the density of the plasma is independent of the
ambient pressure. Thus, the marginally stable plasma
distribution is the one in which the mass per unit flux is
constant, which is a condition which may be satisfied by a
plasma whether the plasma pressure is related adiabatically
to volume or not.
The marginal stability condition for pressure driven
interchange is that equal and opposite amounts of work are
done by the fluid in the two interchanging elements

(so no

net work is done). This condition can only be met if the
pre-exchange pressure of each element is the same as the
post-exchange pressure of the other. Therefore,

in the case

of adiabatic interchange, only an adiabatic ambient pressure
distribution is consistent with marginal stability. Thus the
condition for marginal stability to pressure driven
interchange is the same for both the gas example and the MHD
example.
In the gas atmosphere example, the same condition
adiabatic atmosphere)

(an

for marginal stability applies to both

gravitational and pressure driven interchange.

In the MHD

example, the instabilities are distinct, with different
marginal stability conditions.
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If the ambient pressure changes less rapidly with increasing
flux tube volume than in the adiabatic case, more work is
done on the descending flux tube than by the ascending flux
tube,

so the net effect is that the interchanging flux tubes

absorb energy; this is the stable case. Conversely,

if the

ambient pressure gradient is steeper than the adiabatic
pressure gradient the system is unstable. Hence the
condition

dp/dL < dp/dLcr

(unstable)

where dp/dLcr is the rate of change of pressure with L shell
for an adiabatic pressure profile.
In summary, we have identified two forms of interchange
instability in the low beta magnetospheric model. The first
is gravitationally driven interchange, which depends on the
distribution of mass per unit flux. We can express the
instability condition thus

g.V n > 0
where N represents the flux tube plasma content expressed as
number of plasma particles per unit flux.

The second is driven by release of the internal energy of
flux tube plasma and depends on the way that pressure varies
with flux tube volume

(which can be parameterised by L-

shell). As V increases with L, the condition for instability
is that
d (pvY) /dL < 0
As the gradient of fluid element volume is fixed

(by the

magnetic field) we describe marginal stability in terms of a
critical pressure gradient. Contrast this with the non-MHD
case of 2.3, where the pressure gradient is fixed
gravitational field)

(by a

and we describe marginal stability in

terms of a critical density gradient.
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2.5 Magnetospheric Interchange Instability in an Isotropic
Plasma With Arbitrary Beta
In 2.3 we saw that a balance between fluid (gas) weight and
pressure controlled the fluid distribution.

In 2.4 the fluid

(plasma) was bound to the magnetic field, and the fluid
distribution mirrored the magnetic field structure; hence a
balance between magnetic pressure and tension determined the
fluid distribution. Here we will consider a magnetosphere in
which plasma pressure also has a role in the force balance
which defines magnetospheric structure - all the factors
which affected fluid distribution in 2.3 and 2.4 are
important in this case. A magnetosphere in equilibrium will
contain curved flux tubes,
have 'relaxed'

of variable cross-section, which

into a form in which the field lines have

been pulled tight by magnetic tension forces, but are held
apart both by magnetic and plasma pressure. Gravitational
forces
plasma)

(and centrifugal forces,

in a rapidly rotating

also act on the plasma, usually contributing

components both parallel to and perpendicular to the
magnetic field. In order to balance the parallel components,
plasma pressure

(and density) will vary along the field. The

perpendicular components may act to aid or oppose the
magnetic tension force.
If the plasma pressure is isotropic, the equilibrium of
forces perpendicular to the field is described by the
following expression

( P t = Pi + b 2/2[L0)

VipT - b 2/|i 0c - nmg = 0

This expression describes the equilibrium state of a plasma
embedded in a magnetic field in which the magnetic field
tension, together with gravitational force, balances the
magnetic field pressure
the field)

(which only acts perpendicular to

and the plasma thermal pressure

three dimensions)

(acting in all

confining the plasma.

Southwood and Kivelson

(1987) have performed a comprehensive

59

analysis of interchange motions involving an isotropic
magnetospheric plasma of arbitrary beta

(i.e. without

neglecting plasma pressure effects on magnetospheric
structure). Flux tubes cannot be considered as equivalentvolume fluid elements in such a model,

since the volume of a

flux tube is determined by the plasma pressure as well as
the magnetic pressure. Furthermore,

since the distribution

of plasma pressure depends in a complicated way on the local
magnetic field and gravitational forces,

it is difficult to

identify an equivalent-volume fluid element of any sort.
Thus Southwood and Kivelson are forced to apply the
variational approach to the entire volume of fluid affected
by an interchange,rather than just two fluid elements.
Southwood and Kivelson do not consider specific flux tubes,
but rather a heterogeneous plasma flow, bound by the
constraint that the flow preserves the overall magnetic
field geometry i.e. the magnetic field is not bent during an
interchange motion. The stability of the system is
determined by considering the work done by the initiation of
a small amplitude plasma flow chosen to conform to the
constraints of interchange. In calculating the work done,
the total plasma flow is considered,

including the

redistribution of background plasma as well as the motion of
the main body of interchanging plasma.
In previous sections, we have adopted the conservation of
mechanical equilibrium during the exchange as a property of
interchange motions. Thus the ambient gas pressure matched
the pressure in an element in 2.3 and the ambient magnetic
pressure matched the magnetic pressure in an element in 2.4.
Similarly,

Southwood and Kivelson show that in a spontaneous

interchange motion,the total pressure p T (magnetic pressure
plus plasma pressure)
values at all times

in the element will match ambient

(since a motion which does not satisfy

this requirement will consume extra energy).
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The plasma is divided up into infinitesimal flux tube
elements, having the properties that they change length and
cross-sectional area in the same way as a flux tube when
transported across the magnetic field. The instability
conditions derived by Southwood and Kivelson are expressed
as the sum of all such elements along the magnetic field;
'frozen-in'

still applies,

so all the plasma on a field line

must travel together during an interchange. Thus the
instability criteria are expressed in integral form, and the
instability of a particular magnetosphere can only be
evaluated given a full description of how the plasma density
and pressure vary along the magnetic field throughout the
system.
Nevertheless,

Southwood and Kivelson do examine some special

cases, to demonstrate their conclusions.
For example,

consider the case of a plasma with negligible

mass, but non-negligible pressure. Given the simplifying
assumption that the plasma pressure is virtually constant
throughout the flux tube

(i.e. that field-aligned forces are

either negligible or, perhaps unrealistically, vary very
little along the field) the system is stable if
c.V[pvY] < 0
where V is the volume of the flux tube in question

(provided

that the curvature vector retains the same sense with
respect to the pressure gradient all along the flux tube,

as

is likely in a magnetosphere). Thus we see that this result,
first determined for the special case of low p plasma by
Gold

(1959) is generally true,

for any value of P (that is

consistent with a stable magnetosphere!).
On the other hand, we can consider a massive plasma which
exerts a negligible pressure. Again, the correct expression
of the stability condition takes a flux tube integral form,
acknowledging that the parallel component of gravity is
likely to cause a variation of density along the flux tube.
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However,

if the plasma is confined to a region of the flux

tube where the gravitational force is assumed to vary little
(as for the equatorially confined jovian plasma sheet,

for

example) the condition for stability is that

g.VN > 0
where N represents the total flux tube plasma content.
These stability criteria will apply in all cases. The
important point is that it is not always easy to evaluate
the gradients of flux tube content,or to demonstrate whether
the pressure gradient is adiabatic.
The case of a rotating magnetosphere
is negligible)

(where plasma pressure

is also examined by Southwood and Kivelson,

who conclude that, having made certain assumptions,

one can

replace g with an effective acceleration g - £lx (£lxr) . Thus,
in a rapidly rotating magnetosphere where the centrifugal
force is dominant, the flux tube content should increase
outwards rather than inwards for stability. The crucial
assumption is that rigid corotation is enforced by the
ionosphere,

at least on the timescales of the interchange

displacements. Then the tendency of the Coriolis force to
introduce azimuthal motions is overcome by the corotationenforcing forces. In other words, neither angular momentum,
nor rotational kinetic energy, are conserved in the
interchange; they are tapped from or fed to the planet,
through the interaction of the flux tube with the
ionosphere.
Southwood and Kivelson also derive the instability criteria
for the general case where both potential and internal
energy can contribute to instability

(in flux tube integral

form once again). The criteria can be applied to a
hypothetical two-component plasma in a rapidly rotating
magnetosphere; a massive

(but low pressure)

component being

confined to the spin-equatorial plane and a high pressure
(low mass)

component distributed isotropically throughout
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the model magnetosphere. Given the assumption that the
gravity or effective gravity does not vary strongly in the
region where the plasma is trapped, the stability criterion
can be simplified to give
K x [9(pVY)/dx] - K 2 [3n /3x ] < 0
where x is a flux tube coordinate in the opposite sense to
the curvature vector, the sign and size of

depends on the

sum of curvature and (effective) gravity terms,

and that of

K 2 on the gravity terms alone. For a rapidly rotating
magnetosphere,

it turns out that

is negative and K 2 is

positive. Thus an inward gradient of flux tube content N is .
unstable,

as is an inward gradient of pvY, but an outward

gradient of the quantity pv/ has a stabilising effect.
Therefore,
exist,

if a stabilising pressure gradient does indeed

a steeper inward gradient of N is needed for

instability to arise.
There are two important plasma populations in Jupiter's
magnetosphere,

as outlined in Chapter 1. These are a

population with a mean energy of 30 keV which is thought to
fill the magnetosphere and dominate the plasma pressure,
a less energetic

and

(10's to 100's of eV) population which is

more or less concentrated in a plasma disc or sheet of
uniform thickness. We can draw a good analogy between the
model discussed in the previous paragraph and the jovian
magnetosphere, provided that we assume that the 30 keV
population is isotropic. Such an analogy is the basis for
the rationale behind the argument of Siscoe et al.

(1981)

who proposed that centrifugally driven interchange diffusion
transports heavy

(low pressure)

ions out from the Io torus,

but is inhibited by an (observed) adverse gradient of hot
plasma pressure between 7 and 8 R T (see Chapter 1).
It would be improper to discuss magnetospheric interchange
motions without referring to a paper by Cheng

(1985) which

challenged the then accepted understanding of interchange
instability. Although the conclusion of the paper was
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incorrect,

it is present in the literature and its problems

should be explained. Cheng was interested in the case of a
plasma having arbitrary p. However, he made two errors in
his analysis. Firstly, he supposed that the interchanging
flux tubes will each precisely fill the volume previously
occupied by the other tube. As we have seen, this occurs in
a low p plasma, but not when plasma pressure plays a
significant role in inflating flux tubes. Secondly,

in

setting up his argument he expressed the frozen-in flux
condition as
p/B = constant on a flux tube
conserving BdV, rather than the magnetic flux B d S . His
condition is only consistent with conservation of magnetic
flux if there is no variation in the size of the flux tube
element along the magnetic field. In fact, the length of a
flux tube in a three-dimensional magnetosphere will change
if the flux tube travels across L-shells,
spontaneous interchange,

as it will in a

so Cheng's conclusions are

unfortunately inapplicable to a planetary magnetosphere. The
consequence of this error is that his model neglects the
possibility that the plasma might expand or contract along
the direction of the field, essentially reducing the number
of degrees of freedom of the plasma from 3 to 2. It is thus
unsurprising that Cheng is unable to arrive at a consistent
instability condition for arbitrary p without choosing y = 2
(the termy appears when making the usual assumption that the
pressure in a travelling flux tube obeys an adiabatic law.)

2.6 MHD Interchange in Anisotropic Plasmas
It is not clear whether or not isotropy is maintained in the
30 keV jovian plasma population.

If it is, then the

description of Southwood and Kivelson
appropriate;

(1987) will be

if not, we need a new analysis to describe how

this plasma would behave, were it to undergo MHD interchange
motions.
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This chapter has so far discussed the interchange of flux
tubes in which the plasma pressure remains isotropic
throughout the interchange. An isotropic pressure
distribution will not arise in a collisionless space plasma
unless some non-MHD process

(such as pitch angle scattering)

can play the part of collisions,

so as to bring about the

necessary equipartition of energy between parallel and
perpendicular degrees of freedom. According to Siscoe

(1982),

isotropization may be very rare in nature and has not been
observed in any known solar system MHD flow.
In the absence of an isotropization mechanism, the parallel
and perpendicular pressures need not be identical.
Localisation

(the basis of the use of a fluid model)

is

still guaranteed in the plane normal to the magnetic field,
since the plasma is 'frozen' to the magnetic field. In
contrast, the behaviour is only fluid-like along the field
if the plasma properties vary sufficiently slowly,and there
are neither strong electric currents nor heat flow along the
field. In this case,a new type of MHD emerges in which the
parallel and perpendicular pressures obey separate adiabatic
equations,

called the Chew, Goldberger and Low

adiabatic equations

(Clemmow and Dougherty,

(CGL) double

1969). Analogy

with the foregoing examples implies that the marginal
stability conditions will correspond to constancy of the
mass per unit flux and of the adiabatic relations for both
the perpendicular and parallel degrees of freedom.

It is also possible to imagine other kinds of anisotropic
interchange,

in which the perpendicular pressure is again

described by an adiabatic relation, but the behaviour of
plasma parallel to the field is not sufficiently fluid-like
to be described by an equation of state. Nevertheless,

it

may be that the particle behaviour parallel to the field can
be conveniently described using ideas of particle motion,
allowing us to infer the interchange properties of the
system in terms of a quasi-MHD model.
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Let us take an example of such a 'non-CGL anisotropy'

from

studies of the jovian system; consider the special case of
plasma which is picked-up at Io and travels radially,
conserving }i and J. A model by Siscoe

(1977) addresses the

question of how such a plasma will be distributed in phase
space.
Siscoe models the jovian magnetic field by a spin-aligned
dipole

(neglecting the distortion caused by the plasma

disc) . The effect of the 10° tilt of the jovian field is
represented by assuming that the source region at the orbit
of Io has a latitudinal spread of 10° above and below the
equatorial plane. The centrifugal force easily dominates the
gravitational and magnetic mirror forces beyond the orbit of
Io. As particles travel out, conserving |i and J, the
centrifugal force has two effects. It confines the iogenic
ions to a constant thickness disc,
plane,

lying in the equatorial

and causes the parallel energy of ions

in that plane) to remain constant

(e.g. measured

(in contrast with the case

of CGL anisotropy, where parallel particle energy falls with
outward motion). However, the plasma behaviour perpendicular
to the field is the same as in the CGL case,
perpendicular energy varies as B

in which

(as a consequence of

conservation o f \i) .
The general statement of the marginal stability condition
for gravitational/centrifugally driven interchange is that
the mass per unit flux is constant. The condition can also
be expressed in terms of constancy of number per unit flux,
provided that the plasma composition does not vary with
location. The volume of a flux tube in a dipole magnetic
field,

such as the field in Siscoe's model, varies as L 4 ,

since the cross-sectional area varies as B - 1 , i.e. as L^,
and the flux tube length varies as L. If a plasma is free to
occupy the whole of a flux tube, the average number density
in a marginally stable flux tube will vary as L”4 . However,
the volume available to plasma in Siscoe's model can only
vary as L^, due to the confining effects of the centrifugal
force,

so the average number density of a marginally stable
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flux tube in this case will vary as L 3.
We have seen that an adiabatic ambient pressure distribution
corresponds to the marginally stable distribution in the
case of adiabatic interchange. In the same way, the plasma
pressure distribution implicit in the Siscoe model
corresponds to the marginally stable distribution for
interchange motions in that model. The perpendicular
pressure, p±, in an infinitesimal volume varies in
proportion to the product of the number density and the
perpendicular energy. The parallel pressure, p M , is
described by an analogous relation

(see Chapter 5, Equations

24 and 25). In Siscoe's model, both n and the perpendicular
energy vary as B. Also, the parallel energy
equatorial plane)

(measured in the

is constant. Thus, the marginally stable

pressure gradients must correspond to the condition that p±
varies as b 2 and, in the equatorial plane at least, p (1
varies as B. Note that the plasma pressure becomes
increasingly anisotropic as the plasma moves radially.
As the plasma instruments on Voyager were usually pointed
into the corotational magnetospheric plasma flow, the
measured 'temperature'

of the plasma is usually the

perpendicular temperature i.e. the gyration energy.

If the

plasma distribution were in a marginally stable anisotropic
configuration, we would be unable to distinguish between
possible models of the anisotropy on the basis of this
observation alone, since all make the same prediction
regarding the perpendicular plasma behaviour.

In fact,

Voyager data indicates that the plasma temperature rises
slightly with L, contradicting all the magnetospheric
interchange models described in this chapter,

since they all

predict that the perpendicular energy will vary as B
(declining with increasing L ) . In fact, the overall energy
of ions declines with L in Siscoe's model
parallel energy remains constant)

(since the

so even if Voyager had

measured the total energy, we would not expect a rise in
temperature with L. The observations call for a new model.
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2.7 Validity of Assuming Adiabatic Motions
It has been assumed throughout this discussion that the
interchange of a fluid element is an adiabatic process.

In

our examples, marginal stability arises when the ambient
conditions match those within a travelling fluid element,
i.e. marginal stability corresponds to an adiabatic plasma
distribution. If heat energy is in fact exchanged between a
travelling fluid element and the surroundings during
interchange,

so that the interchange is not adiabatic, then

marginal stability will not correspond to an adiabatic
atmosphere. Here we follow Gold (1959) and examine the
alternatives to assuming an adiabatic process.
For clarity we consider a dipole field model,
volume of a flux tube varies as

in which the

(see above), and return

to the case of an isotropic plasma distribution.

If we

ignore possible field aligned external forces, the plasma
density and pressure will be the same all along a field
line. Note that it is only the pressure driven instability
that is affected in this matter.
According to Gold, the flow of heat across magnetic field
lines is slow, but non-zero,
(plasma)

so the behaviour of gas

inside the tube depends upon how fast the

interchange of flux tubes occurs. Adiabatic interchange
occurs when there is no exchange of heat between a
travelling tube and its surroundings, which requires a
fairly rapid interchange motion. Assuming a monatomic gas,
whose ratio of specific heats is 5/3, the pressure within
the tube will then obey pV^/3 _ constant. The properties of
the magnetic field require that the flux tube volume varies
as L 4 , so we expect the pressure to vary according to L”
20/3. This is the marginal stability condition for adiabatic
interchange in our model.

At the other extreme,

the most gradual rate of change of

pressure with L in a moving flux tube occurs if we have an
isothermal expansion. This requires a very slow motion
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(giving time for heat transfer across the "walls” of the
tube)

and that the surrounding plasma be at a uniform

temperature.

In this case pV is constant and the pressure of

the plasma in the tube will vary as L“^. This is the
marginal stability condition for isothermal interchange in
our model.
We conclude from this that if the plasma pressure falls off
more slowly with distance than L”^, then there can never be
spontaneous interchange motions in the system driven by
thermal convection

(referred to as pressure driven in the

above). More energy will always be needed to compress in
going tubes than is made available by the expansion of out- .
going tubes.
For pressure gradients between L a n d
driven interchange

l “20/3

(i.e. thermal convection)

spontaneously, but it will be very slow,

pressure
can occur

limited by the rate

at which heat can be exchanged between rising and falling
tubes

(the extreme case of L-^ implies a strictly isothermal

process).
For gradients steeper than l ”20/3 the system is unstable
against fast adiabatic convection and spontaneous
interchange motions will occur at speeds which are not
controlled by the rate of heat transfer processes.
Sonnerup and Laird

(1963) provided a more detailed

discussion of isothermal and adiabatic interchange motions,
using energy arguments similar to those in this chapter,

and

taking into account the possibility of heat flow between
interchanging tubes and the surroundings. Sonnerup and Laird
were able to show that observations were inconsistent with a
plasma distribution likely to generate isothermal
interchange motions in the terrestrial magnetosphere.

It was

concluded that adiabatic interchanges might have a role,
though we now believe that plasma transport in the
terrestrial magnetosphere is largely driven by the solar
wind rather than interchange instability.
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Most models of interchange transport at Jupiter

(Chapter 3)

focus on the possibility of outward centrifugally driven
transport of iogenic ions. Estimates of outward transport
rates are rapid,

so that the energetic plasma which

dominates the plasma pressure is likely to evolve
adiabatically rather than isothermally.

There are apparently no studies of processes which could
pass heat energy between flux tubes, as required by an
isothermal model.
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Chapter 3

Models of Plasma Transport in the Jovian
Magnetosphere
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3.1 Introduction
In Chapter 1, it was shown that there is a need for a plasma
transport model to supplement ionospheric dynamo driven
diffusion. The plasma distribution of the inner and middle
magnetosphere has been analysed under the assumption that it
has been generated by a steady state diffusion of Y (the
plasma number density per unit flux). Such an approach is
appropriate for studying ionospheric dynamo diffusion, but
the distribution of plasma is inconsistent with the
operation of that mechanism alone. In fact,

it has been

inferred that beyond the hot/cold torus boundary, transport
is much more rapid than would be expected for ionospheric
dynamo diffusion, though the transport rate in the region 78 Rj is significantly lower than elsewhere
Siscoe,

(Richardson and

1981). As we shall see, a microscopic, perhaps

diffusive model is suggested by the apparent homogeneity of
the hot torus and of plasma observations in the plasma sheet
(Richardson and McNutt,

1987).

3.2 Diffusion Models
3.2.1 The ionospheric dynamo model
The study of Jupiter's decimetric radiation stimulated the
first interest in radial motion of charged particles in the
jovian magnetosphere. It was proposed that the decimetric
radiation is produced by solar wind particles which enter
the magnetosphere and, by analogy with terrestrial radiation
belt physics,

diffuse inwards in response to perturbations

which violate the particles' third adiabatic invariant

(but

not their first or second invariants, |l and J) . The
particles are energised by adiabatic heating during the
inward diffusion,

as a consequence of conserving the first

invariant. Thus, the electrons

(though not the ions)

are

heated to relativistic energies in the inner magnetosphere,
whereupon they emit synchrotron radiation which is observed
as decimetric radiation

(Drake and Hvatum,
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1959).

The diffusion equation developed in radiation belt studies
has also been applied in certain models of iogenic plasma
transport which share the assumption of 11 and J conservation
(e.g. 3.3.4 below). The equation applies to an azimuthally
symmetric model magnetosphere

(Falthammar,

1968) and takes

the form
3N/3t = - 3f /3l + s - r

where S and R are source and loss terms,

f

and

= - (d l l /l 2 ) 3 y /3l

is the diffusive flux

(essentially the plasma flow rate

through a unit area). F depends on the diffusion coefficient
d LL'

t^ie L-shell,

and (3y /3l ) the local radial gradient in

flux shell content - note that the plasma density per unit
flux, Y, is sometimes written NL2 . The equation describes
the possible causes of a change in plasma density at a given
location; namely, the creation of new plasma, the removal of
plasma

(e.g. converting it to neutrals),

or a difference in

the diffusive flux in and out of the region

(as happens if a

remote source floods the region with new plasma). In a
steady state, the rate of plasma production at the source is
matched by the rate at which plasma is removed to the sink
by diffusive transport. Then F will be constant at a site
which contains no plasma sinks and sources

(representing the

steady diffusive flow through the region), and there will be
an observable radial gradient in flux tube content, Y, which
will depend on L and DL L . If DLL is independent of L, the
gradient will vary as L2 , such that F is conserved. However,
if the gradient does not vary in this way we must infer that
the rate of diffusion

(described through DL L ) varies with L,

which is the argument used by Richardson and Siscoe

(1981),

mentioned both in Chapter 1 and the introduction to this
chapter.

It was originally assumed that the solar wind would be the
source of the perturbations which enable diffusion to occur,
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just as at Earth. The rate of solar wind-induced diffusion
(e.g. Jaques and Davis,

1972) declines sharply as L is

reduced, with models predicting an

dependence for the

effect of magnetic field perturbations or

in the case of

electric field disturbances. However, the proportion of the
energetic electron population losing energy through emission
of synchrotron radiation increases as the electrons travel
inwards,

such that their lifetime varies as

Models

incorporating these ideas predict that within an L of 3, the
radiation belts would empty themselves more rapidly than
diffusion could refill them - conflicting with observations
of peak emission at around L = 2. The problem was
exacerbated when it was realised

(Brice and Ioannidis,

1970)

that at Jupiter the electric fields due to solar wind
perturbations might be an order of magnitude weaker,
less effective,

and so

than the terrestrial values used

(inappropriately)

in the aforementioned models.

An alternative method of populating the radiation belts by
the action of a local energetic electron source, namely
neutron albedo decay

(an important mechanism at Earth) was

considered, but was found to be far too weak
Beck,

(White,

1972;

1972). This persuaded theorists to look for a new

transport mechanism.

In the 'ionospheric dynamo' model of Brice and McDonough
(1973), diffusion is caused by perturbations to that
component of the magnetospheric electric field which is
created by the interaction of neutral winds in the upper
planetary atmosphere with the ionosphere. Variations in the
wind strength give rise to fluctuations in the electric
field strength. The L-dependence of the diffusion
coefficient is much weaker than in the case of diffusion
stimulated by the solar wind, and particle transport is
correspondingly faster near Jupiter. Hence the dynamo model
succeeds where the solar wind models fail, in allowing an
equilibrium between transport and loss which is compatible
with the observed form of the jovian radiation belts.
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Brice and McDonough pointed out that solar heating gives
rise to a permanent circulation of neutral winds in the
terrestrial upper atmosphere, and that similar winds may
arise in the jovian atmosphere. The winds occur in the
height range where the ion-neutral collision frequency
exceeds the ion cyclotron frequency, but the electronneutral collision frequency is much lower than the electron
cyclotron frequency. Thus the neutral winds can drive ion
motion relative to the magnetic field, but the electrons are
frozen to the field. The motion of ions relative to
electrons constitutes an electric current, but also creates
an electric field acting to oppose the ion motion. Since the
neutral winds are a global phenomenon, the result is the
generation of a global electric field; hence the term
'ionospheric dynamo'. Assuming that magnetic field lines are
electrical equipotentials, the ionospheric electric field
must be mapped into the magnetosphere along the magnetic
field lines. Figure 3.1 illustrates the form of the
resulting magnetospheric field. As the wind circulation
pattern and the magnetosphere are both stationary in the
Sun-Earth frame, the electric field is also at rest in this
frame. Brice and McDonough argued that a similar phenomenon
must occur at Jupiter and, although no wind speed
measurements were available, they were able to place upper

F i g u r e 3.1.

The electros t a t i c equipotentials in J u p iter's m a g n e t o s p h e r e

due to the steady-state winds in the p l a net's upper a t m o s p h e r e
Brice a n d McDonough,

1973).
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(from

limits on the value of the dawn-dusk potential using
observations of the east-west asymmetry of decimetric
radiation emissions.
In a slowly-rotating magnetosphere, trapped energetic
(charged) particles have two important drift motions,

one

due to corotational and convective electric fields, and the
other due to gradients in the magnetic field. The electric
field causes drift motion along electrostatic equipotentials
(perpendicular to the net E ) , while the magnetic field
gradients give rise to motion along contours of the magnetic
field at a speed which is proportional to the particle
energy.

In general,

if the two drift vectors do not

coincide, the particle will travel along an intermediate
vector which will lie nearer the electric field drift vector
for less energetic particles. Unless a particle has
negligible energy,

its magnetic field gradient drift will

cause it to drift across electrostatic equipotentials, with
an associated change of energy.

In a rapidly rotating

magnetosphere such as Jupiter's, the purely azimuthal
centrifugal force drift may also be important. For radiation
belt particles, the centrifugal drift is negligible compared
to the V b drift throughout most of the jovian magnetosphere.
In Jupiter's magnetosphere,

the net electric field is

dominated by the corotation field, but also includes the
longitudinally asymmetric field contributed by the
ionospheric dynamo. Noting also that the tilted,

roughly

dipolar planetary magnetic field is further distorted by
significant magnetospheric currents,

it is clear that the

electric and magnetic drifts will not in general coincide
and particle gyration energy will vary during an orbit.
However,

as long as the electric fields are steady the

particle will experience no net energy change after each
orbit and the third adiabatic invariant will be conserved.
In fact, violation of the third invariant of a drifting
particle can only occur if the electric and/or magnetic
fields fluctuate on timescales comparable to the drift
period of the particle. The jovian corotation electric field
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is assumed to be steady, but fluctuations in the dynamo
electric field

(due to fluctuations in wind strength)

are a

plausible cause of invariant violation.
Brice and McDonough studied the motion of equatorially
mirroring particles. They considered two possible examples
of particle behaviour. The motion of low energy particles
which have very small Vb drifts will be dominated by the
corotation electric field and their drift period will be
only slightly larger than the corotation period. Energetic
particles with significant Vb drifts will orbit much more
rapidly. Brice and McDonough called these slow and fast
drifting particles,

respectively.

The change in the energy of a particle due to Vb drifting
across electrostatic potentials during half an orbit

(e.g.

from one extreme of electric potential to the other) was
evaluated. Hence, the radial displacement during the half
cycle

(a time At) was inferred. This averages to zero over a

full cycle if the potential is steady, but if there are
random fluctuations in the electrostatic field

(represented

by a mean fluctuation of A<J> during the half-cycle)

a net

displacement AL may arise. If the potential varies randomly,
this displacement is equally likely to be positive or
negative,

and the particle motion can be described as

diffusion by violation of the third adiabatic invariant,
with a diffusion coefficient of the form
D = AL 2 /2At
It was found that the step size
particles,

|AL/L| is the same for all

irrespective of energy or mass. As all particles

in the slow drift category also have virtually the same
drift period, they share the same diffusion coefficient,
which varies as L2 . As the drift period of particles in the
fast drift category is energy dependent, the diffusion
coefficient varies as L2/W. If the particles are
nonrelativistic, W varies as B

(i.e. as L”2 ) and the

diffusion coefficient varies as L^, but if the particles are
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relativistic

(so that magnetic moment conservation implies

that W varies as B-^^) the diffusion coefficient varies as
slightly more steeply than
Solar wind electrons convected from the magnetosheath were
found to remain in the slow drift category throughout the
magnetosphere,

having D proportional to iP, despite becoming

relativistic in the vicinity of Io. Solar wind protons never
attain relativistic energies, but they do become 'fast
drifting'

in the vicinity of L = 2, at which point the

appropriate form for D changes from

to

. Particle

behaviour may not conform precisely to this description,
since the properties of solar wind particles entering the
magnetosphere vary with time, but the main argument will be
unaffected.

In all cases the diffusion coefficients are

proportional to A(J)^.
These expressions were used to estimate the fluctuations in
the dynamo potential needed for diffusion to sustain the
radiation belt energetic electron population against
synchrotron losses. The authors considered that the
fluctuations in wind speeds required to drive the diffusion
were not unreasonably large.
Coroniti

(1974) provided a more detailed discussion of

ionospheric dynamo driven diffusion and the radiation belt
problem. Using a slightly different and more sophisticated
analysis,

involving a weak convection electric field imposed

by the solar wind, he also derived a diffusion coefficient
proportional to iP.

Siscoe

(1978) tentatively suggested that the centrifugal

interchange instability could act to increase the amplitudes
of the slight radial motions induced by the fluctuations of
the ionospheric dynamo, thereby affecting the rate of crossL diffusion

(favouring outward motion). However, this

suggestion may confuse fluid-like behaviour with particle
like behaviour. Either the particles are experiencing dynamo
driven diffusion,

in which case the only effect of the
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centrifugal force is to contribute to the particle drift
motion

(which will not alter the diffusion coefficient), or

we must identify particles which are grouped together as a
fluid element in order to apply the ideas of MHD centrifugal
interchange motion.
For the diffusing particles to spontaneously enter into an
interchange motion, a large group of particles,

drifting at

much the same speed, would have to be simultaneously
(through random chance) displaced radially in the same
direction at the same time. Although a group of energetic
particles could not remain coherent long enough for an
interchange to occur, due to the spread of drift speeds
characteristic of an energetic particle population

(the more

energetic particles drift faster), it is possible that such
an interchange motion might arise in a suitably unstable low
energy plasma

(in which there is little difference in

particle drift speeds). These ideas are explored further in
Chapter 4.
Siscoe may have meant to convey the idea that while some
plasma diffuses, particles occasionally group together by
chance and are then transported rapidly by flux tube
interchange. This scenario would give rise to enhanced mass
transport in the interchange unstable region outside the
hot/cold torus boundary, though the interchange rate would
be limited by the rate of appearance of groups of particles
with the potential to undergo a spontaneous flux tube
interchange.
In conclusion, we have seen that plausible mechanisms have
been proposed which might produce fluctuations in
magnetospheric electric potential and enable inward
diffusion of solar wind particles by violation of the third
adiabatic invariant. The model can account for the
relatively rapid transport of energetic plasma required by
radiation belt models.
energy particles,

It can also be applied to lower

such as iogenic plasma. However,

ionospheric dynamo diffusion cannot be biased by the
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centrifugal force,

so we need to look elsewhere for an

explanation of the rapid transport in the hot torus and
beyond.

3.2.2 Diffusion stimulated by ion-cyclotron waves
The first adiabatic invariant is conserved during transport
in the ionospheric dynamo model

(above), and the various

flux tube interchange models published to date

(reviewed

below). Thus it is a consequence of all these models that
particle energy is expected to decline with increasing L, in
direct contradiction of the Voyager observations described
in Chapter 1.
In Chapter 1 we briefly referred to a mechanism which can
explain the presence of some energetic heavy ions in the
plasma sheet. The model, by Barbosa et al.
how fast neutrals created in the torus

(1984), described

(Chapter 1) travel

rapidly outwards through the magnetosphere. A small fraction
(0.2 - 0.4%)

are reionised by photoionisation,

charge

exchange with plasma sheet heavy ions, or electron impact
ionisation,

and begin to corotate and gyrate with the

corotation energy. This mechanism provides fairly energetic
heavy ions in the middle and outer magnetosphere,

rather

than the very cold heavy ions expected from most models due
to adiabatic cooling. Unfortunately,

it seems unlikely that

this mechanism can account for the observed quantities of
energetic ions.
Abe and Nishida

(1986) proposed a diffusion model

specifically intended to describe the transport and
anomalous heating of iogenic plasma. Concluding that the
observations imply that outward travelling iogenic ions
experience non-adiabatic heating, Abe and Nishida argued
than the heating mechanism must involve particle scattering
(violating all adiabatic invariants), and furthermore that
the scattering causes diffusion across the magnetic field.
They stated that scattering by binary Coulomb interactions
has already been examined in the context of the plasma sheet
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and found to be very weak

(but give no reference).

Abe and Nishida proposed that particles are scattered by
their interaction with a randomly varying electrostatic
field,

in which their gyration motion is repeatedly

disrupted,

as if by a collision with a particle.

In such a

model, the organising effect of the magnetic field on
particle motion will be diminished.

Instead the motion will

be more or less random, depending on the rate of disruption
of gyration

(referred to as the 'effective collision

frequency'), and it becomes appropriate to treat the
particle motion as diffusive. After each 'collision'

a

particle will be picked-up again, ensuring that its gyration
energy always matches the local corotation energy. Thus the
perpendicular energy of the particles rises with L.
The model plasma population was assumed to consist of heavy
ions

(e.g. S or 0 ions from Io) and light ions

(e.g.

protons). The net result of ion scattering in the electric
field is an exchange of momentum between heavy ions and
light ions just as if the ions had collided directly. Abe
and Nishida considered the consequences of these 'effective
collisions'

and showed that heavy ion diffusion is most

efficient when the plasma is predominantly composed of light
ions and the effective collision frequency is comparable to
the heavy ion gyrofrequency

(so that the heavy ion gyro-

motion is virtually completely disrupted).
Abe and Nishida argued that the effective collision
frequency between ions and an electric field produced by the
superposition of ion-cyclotron waves is comparable to the
ion gyrofrequency. Thus, if the plasma is able to generate
ion-cyclotron waves, diffusion of plasma particles might be
a natural consequence

(though the source of energy to drive

the waves is not discussed).
Plasma electrons are considered unimportant throughout this
argument,

since they carry little momentum. The validity of

neglecting the electrons is reinforced if the electric field
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is indeed predominantly composed of ion-cyclotron waves,
since the electrons cannot be resonantly scattered by waves
having such low frequencies.
In a non-rotating magnetosphere, the random scattering of
ions will only lead to a net transport of ions if there is a
gradient in number density. However,

in a rotating

magnetosphere, the centrifugal force causes outward
diffusion of heavy ions even if the number density is
initially uniform. Consequently,

in this model,

light ions

must diffuse inwards, conserving total momentum while
releasing centrifugal potential energy. The finding that the
outward transport of heavy ions is most rapid when the
plasma is predominantly composed of light ions follows from
momentum conservation.

Abe and Nishida complemented the argument sketched out above
with a computational simulation of the motion of ions in a
model electric field designed to resemble the
superimposition of ion-cyclotron waves. The predictions of
the two methods were found to agree well. Their work assumed
that plasma density and pressure are uniform
usually the case in a magnetosphere)

(which is not

so that the

characteristics of the diffusion can be unambiguously
ascribed to the centrifugal force. Analysis of the
simulation results indicates

(rather more plainly than an

analytic argument) that the diffusion coefficient for this
mode of diffusion decreases slowly with L, varying roughly
as Ij4/5. The diffusing quantity is number density,

rather

than number density per unit flux as in p. conserving models.
The model described here serves to illustrate the proposed
diffusion mechanism, but until it is applied within a more
realistic model of the jovian magnetosphere we cannot
properly evaluate its plausibility in that context.
particular,

In

a more complete model should suggest an energy

source able to maintain the generation of ion-cyclotron
waves,

look at the relative distribution of light and heavy

ions and take into account the observed inward diffusion of
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heavy energetic ions. Similarly, Voyager observations do not
bear out the model prediction that heavy ion energies should
always conform to local corotation energy

(perhaps a

significant part of their gyration energy is used to
maintain the ion-cyclotron waves). Future work must address
these problems.
Although it has problems, the Abe and Nishida model is
unique in its attempt to reconcile the observed plasma sheet
temperature gradient

(Chapter 1) with a diffusive

description of outward plasma transport. This model reminds
us that although the centrifugal force cannot affect
diffusion which violates only the third invariant,
affect single particle diffusion,

it may

in which all adiabatic

invariants are violated.

3.3 MHD Interchange Models
3.3.1 Preliminary Discussion
In the previous chapter we examined the criteria determining
whether spontaneous interchange motions might occur in a
magnetospheric plasma which behaves as an MHD fluid. The
discussion assumed that the magnetospheric plasma pressure
is isotropic and that interchanging flux tubes do not
exchange heat energy with their surroundings.

It was found

that the same stability criteria apply for all values of the
plasma beta.
The conclusion of interest here is that in a rapidly
rotating magnetosphere

(Jupiter's,

for example)

spontaneous

centrifugal interchange motions will arise if the mass per
unit flux declines radially outwards, provided that there is
not a stabilising plasma pressure gradient. All that is
required to trigger interchange motion in an unstable system
is some kind of perturbation in the azimuthal distribution
of plasma, which does not appear to be a difficult
requirement to satisfy in Jupiter's active magnetosphere.
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In this section we review models which attempt to describe
plasma transport in the jovian magnetosphere in terms of
interchange motions, treating the plasma in Jupiter's
magnetosphere as an MHD fluid. The role of 'fluid element'
is played by magnetospheric flux tubes. In the following we
shall consider flux tubes to be small
otherwise)

(unless stated

in the sense that their diameter is very much

smaller than their distance from Jupiter.

Interchange motions may be organised into large circulation
patterns, whose dimensions dwarf individual flux tubes,

in

which large numbers of flux tubes travel together in
coherent flows. These flux-conserving circulation patterns
are analogous to atmospheric convection cells. This kind of
organised interchange motion is sometimes called
magnetospheric convection. The global circulation pattern
may be composed of one or more pairs of convection cells.
On the other hand,

interchange motions could manifest

themselves in the form of myriad individual flux tubes
travelling as isolated individuals,

conforming to no

particular large scale pattern - rather like gas bubbles
rising in a carbonated soft drink. In this scenario,
proposed by Pontius, Hill and Rassbach

(1986)

inward and

outward moving flux tubes are intimately intermingled,
rather than tidily segregated as in the convective flow
scenario.
It is interesting to note that none of the papers reviewed
below offer a priori grounds for believing that interchange
motions are more likely to arise on one length scale than
another. However,

Southwood and Kivelson

(1989) have

performed a detailed analysis of magnetospheric interchange
motions and the roles of different parts of the plasma
distribution in determining the growth rate of instability.
This has led them to suggest that if interchange motions
arise in the Io torus thermal plasma, their azimuthal length
scale might be controlled, through a non-MHD mechanism, by
the energetic

(ring current) plasma.
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The dynamical constraints governing the motion of individual
flux tubes are the same whether a flux tube is part of a
group participating in an organised convective flow, or
travelling by itself through a sea of other flux tubes,
which may themselves be quiescent or in turbulent motion. A
group of flux tubes which travel together and contain
similar quantities of plasma per unit flux can be treated as
a single, much larger flux tube.
A full description of the dynamics of an interchanging flux
tube is given in Chapter 4. Briefly,

an unstable flux tube

will feel a net motive force, but its motion will also be
resisted by a drag force acting in the ionosphere on the
feet of the flux tube. The flux tube will accelerate until
the drag force grows to match the motive force, at which
point the tube reaches a 'terminal velocity'. As the motive
force usually varies with L, the terminal velocity is also
L-dependent.
An important consequence of treating the plasma as an ideal
MHD fluid is that the flux tube content
per unit flux)

(number of particles

is an invariant of the motion. If the ambient

plasma distribution varies smoothly with L, the plasma
content of a travelling flux tube will depart increasingly
from ambient values as the flux tube moves away from its
point of origin. The centrifugal buoyancy force on a
particular flux tube will therefore escalate as it travels
away from its point of origin, giving rise to the
aforementioned variation in flux tube velocity.
In most of the models described here,

it is assumed that the

planetary magnetic field and ionospheric conductivity are
sufficiently strong to enforce rigid corotation. Under this
assumption,

it is reasonable to neglect the Coriolis force.

3.3.2 Convective transport
A common feature of all the convection models discussed
below is their neglect of the energetic
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(10's of keV)

jovian

ring current plasma and its important stabilising effect on
interchange motions. The models consider only centrifugally
driven motions and refer only to the thermal component of
the heavy ion plasma created at or near the L-shell of Io,
but observed throughout most of the magnetosphere. At best,
such models can only provide a partial description of
transport in the jovian system.
The predominant plasma transport process in the terrestrial
magnetosphere is solar wind driven convection. Brice and
Ioannidis

(1970) considered this mechanism in the jovian

context, but found that the electric field which enforces
corotation dominates the

(non-rotating)

convection electric

field induced by the solar wind and therefore controls the
plasma flow throughout most of the magnetosphere.
The equations of steady state, centrifugally driven, MHD
convection in a model jovian magnetosphere were originally
formulated by Chen
somewhat idealised,

(1977). Chen's magnetospheric model is
featuring a spin-aligned dipole magnetic

field and a thin, equatorially confined plasma sheet.

In

this arrangement the magnetic field lies perpendicular to
the plasma sheet. A symmetrical system having an unstable
plasma density gradient has the potential to generate
internally driven convection, but this potential can only be
realised if there is a longitudinal asymmetry in the plasma
distribution.

Having established these basic principles,

Chen considered

the possibility that the creation of plasma at Io and/or in
the cloud of neutral atoms near Io

(the plasma torus had not

been discovered at that time) might give rise to the
asymmetrical density distribution needed to drive a
convection system. Io and the neutral cloud can be
considered to be virtually at rest, as they travel in
gravitationally bound orbits at an angular velocity which is
about a quarter of that of newly created plasma

(which

immediately begins to corotate). Chen concluded that
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although coherent streams of plasma may move radially out
from the source

(which is essentially at rest), they are

also forced to corotate with the magnetic field, and will be
wound into spirals unless the plasma outflow can reach to
the edge of the magnetosphere within a jovian rotation
period or so - which Chen ruled out on the grounds of energy
considerations. For an alternative perspective,

consider

that such a source performs rapid, retrograde orbits when
viewed from within the corotating reference frame. Chen
therefore concluded that this form of convection was an
unimportant radial transport mechanism.
The rapid rotation of the extremely strong jovian magnetic
field thus prevents the formation of convection patterns
driven externally by the solar wind, or internally, by a
source travelling in a Keplerian orbit. If there is coherent
convective flow in the jovian magnetosphere it must corotate
with the magnetic field to avoid disruption and hence must
be driven from within the magnetosphere.
A convection pattern might nevertheless arise in a
corotating magnetosphere if the source is at rest in the
corotating reference frame. Encouraged by Voyager
observations of asymmetries in the cold torus

(and

presumably making the false inference that such asymmetries
would also be found in the hot torus) Hill, Dessler and
Maher

(Hill et al. 1981) proposed that a corotating

asymmetry in torus plasma density serves to drive the flow.
Hill et al. suggested that enhanced plasma production
(related to asymmetries in the 'jovian magnetic field)

occurs

in the torus along an arc spanning 100 degrees of magnetic
longitude,

corresponding to the 'active sector'

a l ., 1983). A two-cell,
proposed

(Hill et

corotating convection pattern was

(Figure 3.2) in which plasma flows outwards from

the region of enhanced plasma production,

adopting a gentle

retrograde curvature due to the Coriolis force as it goes,
until it reaches a hypothetical plasma sink region at the
outer boundary of the circulation pattern. The fluxconserving circulation of plasma is completed by an inward
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flow of lower density plasma throughout the rest of the
magnetosphere. The outward flow is restricted to a narrower
range of longitudes than the inward flow and is therefore
expected to be more rapid than inward flow.

F i g u r e 3.2.
et al.,

Sketch of twin-cell c o r o t a t i n g convec t i o n pattern

1981).

d a s h e d circle)

(from Hill

The rate of p r o d u c t i o n of plasma in the Io torus

(inner

is greatest in the l o n g itude b a n d la b e l l e d 'source'

causing p r e f e r e n t i a l outflow f r o m that region.

Fl u x conservation

requires i n flow at other longitudes.

Summers and Siscoe

(1982) obtained the first analytical

solutions to the equations of corotating convection

(derived

by Chen and rederived by Hill et al., but not solved in
either case). Solutions were given for two illustrative
scenarios supporting the qualitative work of Hill et al.,
confirming that corotating convection systems are plausible
manifestations of MHD transport.
Summers and Siscoe re-examined the Hill et al. scenario by
assuming that plasma is produced at a steady rate over a
specified arc at the orbit of Io. This plasma travels

(along

a spiral path) to infinity where the plasma is removed,
leaving empty flux tubes to return, completing the
circulation. It was shown that the pitch of the spiral
depends on the mass per unit flux in the flow (conserved
88

along a streamline)

and the ionospheric conductivity. The

outflow speed also depends on the mass per unit flux in the
flow as well as the extent of the source region and the
source rate. Thus the qualitative conclusions of Hill et a l .
were confirmed.
Summers and Siscoe also considered a situation where the
plasma density in the outflow region is only slightly larger
than elsewhere

(as opposed to their first model in which

incoming flux tubes carry no plasma at all, which implies an
extraordinarily effective plasma sink!). In order to obtain
a solution as different from the Hill et al. model as
possible,

and thus span the range of possible circulation

patterns, they also chose a source region which occupies a
very narrow spread of longitude. The result was an outflow
which is rapid compared to the first case

(which follows

from conservation of flux; inflowing flux occupies a much
larger region than outgoing flux) and along nearly radial
streamlines

(for the radial motion is more rapid than

azimuthal motion).
These models of MHD corotating convection,

although

interesting in themselves, do not provide a satisfactory
description of the jovian magnetosphere,

as Hill and Liu

(1987) recognised. Observational evidence indicates that
although there is are azimuthal asymmetries in the cold
torus

(specifically,

in the S+ component), the warm torus

appears to be remarkably symmetric. A corotating convection
pattern can only arise if there is a corotating density
asymmetry, which is exactly what is observed in the cold
torus

(and for that matter the plasma ribbon, which,

although not mentioned by Hill and Liu, is likely to be more
important as it contains more m a s s ) . However,

a corotating

convection pattern in an MHD fluid requires conservation of
plasma number density per unit flux

(flux tube content)

on

streamlines of the flow, and as the streamlines must pass
through the warm torus, the model predicts the cold torus
(or ribbon)

density asymmetry will extend out through the

warm torus and into the magnetosphere beyond. This is
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directly contradicted by both ground-based and in situ
observations of the warm torus.
Hill and Liu attempted to reconcile the MHD model with the
observations, making use of a feature of the torus which had
been neglected in previous models; corotation lag. The
angular velocity of the hot torus is slightly slower than
that of the magnetic field, having a corotation lag of about
3 to 5% of the local corotation speed (Brown,

1983) which is

thought to be due to the effects of mass loading
up) and charge exchange

(Pontius and Hill,

(ion pick

1982). If this

corotation lag were negligible compared to the radial
outflow speed, outflow streamlines would form a convection
pattern very similar to those found in the earlier work
(Hill et a l . 1981, Summers and Siscoe,

1982)

in which rigid

corotation was assumed. However, Hill and Liu estimated that
the outflow speed of flow driven by the cold torus
(corotating)

S+ asymmetry alone is somewhat slower than the

torus corotation lag

(by a factor of about 20).

Given this scenario, we would expect that plasma streams
starting at the

(corotating)

source would appear to be wound

up in a spiral as they travel across the sub-corotating
region. On reaching the outer boundary of this region the
flow would then resume a purely radial flow

(with respect to

the corotating frame). This would preserve the longitudinal
asymmetry in the magnetosphere as a whole, while disguising
it in the warm torus. The radial outflow occurring beyond
the torus would not necessarily occur at the same longitude
as the source; this would require that the streamlines be
wound through a whole number of turns. Ground based line of
sight measurements would detect a roughly constant warm
plasma density if the streamline is wrapped fully around the
torus a few times. However, the idea can be discounted,
because in situ measurements did not observe density
variations corresponding to the tightly interwound inflow
and outflow regions.
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However, Hill and Liu presented a different interpretation
of the consequences, based on an approximate solution to the
equations of corotating convection, in which it has been
assumed that there is approximate azimuthal symmetry of flux
tube content outside the torus. Throughout all parts of the
magnetosphere except the torus, the distribution of
streamlines resembles the convection pattern appropriate to
rigid corotation. There is an asymmetry in plasma density in
the inner part of the torus, but this is 'smoothed out'
within the sub-corotating torus, and in the outer part of
the torus and the magnetosphere beyond the plasma density
per unit flux is virtually symmetrical. As the mass per unit
flux of incoming plasma is only slightly less than that of
outward travelling plasma, a very rapid flow will be needed
if the rate of mass transport is to match the rate of plasma
production in the torus. Hill and Liu stated that plasma
will travel from the outer edge of the torus to L = 30 in a
few jovian rotation periods - a few tens of hours. As they
did not place an upper limit on the difference in mass
between inward and outward travelling unit flux tubes it is
difficult to assess whether this is fast enough.

F i g u r e 3.3. T i m e - average d c o r o tating convection p a t t e r n a c c o unting for
cor o t a t i o n lag in hot torus

(from Hill and Liu,

1987). No n - M H D radial

trans p o r t in the hot torus is implicit in this model.
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In their description

(see Figure 3.3) low density plasma

flows in from the outer magnetosphere on a streamline which
bends back on itself inside the torus and re-enters the
outer magnetosphere without reaching the inner regions of
the torus

(call this an open streamline). The inner regions

are occupied by another circulation pattern which is closed,
existing partly in the inner torus and partly in the space
enclosed by the torus
latter region,

(in the absence of a source in the

flow there is only energetically acceptable

if the mass per unit flux is conserved on those parts of
streamlines within the region). Plasma is supposed to flow
from the source, outward on the inner circulation pattern
until,

at the outermost parts of that pattern,

it brushes

against the innermost edge of an open streamline, plasma is
transferred to the open streamline and flows on outwards.
This description implies a transfer of material from flux
tubes on closed

(inner)

streamlines to open

(outer)

streamlines, which must involve a violation of MHD . A
detailed explanation of this process is not offered.
Hill and Liu proposed that the localised electric field
associated with the cold torus

(or ribbon)

density asymmetry

extends across L-shells to drive magnetospheric convection
in the outer magnetosphere beyond the torus. Drawing an
analogy between a two-dimensional dipole and the field
aligned currents at the edges of the density enhancements,
we expect the electric potential in the ionosphere to vary
as

(d cosa/p) where d is the separation of the currents,

(p,a) are coordinates centred on the dipole
Kivelson,

1989)

and

(Southwood and

so that the 'fringing' electric field will

decay rapidly with changing L. Thus if the only source of
density asymmetry is the cold torus, the convection system
must be much more weakly imposed than in a model which
preserves longitudinal asymmetry throughout the
magnetosphere

(e.g. Hill et al. 1981). Hill and Liu offered

no comparison between the strength of the convection
electric field and other potential influences on plasma
flow.
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Liu and Hill

(1990) elaborated on the Hill and Liu

(1987)

model, explaining how the assumption that the density
distribution is virtually azimuthally symmetric in much of
the magnetosphere simplifies the problem of solving the
equations of corotating convection. However, this work is
only a more comprehensive and mathematical extension of the
Hill and Liu

(1987) model and repostulates the ad hoc cross

torus plasma transport. The model is not a true MHD
convection model.
All the models discussed above have described a steady state
(i.e. time independent)

convection system. Only one attempt

has so far been made to study time dependence in such a
system, which was work by Summers and Siscoe

(1985a)

intended to identify the fundamental wave modes of the Io
torus. This work sought to discover the full range of
circulation patterns which might arise, given suitable
density asymmetries in the source region, without
presupposing the nature of the plasma source

(though, as in

earlier work, no evidence was found to suggest that one
circulation pattern was more likely to arise than another).
As mentioned earlier, circulation models involving several
convection cells are allowed by the equations governing
convection and, as they have less pronounced asymmetries,
are of some interest, given the difficulties with the two
cell pattern discussed by Hill and Liu

(1987).

Summers and Siscoe discovered three types of wave mode.
There is an unstable mode, which corresponds to the
centrifugal interchange instability, whose flow paths are a
family of logarithmic spirals; almost radial for small
values of the mass per unit flux, nearly circular for large
values

(in agreement with Summers and Siscoe,

1982).

Examples of streamline solutions are presented in Figure
3.4. This mode is a solution for any value of the mass per
unit flux.
There are also two distinct decaying modes,

one or other of

which is appropriate according to whether or not the mass
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per unit flux exceeds a particular value. It is not clear
which mode is appropriate for the Io torus, because of
difficulties estimating values of mass per unit flux
(largely due to large uncertainties about the appropriate
value of the ionospheric conductivity).

F i g u r e 3.4. These figures illustrate the variety of f l o w patterns
corresponding to solutions of the e q u a tions of c o r o t a t i n g convection.
Figure

(v) also illustrates the t u r n - a r o u n d solution in which incoming

flow reverses direction in the inner part of the hot to r u s
and Siscoe,

(from Summers

1985a) .

Plasma flow in this model is excluded from the cold torus,
so that all streamlines are found to begin or end at the hot
torus inner edge. A realistic representation of plasma
circulation patterns requires that the streamlines must
close and must persist in time. A variety of organised and
persistent convection patterns might be constructed by
combining the three wave modes, but in this paper the
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discussion is limited to circulation patterns involving the
growing mode. Summers and Siscoe were able to construct an
analytical solution in which incoming and outgoing flows
connect in the source region, by postulating a thin region
within the hot torus, adjacent to the hot/cold torus
boundary, in which the flow 'turns around'. In this
solution, 'turn-around' occurs in cells of azimuthal extent
n/m, where m is the number of convection cells. The solution
requires that there is some source of density fluctuations
in the turn-around region to continually set new unstable
flux tubes in motion and maintain the flow.
Later, Summers and Siscoe (1986) noted that the turn-around
region they had been obliged to postulate in their 1985
paper lies just where observers had discovered the plasma
ribbon. As torus plasma is thought to be generated
predominantly in the ribbon region, the region might easily
stimulate plasma flow. However, their suggestion that their
1985 model actually describes plasma flow in the torus,
implying that the warm torus region should be occupied by
alternating streams of inward and outward flowing plasma of
distinctly different densities, appears incompatible with
observations of the warm torus (just like all the other MHD
models).
To summarise, we note that interchange motions organised
into large circulation patterns have received considerable
attention. Given a corotating source, interchange can drive
coherent corotating convection patterns; these may contain
one or more cells of circulating plasma and the differences
in density and flow speed between inward and outward flow
streams may be large or small depending on the configuration
of the system. Since we lack a good understanding of the
conditions in the source region, it is impossible to specify
on theoretical grounds whether one circulation system is
more likely to arise than another.
Unfortunately, no pure MHD model has proved consistent with
observational evidence. The bane of MHD convection models is
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the existence of the azimuthally symmetric (to a good
approximation) warm torus, as has been pointed out by Hill
and Liu (1987) - among others. There appears to be no way to
construct an MHD convection model which can describe
transport through the warm torus from the source within
(i.e. the plasma ribbon) to the plasma sheet beyond. (Note
that inclusion of the energetic plasma population will not
alleviate this problem).
The convection model that comes closest to explaining the
various observations (Hill and Liu, 1987; Liu and Hill,
1990) is forced to introduce an ad hoc non-MHD process.
3.3.3 Transient flux tubes
Pontius, Hill and Rassbach (1986) moved away from the large
scale interchange convection models (3.3.2) and proposed
that plasma transport is achieved by the interchange of
small, discrete flux tubes, each of which remains
identifiable over a distance large compared to its
equatorial dimensions. The requirement that the plasma
content of a flux tube is conserved during an MHD
interchange motion was recognised, though later work by
Pontius and Hill (1989) considers the implications of
including an ad hoc mechanism to change flux tube content.
The Pontius et al. model was proposed in order to explain
the homogeneity of the jovian low energy plasma distribution
reported by Voyager experimenters. According to MHD
interchange convection models, Voyager data should show
discontinuities in plasma density corresponding to the
passage of the spacecraft over a boundary between inward and
outward flowing plasma streams. No such discontinuities were
observed. Pontius et al. proposed that plasma transport
involves flux tubes which are sufficiently small that
Voyager could fly through several discrete flux tubes during
a measurement. As the Voyager plasma instruments measure
average particle fluxes over finite time intervals they
would be unable to resolve individual flux tubes and the
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data would indicate a smooth variation in plasma density.
Consider the (centrifugal interchange) motion of discrete
flux tubes between a source region and a sink region,
separated by a region devoid of sources or sinks. Heavily
loaded flux tubes from the source will travel outwards,
while lighter flux tubes from the sink travel inwards. The
plasma content of flux tubes from the sink region might have
any value from zero up to that with which they arrived in
the sink region, depending on the efficiency of the sink
process. Similarly, flux tubes from the source might be
loaded by differing amounts (per unit flux) depending on the
nature of the source.
Pontius et al. simplified matters by assuming that the mass
per unit flux tube will have one of two values, depending on
whether the flux tube comes from the source or the sink.
They argued that these two types of flux tubes will come to
dominate the magnetosphere, as any nonconforming flux tubes
(which might originate in a pre-existing plasma distribution
between source and sink) will eventually be transported to
the sink or source and loaded or emptied to become
'standard' flux tubes. Pontius et al. assumed that a steady
state prevails, and arguing that heavy tubes travel slower
and spend longer in the source region (similarly for light
tubes near the sink) inferred that the ratio of heavier to
lighter flux tubes varies with L such that the average mass
density per unit flux is proportional to L~^ plus a
constant. In support of their hypothesis, Pontius et al.
noted that according to Bagenal et al. ( 1 9 8 6 ) , Voyager PLS
data indicates that flux shell density varies approximately
as L~2*2 between L = 6 and L = 12.
Interestingly, the model of Pontius et al. is much more
compatible with the existence of the hot torus than the
convection models described above. The model source region
may correspond to the plasma ribbon and the impoundment
(Siscoe et al., 1981) of newly loaded flux tubes may form
the hot torus. Discrete flux tubes may break away from the
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outer edge of the hot torus at any point on its perimeter.
These ideas are quite consistent with the observed lack of
large scale azimuthal structure in the torus and plasma
sheet and follow naturally from the proposal (Siscoe et al.,
1981) that the existence of a distinct hot torus region is
due to the stabilising effect on interchange motions of a
plasma pressure gradient (in the energetic plasma
population) in the region 7-8 Rj.
Richardson and McNutt (1987) re-examined Voyager PLS data,
and after examining high resolution data from the region
between 6 and 11 Rj, concluded that the density was
homogeneous even on very short length-scales, casting doubt
on the Pontius et al. model.
In an attempt to resurrect the Pontius et al. model, Pontius
and Hill (1989) examined the implications of relaxing the
(MHD) requirement that the mass content of a particular flux
tube be constant. Pontius and Hill assumed that plasma can
pass between flux tubes by an ad hoc (collisionless) single
particle microdiffusion process (so named to distinguish
this hypothetical diffusive process from the radial
diffusion discussed in radiation belt studies).
Microdiffusion might occur across the locally steep
gradients between loaded and depleted flux tubes. It must be
emphasised that no mechanism was proposed for
microdiffusion.
Pontius and Hill defined flux tubes whose mass per unit flux
differs significantly from the longitudinally averaged
background value as 'transients'. Transients correspond to
unstable flux tubes travelling under the influence of the
centrifugal buoyancy force (discussed above), and are so
named to distinguish them from the remainder of the
magnetospheric flux tube population which are supposed to
move only in response to the motion of nearby transients.
Microdiffusion would reduce the content of outward moving
transients by distributing plasma all along the path of the
transient through the magnetosphere. The process would
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operate in reverse for inward moving, lightly loaded flux
tubes. Thus microdiffusion allowed Pontius and Hill to move
from their earlier model in which flux tubes either contain
a fixed quantity of plasma or none, to a model in which flux
tube content is variable.
Although Pontius and Hill did not describe a specific
mechanism for microdiffusion, they did adopt a simple model
in order to investigate the implications of such a mechanism
(while emphasising that a different model of microdiffusion
might have different consequences). It was assumed that our
ideas about flux tube dynamics remain valid if
microdiffusion occurs and also that plasma is uniformly
distributed throughout a flux tube at any instant, though
the content may vary with time. The hypothetical rate of
change of flux tube content was supposed to be given by
dY/dt = - k AY
where A y is the difference between the flux tube content and
the local background density, and k parameterises the rate
of microdiffusion, k may depend on L, but was assumed to be
independent of Y and AY. This is a plausible (though not
uniquely so) form, in which microdiffusion empties the tube
at a greater rate when the tube has a greater excess of
plasma content compared to the background. It also has the
consequence that the rate of decrease of the plasma content
of a transient flux tube with radial distance depends only
on k and the radial distance, according to
dY/dL = - (k Ep B0)/ (0j2 L4)
where ©j is the angular frequency of Jupiters rotation.
This expression tells us that the same amount of plasma is
deposited by the transient in a given L-shell whether the
tube is moving rapidly or slowly; a convenient consequence
of the assumption that the rate of microdiffusion is, like
the velocity of a transient, proportional to A y .
Thus a transient alters the background plasma content Y q in
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two ways; exchanging plasma with the background flux tubes
and displacing the background plasma. If the two effects
involve equal changes in Y q , the background distribution
will be undisturbed by the passage of the transient and will
have a gradient dYQ/dL equal to dY/dL. Thus we can imagine a
steady state in which plasma transport occurs without
altering the background gradient. More interestingly, this
conclusion still holds if the background gradient follows
dY/dL, but has a discontinuity (an infinitesimal radial
interval across which Y changes). Such a discontinuity might
correspond to a source of transients, analogous to the edge
of an icecap calving bergs. Pontius and Hill drew a parallel
between the outer edge of the Io torus and such
discontinuities. It was further argued that a magnetosphere
will naturally evolve toward a steady state having the
gradient dY/dL and that a discontinuity in the gradient
dYg/dL will arise as time passes at a source of transients
(e.g. the outer edge of the Io torus, perhaps).
Although it
very simple
interesting
gradient of

is based on an ad hoc assumption and assumes a
form for the rate of microdiffusion, it is
to note that the model can predict values of the
flux shell content which are reasonably

consistent with observations. Specifically, the gradient of
flux shell content at 8 Rj (using the steady state
assumption) was calculated assuming the maximum plausible
diffusion rate (the Bohm diffusion rate) so that the
calculation represents a system in which microdiffusion is
having its full effect.
However, this model suffers from one or two inconsistencies
related to the microdiffusion process. For example, the role
of a microdiffusive process in radial plasma transport ought
to be considered, but is not addressed in the paper. The
same radial gradients in flux tube content which may drive
interchange motions will also cause radial microdiffusion,
and it is necessary to consider whether microdiffusion can
transport plasma at similar rates to flux tube interchange.
It might be possible to place constrain hypothetical
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microdiffusion models by examining the gradient in plasma
density per unit flux at the outer edge of the Io torus. A
very steep gradient would imply that transient transport is
much more rapid than microdiffusive transport, while a
shallow gradient would imply the opposite.
In summary, we note that the Pontius et al. (1986) model is
a valid, pure MHD interchange model which, when proposed,
appeared to solve many of the problems experienced by
convection models in explaining the observations of plasma
density distributions. Unfortunately, the analysis of high
definition plasma data by Richardson and McNutt (1987)
placed an upper limit of about 10% on changes in density
between adjacent flux tubes, measuring on length scales down
to the minimum plausible size of a flux tube. This
observation is considered incompatible with the model as
proposed by Pontius et al. who considered interchange of
flux tubes whose density varies more dramatically than this.
Although Pontius et al. assumed that part of their flux tube
population was empty, it is not clear to us that their model
cannot be applied to a less sharply polarised flux tube
population.
Pontius and Hill (1989) attempted to
microdiffusion mechanism into a flux
Pontius and Hill demonstrated that a
in which the background distribution

incorporate a
tube interchange model.
steady state may arise
is virtually unaltered

by the passage of a transient, offering a way to circumvent
the apparent observational 'constraints' of Richardson and
McNutt (1987). However, like Hill and Liu (1987), Pontius
and Hill thereby conceded that the observed plasma density
distribution cannot be explained by an MHD interchange
mechanism alone and they were forced to appeal to an
additional ad hoc transport mechanism. Also the consequences
for radial transport of the additional transport mechanism
have not been properly examined.
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3.3.4 Quasi-diffusive transport
In Chapter 1, we explained why it is believed that in
addition to ionospheric dynamo diffusion a second important
plasma transport mechanism is thought to operate in the
jovian magnetosphere, or rather in the hot torus and beyond.
The characteristics of this mechanism were described in
Chapter 1 and are summarised at the beginning of this
chapter. In Chapter 1 we also showed that the hybrid
centrifugal interchange flux tube diffusion model of Siscoe
and Summers (1981) can successfully explain most of these
characteristics. For example, the diffusing quantity is Y,
as assumed in the conventional interpretation of the data
(e.g. 1.4.3). Also, interchange instability considerations
not only explain why the mechanism does not operate within
the hot/cold torus boundary, but also explain the reduced
diffusion rate at the outer edge of the hot torus.
Furthermore, estimates of the diffusion rate are much more
rapid than ionospheric dynamo diffusion, as required. These
successes all suggest the mysterious jovian transport
mechanism is indeed diffusive, is powered by interchange
instabilities and probably violates only the third adiabatic
invariant. However, in this section we will show that some
features of the centrifugal interchange flux tube diffusion
model are not compatible with the observations, and that the
underlying arguments are not wholly convincing.
Siscoe and Summers described eddy interchange using a
conceptual model in which four flux tubes (all containing
the same flux and small in the sense that their diameters AL
« L) are imagined to nestle together. Prior to interchange,
the inner pair contain more mass than the outer pair.
Interchange proceeds with the four tubes rotating together
about the central axis through 180 degrees, until the 'inner
pair' has changed places with the 'outer pair'. This
temporary group of flux tubes is described as an eddy. If
there is an unstable (inward) gradient of mass per unit
flux, Y, the new outermost pair may form another eddy with
the next farthest out pair of flux tubes, and interchange
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again to travel further out - similarly the inward
travelling flux tubes may travel further in. The
superposition of enormous numbers of such interchanges, each
harnessing the centrifugal potential energy of the plasma,
was named 'turbulent eddy interchange'.
Siscoe and Summers claimed that the motion of flux tubes in
such a turbulent magnetosphere could be described in terms
of a diffusion model. This is not correct.
In a true diffusing medium, the elements of the diffusing
material are in continual motion (regardless of the density
gradient) undergoing repeated and random direction changes.
Diffusion (i.e. a net motion) of the material only occurs if
there is a gradient in the density of the diffusing
material.
These characteristic features of a diffusing medium are not
displayed by flux tubes participating in turbulent eddy
interchange. An interchanging flux tube's motion is neither
incessant (it ceases in the absence of a suitable radial
gradient in Y), nor random. Given a suitable gradient in Y,
an interchanging flux tube will tend to experience a net
motion either inwards or outwards, whereas in a truly random
motion the flux tube would be equally likely to have a net
motion in or out. Thus, although the eddy interchange
scenario and a true diffusion scenario are similar in the
sense that plasma transport will only occur if there is a
radial gradient in mass per unit flux, the motion of flux
tubes participating in eddys is not random and therefore is
not diffusive. (A similar argument applies to pressure
driven interchange motions.)
The conservation of plasma content in a flux tube implicit
in MHD presents further problems. For example, consider an
interchanging flux tube travelling away from its L-shell of
origin, perhaps via a series of eddys. The plasma density
per unit flux in the interchanging flux tube must depart
increasingly from the ambient value as the flux tube travels
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up or down the gradient in plasma density per unit flux.
Thus the travelling flux tube becomes an increasingly
prominent 'spike' or 'pit' in the (presumably) smooth
background density distribution. A discussion of the
consequences of this behaviour was given in the previous
section, where we saw that a detailed examination of data
returned by the Voyager 1 PLS experiment from the region
between 6 and 11 Rj has failed to reveal the density
fluctuations implicit in this model, even at scale lengths
corresponding to the minimum plausible size of a flux tube
(Richardson and McNutt, 1987).
The growing difference between the mass density (i.e. mass
per unit flux) in a travelling flux tube and that of the
ambient plasma is also overlooked in Siscoe and Summers'
derivation of a diffusion coefficient as we explain in the
following paragraphs.
Siscoe and Summers used the force balance argument mentioned
earlier to calculate a characteristic flux tube speed (i.e.
the 'terminal velocity'), dL/dT, as a function of radial
position L. Recalling the definition of an eddy, we note
that a flux tube will travel a radial distance AL (the
diameter of a flux tube) when an eddy performs its half
rotation. Siscoe and Summers used the local value of the
flux tube terminal velocity to make a rough estimate of the
time taken for an eddy half-rotation: tj_ = AL / (dL/dt) .
Apparently Siscoe and Summers envisaged that flux tubes will
usually participate in a continuous string of eddys so that
they are continually in motion, for they referred to their
model as a description of fully-developed centrifugally
driven turbulence. Transport would be slower if flux tubes
came to rest after each eddy rotation. A diffusion
coefficient was estimated using the relationship
Dl l = <(AL)2>/2ti
which would have been appropriate if the motion of flux
tubes were truly random. Hence Siscoe and Summers derived a
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diffusion coefficient of the form
dLL = " k L4+P dY/dL
where k is a constant defined in terms of system properties.
The parameter p arises in an ad hoc description of the
variation of < (AL)2> with L and is not uniquely identified,
but is expected to be positive - since in any magnetospheric
magnetic field the cross-sectional area of a flux tube is
larger, further from the planet. The constant k includes the
ionospheric conductivity £p, which is assumed (for
simplicity rather than realism) to be independent of Lshell. Our current estimates of Zp range from 0.1 to 10 mhos
(Strobel and Atreya, 1983) which contributes a great deal of
uncertainty to estimates of

d Ll

-

It is interesting to note that tj_ is independent of AL (this
is because dL/dt varies as AL). In this model, flux tube
size can take any value provided the flux tube diameter is
small compared to L (in accordance with the assumption
above) and not so small that MHD is violated (this
possibility is discussed further in Chapter 4).
The problem with the derivation is that it refers to a flux
tube whose plasma content per unit flux is only marginally
different from the ambient value (a feature of the
expression for the flux tube terminal velocity). As we have
seen, this is only true of an interchanging flux tube near
its original L-shell. As the difference in Y between the
interchanging flux tube and the ambient plasma grows, so
does the flux tube velocity, so the average speed of a flux
tube is rather higher than Siscoe and Summers estimated and
the diffusion coefficient correspondingly larger.
Despite the problems pointed out above, centrifugal
interchange diffusion is a better description than the
competing convection models and it is interesting to review
other work on the model.
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Summers and Siscoe (1985b) derived a new diffusion
coefficient to take into account the hot (ring current)
plasma population and describe its role in modifying the
diffusion rate at the outer edge of the hot torus (first
suggested by Siscoe et al., 1981). As in the first model,
the derivation of a diffusion coefficient involved
estimating the timescale of an eddy rotation. In this case
however, it was necessary to balance the rate of release of
centrifugal potential energy against the power dissipated in
the ionosphere and the power consumed in order to compress
the ring current plasma. Again the transport is assumed to
be characterised by fully-developed centrifugally driven
turbulence. The two plasma populations have different
density distributions so we need a transport equation for
each one, but since the plasma populations occupy the same
flux tubes and both affect interchange stability, both
transport equations use the same (new) diffusion
coefficient.
Summers and Siscoe concluded that the observed ring current
particles could not account for the observed confinement of
iogenic thermal plasma. This view is independently supported
by estimates of the ring current energy inferred from
magnetic field data, which exceed the energy in the observed
ring current plasma by one to two order of magnitude.
However, using the transport equations, Siscoe and Summers
were able to go further and quantitatively infer that a high
density, low energy ring current plasma must exist to
account for the confinement. This would lie in the band of
energies which have not yet been examined by in situ
instruments (i.e. between the upper limit of the PLS energy
range and the lower threshold of the LECP instrument).
Summers, Thorne and Mei (1988a) incorporated the effects of
a spatial variation of ionospheric conductivity within a
model using the diffusion coefficient derived by Siscoe and
Summers (1981). Siscoe and Summers had assumed that the
ionospheric conductivity was constant. This assumption is
expected to be incorrect, not least because the strength of
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energetic particle precipitation varies with latitude. In
particular, Summers et al. assumed that the depletion in
energetic ions which corresponds to the pressure gradient at
the inner edge of the ring current is a signature of
precipitation loss caused by rapid pitch-angle scattering.
In other words, the presence of the ring current pressure
gradient implies a non-uniformity of the conductivity.
A comprehensive model was reported by Summers, Thorne and
Mei (1988b) in which the ring current plasma pressure
gradient is explicitly included and the diffusion
coefficient is that calculated by Summers and Siscoe
(1985b). The result is a self-consistent model which
describes the inter-relationship of the ring current
distribution, the ionospheric conductivity distribution
(controlled by precipitation of ring current plasma) and the
plasma transport which, in turn, determines the ring current
distribution. Analysis of the coupled transport equations
leads to reasonable matches with the plasma distributions
inferred from Voyager observations.
So we see that the centrifugal interchange diffusion model
has been developed and refined over several years and does a
reasonably good job of fitting most observations. However,
there are two fundamental problems with the model.
The first is conceptual. It is not appropriate to treat the
motion of the flux tubes as diffusive. Formal diffusion
theory would require that the flux tubes perform 'random
walks', but this is not the case in interchange motions as
individual flux tubes are not equally likely to travel in or
out; they will travel either in or out.
The second problem is related to the use of an MHD model.
Frozen-in flux requires that the mass of plasma in a flux
tube is invariant, so that the density in an interchanging
flux tube departs increasingly from ambient values as the
flux tube travels. However, this consequence of treating the
plasma as an MHD fluid is both ignored in the derivation of
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the diffusion coefficient and contradicted by observational
evidence.
3.3.5 Drift wave instability approach
The studies of MHD convection described in 3.3.2 and 3.3.3
all treat the magnetospheric plasma as a cold ideal MHD
fluid and are all limited to describing streams of inflowing
and outflowing plasma (by the choice of a first order
differential equation for the electric potential). The role
of the jovian energetic plasma population has only been
considered in the flux tube interchange diffusion models of
3.3.4.
In their recent model, Huang and Hill (1990) adopted a drift
wave instability approach, in essence identical to the
method we use in the following chapter, to describe the
growth of interchange motions. Although it is possible to
take the particle phase space distribution into account,
Huang and Hill deliberately selected waves for which |co| »
mlco^l, where co is the wave frequency, m the azimuthal wave
number, and co^ a particle drift frequency (i.e. waves whose
oscillation period or growth time is much smaller than the
time for a particle to drift one wavelength) and hence chose
to consider the MHD limit (whereas in Chapter 4 we study the
non-MHD case by allowing |co| * mlco^l). Thus the detailed
velocity distribution of particles was ignored, and the
particles were simply represented by their mean drift
velocity and mass distribution. Nevertheless, Huang and Hill
were able to provide equations which express the stabilising
effect (first proposed by Siscoe et al. (1981)) of an
energetic plasma pressure gradient on a centrifugally
unstable, cold plasma. It was also demonstrated that the
inclusion of an azimuthally symmetric, energetic plasma does
not alter the cold plasma convection patterns.
Huang and Hill used a second order differential equation in
the electric potential and chose to study the case of large
m (to simplify the mathematics). Their solutions (Figure
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x/Rj
Figure 3.5. A plasma flow p a t t e r n corresponding to th e initial m o t i o n of
unstable plasma according to the drift wave i n s t a b i l i t y analysis of
Huang and Hill

(from Huang a n d Hill,

1990).

3.5) consist of many convection cells, each occupying equal
azimuth sectors and also having a radial periodicity. Within
the assumed restriction of large m, these convection cells
could represent the flux tube eddys of 3.3.4 (given a small
radial scale length) or the narrow radial streams of Figure
3.4 (given a large radial scale length). Strictly speaking,
as Huang and Hill pointed out, their solutions can only
represent the initial motions of unstable plasma, for the
plasma motion destroys the background plasma distribution on
which the analysis is based. It was suggested that if the
evolving plasma motion leads to the breakdown of such
circulation, transient flux tubes (3.3.3) might be
generated. Unfortunately though, like all the models in this
section (3.3), the model cannot be convincingly used to
describe jovian magnetospheric plasma, as it cannot satisfy
the observational constraints of Richardson and McNutt
discussed above.
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3.4 General Summary
A variety of models have been proposed to describe the
transport of plasma in the jovian magnetosphere. All MHD
models fail, as they cannot be reconciled with the
observational constraint of a consistently smooth density
distribution, even on very short length scales (Richardson
and McNutt, 1987). Only the ionospheric diffusion model and
the ion-cyclotron model of Abe and Nishida survive this
test.
However, we already accept the ionospheric diffusion model
and are seeking an additional model suited to the conditions
beyond the hot/cold torus boundary. If the ion-cyclotron
diffusion model is to be that additional model, it must be
demonstrated that ion-cyclotron wave generation will vary
with location in such a way as to explain both the lack of
rapid diffusion within the hot/cold torus boundary and the
variation in the rate of diffusion outside this boundary. A
further question is how to explain the inward diffusion of
energetic heavy ions using the ionospheric dynamo model. For
these ions to diffuse inwards against the centrifugal force
(which is very strong in the outer magnetosphere) it would
seem that a very large energetic ion density gradient should
exist in the outer magnetosphere, though none has been
reported.
Despite its failings, the best attempt to describe transport
in the hot torus and beyond has been the centrifugal
interchange diffusion model. Our study of this model
suggests that we should try to create a transport model in
which interchange instabilities have a role, but which
treats the plasma on a microscopic level, rather than as an
MHD fluid (i.e. in terms of flux tubes). Ideally, the model
should also account for the anomalous plasma sheet
temperature gradient. As a first step, in Chapter 4 we shall
attempt to formulate a model of non-MHD interchange motions,
using a drift wave stability analysis similar to that used
by Huang and Hill in their MHD model (3.3.5).
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Chapter 4

Investigation of Short Wavelength
Interchange Instability
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4.1

Introduction

4.1.1 On the validity of the MHD approximation
In Chapter 3 (3.1.2) we discussed the suggestion of Siscoe
(1978) that centrifugal interchange instabilities might in
some way enhance ionospheric dynamo diffusion. In that paper
and in the later centrifugally driven flux tube interchange
diffusion model, Siscoe appears to have envisaged that the
interchange motions would manifest themselves as exchanges
of flux tubes. Later in Chapter 3 (3.3.4) we point out that
the appealing interchange diffusion model has problems
related to the MHD description of the plasma, and to the use
of flux tubes in particular. Furthermore, there are
theoretical grounds for believing that an MHD description
may well be inappropriate in the context of jovian
interchange motions, which we describe in the remainder of
this section. On these grounds, in this chapter we propose a
particle transport mechanism which taps the centrifugal
potential energy and thermal energy of the plasma, but does
not involve an MHD flux tube description of the plasma.
Previous discussions of centrifugal interchange instability
have usually assumed that ideal MHD (i.e. where the
hydromagnetic approximation applies) is a valid
approximation, as is usually the case in space plasma
physics. This is equivalent to accepting that plasma is
'frozen-in', which means that the plasma particles found
within a flux tube at a given time never leave the flux tube
and no other plasma particles ever enter the flux tube.
In any planetary magnetosphere (in the absence of
scattering), charged particles exhibit an azimuthal drift
motion (in addition to gyrating about the magnetic field and
bouncing between mirror points) due to the action of radial
forces, such as those arising from magnetic field curvature,
or the effects of gravitation or rotation of the planetary
magnetic field. The speed of these azimuthal drift motions
depends on the mass and energy of the charged particles, as
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well as the radial forces. Thus a set of particles which
happen to be found together at a particular time will
usually have a variety of differing drift speeds.
Inevitably, as time passes, the particles are separated by
their relative drift motion, leading to the dissolution of
the group. This implies that after a sufficiently long time,
the 'frozen-in' approximation will break down and the use of
flux tubes to represent plasma behaviour will become
inappropriate.
The timescale for the dissolution of a group of particles
can be roughly described in terms of the time taken for
relative motion to separate the faster particles from the
slower particles by a distance greater than the initial
azimuthal extent of the group. Thus a group of large initial
azimuthal extent will survive much longer than a small group
(assuming the same spread of drift speeds among the plasma
particles). These ideas are illustrated in Figure 4.1.
The use of MHD in describing interchange motions is
perfectly acceptable, provided that the characteristic
timescale for the dissolution of the group of particles
identified with a flux tube exceeds the characteristic
timescale for the interchange motion.
However, the dissolution timescale shortens as we reduce the
azimuthal dimensions (thickness) of our model flux tubes.
Since the MHD interchange timescale is independent of flux
tube size (3.3.4), there must be a lower limit to the size
of a flux tube which can be considered using the MHD model.
MHD interchange of very large bodies of plasma has been
ruled out as the transport mechanism for cold iogenic plasma
in the jovian magnetosphere on several grounds (e.g. UV
evidence for the azimuthal symmetry of hot torus, Voyager
particle data), but the observational argument against small
scale flux tubes is based on Voyager PLS observations alone.
Vasyliunas (1989) has challenged the conclusion that the
Voyager observations rule out transport by very small scale
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Figure 4.1. An illustration of the idea that during a given time
interval, small groups of drifting particles may separate completely,
but large groups of particles will be less affected. Thus, the time
taken for azimuthal drift motions to render the flux tube description of
a group of particles invalid is shorter for a group of small azimuthal
extent than for a group of large azimuthal extent.
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flux tubes, though he attempts to retain an MHD description
of the fluid. We have therefore considered how small flux
tubes can be, before the assumption of MHD fails. Some
authors have defined the minimum size of a flux tube in
terms of particle gyroradii, however, calculations presented
in the appendix indicate that the timescale for the drift
separation of a group of ions and electrons a few ion
gyrodiameters wide will indeed be short compared to the
interchange timescale (using the estimate of Siscoe et al.,
1981) in a plausible model of the jovian magnetosphere. Thus
we will not examine Vasyliunas' argument, which depends on
MHD.
4.1.2

A description of the MHD interchange mechanism

The interchange of flux tubes in an MHD model can be
explained in terms of perturbations to the background
current carried by the plasma.
In an isolated, axisymmetric magnetosphere in a steady
state, the only background current arises from the adiabatic
drift motions of plasma particles. The strength of this
'ring current' at a particular position depends on the local
particle number density and pressure, and gradients of those
quantities (which control particle drift velocities). The
role of the ring current in a stable magnetosphere is to
provide a jxB force in order to balance plasma pressure and
centrifugal forces, so as to contain a plasma population in
the vicinity of the planet. In an azimuthally symmetric
magnetic field, with an azimuthally symmetric particle
density distribution, the currents are also azimuthally
symmetric, though there may be a radial gradient in current
strength.
Ring current flow will be modified by radial flux tube
motions. The current flowing at a particular planetocentric
distance flows through a set of flux tubes arranged along
the ring traced by the current, each of which contains
plasma of the same density (by our assumption of azimuthal
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symmetry). Let us now imagine that the system is perturbed
so that some of these flux tubes are replaced by tubes from
a region of lower density and that the current which can
flow in the new, perturbed flux tubes will be smaller than
that flowing in the rest of the flux tubes in the ring. This
situation is illustrated in Figure 4.2.
If there was no ionosphere, space charges would build up at
the flux tube boundaries where the discontinuities in
conduction current occur, causing a growing electric field
to appear across the perturbed flux tubes (a displacement
current).
Although magnetospheric charged particles can only travel
perpendicular to the magnetic field by adiabatic drifts,
they are highly mobile parallel to the magnetic field and
respond rapidly to the appearance of a parallel electric
field, moving so as to eliminate the field. Provided these
response times are much shorter than any other important
phenomena, magnetospheric field lines can be considered as
electric equipotentials. The electric field across a
perturbed flux tube therefore appears along the entire
length of the flux tube, including its feet in the planetary
ionosphere.
In the magnetosphere, where particle motion is dominated by
the magnetic field, the perturbation electric field can only
induce ExB drifts, which cannot contribute to current flow.
In the ionosphere however, ion-neutral collisions occur so
frequently that all adiabatic invariants are violated; the
collisions greatly reduce the effect of the magnetic field
on the ion motion and ions can respond to an electric field
by travelling along the electric field vector, rather than
perpendicular to it. This allows the ions to carry a current
across the magnetic field in response to the electric field
in a perturbed flux tube. Electrons, which experience fewer
collisions with neutrals and (having smaller gyorradii) are
displaced less when they do, contribute very little current.
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An illustration of the mechanism of

MH D

flux tube

interchange. For clarity, we show a plasma confined in the equatorial
plane. The ring current declines with distance from the planet (j^ >
j2 >. Flux tubes A and B have been exchanged. The drift current across
flux tube A is supplemented by an ionospheric current
thus supports the local ring current (ji “

32

28j;

flux tube

A

+ 28j). An electric field

arises to maintain the ionospheric current, and appears across the whole
flux tube (field lines act as equipotentials on interchange timescales).
Given a North-to-South magnetic field (as at Jupiter) the ExB force acts
to move flux tube A toward the planet: the interchange is unstable.
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Thus (returning to our radially displaced flux tube), in
order to preserve continuity of the current flow, fieldaligned currents flow along the boundaries between
unperturbed and perturbed flux tubes, allowing the perturbed
flux tubes to conduct the same current as their neighbours
by sharing the current load between drifting magnetospheric
particles, and ions in the ionosphere at the feet of the flux
tube. The field-aligned currents halt the buildup of space
charge on the flanks of the perturbed flux tubes at a level
sufficient to produce an electric field able to drive the
required ionospheric current.
As the electric field appears across the entire perturbed
flux tube, a radial Lorentz force acts on the whole flux
tube. This force may act to increase the displacement of the
tube, in which case the system is unstable, or as a
restoring force, returning the perturbed flux tube to its
unperturbed position, in which case the system is stable.
This is illustrated in Figure 4.2.
The foregoing explanation demonstrates that interchange
instability can be understood in terms of perturbations to
the background current carried by the plasma. As remarked
earlier, the background currents in a magnetosphere may be
associated predominantly with pressure gradients, or with the
centrifugal force, depending on the prevailing force balance
(e.g. Chapter 5, Equation 1). Interchange instability can
occur both as centrifugal interchange instability arising
from perturbations to the current generated by centrifugal
drifts, and as pressure driven interchange instability due
to perturbations to the current generated by magnetic
drifts. These instabilities are well known in MHD
interchange theory (Chapter 2).
It is implicit in the concept of interchange that for every
outward travelling flux tube, there is an inward moving tube
containing the same quantity of magnetic flux. For
mathematical simplicity, it is often convenient to consider
a radial plasma flow which varies sinusoidally with azimuth.
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The related electric field will also vary sinusoidally with
azimuth and might be considered as a stationary, nonoscillatory wave, whose amplitude either grows or decays
depending on the stability of the system.
4.1,3 An analogous instability at short length scales
In this chapter, we will investigate the possibility that a
process analogous to flux tube interchange (described above)
can arise at the short length scales where MHD breaks down.
The flux tube model fails at these length scales because the
relative motion of individual particles becomes important
(see 4.1.1) . Therefore we need to replace our MHD fluid
model with a new model which can encompass the diverse
behaviour of the particles which make up a plasma.
We will derive an expression to describe the radial
displacement of a group of particles which share a given
drift velocity (i.e. a resonant sub-group of the total
population), the resulting perturbation to the background
current, and the electric field associated with the
perturbation. The electric field will be stationary in the
frame of the displaced particles, just as in the MHD model.
We can divide the total particle population into two; the
resonant particles which are essentially at rest in the
frame of the wave, and the larger population of non-resonant
particles which see the electric field as a travelling wave.
The interaction of the non-resonant particles with the wave
has little net result since these particles experience a
repeatedly reversing, electric field. However, particles at
or very near resonance see a (virtually) steady electric
field and can efficiently exchange energy with the wave. It
is these particles which are responsible for the growth or
decay of a perturbation.
The existence of both resonant and non-resonant particles
creates the novel possibility that a short wavelength
interchange instability may arise in a magnetosphere in
which flux tube interchange is inhibited. This requires only
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that some part of the particle population is unstable, as
the resonance effect will remove the stabilising influence
of the rest of the population.
We choose to neglect particle motion parallel to the field,
in effect modelling the plasma distribution as a thin
(essentially two-dimensional) equatorial plasma sheet. This
means that we are only considering particles for which the
second adiabatic invariant, J, is zero. This approach
retains the essential physics and offers the prospect of a
much simpler analysis; a three-dimensional model uses a
phase space which contains two more dimensions than the twodimensional equivalent (an additional space dimension and an
additional velocity dimension). Bounce motions would also
need to be included, which would complicate our analysis,
while adding little to our understanding of the underlying
physics.
It is not immediately clear that an electrostatic wave of
the sort described above will be supported by the plasma,
let alone if it will grow. In the following, we derive a
dispersion relation describing the postulated wave. We
analyse the relation by assuming that solutions exist in
which the growth rate is small and positive. Using this
assumption we simplify the relation somewhat and then look
for solutions to the modified dispersion relation in order
to justify our assumption. In practice this means adopting a
trial value for the wave frequency with which we attempt to
simultaneously solve expressions for the wavevector and the
growth rate (corresponding to the Real and Imaginary parts
of our modified dispersion relation).
4.2 The Dispersion Relation
4.2.1 Derivation of the dispersion relation
A dispersion relation is an equation relating the frequency,
wavenumber and growth/damping rate of a wave, and thus
describes the form and linear evolution of the wave.
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The model magnetosphere consists of a thin plasma disc
rotating about a central axis. Within the disc plasma, the
magnetic field is everywhere straight and parallel to the
rotation axis. The plasma density and magnetic field
strength are assumed to be azimuthally symmetric, but
radially variable. The plasma is assumed to be composed of
various particle populations, each of which is assumed to
obey a Maxwellian velocity distribution. This is a
reasonable first approximation to the jovian system with its
equatorially confined thermal plasma.
We define a local coordinate system of orthogonal unit
vectors x, y, z, where x is directed radially outwards, y
points along the direction of rotation, and z completes the
right handed set, lying parallel to the rotation axis.
In view of our interest in the jovian system, we choose the
case of a magnetic field aligned antiparallel to the
rotation axis. Thus
B = - B z

(1)

where B is a function of x, but not y, according to the
preceding definitions. (The only significant difference in
the following between this case and a system where the
magnetic field is aligned parallel to the rotation axis is
the relative direction of the particle drifts.)
We postulate an exponentially growing electrostatic
travelling wave, which varies harmonically with y and t and
has an amplitude E0 at the time t = 0, thus
E = E y

where E = E0 e W

(2)
e* <kV “ “t* .

This represents a travelling wave of phase velocity a = ay
(where a = co/k) and growth rate y.
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Our investigation examines whether such waves might arise
spontaneously, given only a small random perturbation to
trigger growth. Therefore we examine the linear case, which
is appropriate to the early stages of growth of the wave,
when its amplitude (E0) is small.
A charged particle in our model magnetosphere will
experience two adiabatic drifts (to first order in the
ordering parameter e of adiabatic theory e.g. Clemmow and
Dougherty): one drift due to the magnetic field gradient and
a second corresponding to the centrifugal force.
= ( - |lVB/qB + mQj2x/qB ) y

(3)

where 11 is the first adiabatic invariant, q the particle
charge, m the particle mass, B the local magnetic field
strength, Qj the angular frequency of planetary rotation
and x is the radial distance from the planet. The gradient
of a planetary magnetic field is usually negative, so the
two components of the drift velocity are in the same
direction. As
is charge dependent, ions and electrons
drift in opposite directions (in the corotating frame) about
the planet; hence the ring current.
The wave electric field affects particles by causing them to
experience an electric field drift Ug (zeroth order in e)
and one additional adiabatic drift Up0^ (to first order in
E q and e), sometimes known as the polarisation drift.
uE = ExB/B2 = uE x

(4)

where uE = - (E/B) and
Upol = up o l Y

<5>

where Up0]_ = - m (y - i co')uE / qB and CO' is the angular
frequency of the wave in the frame of the particle.
To first order in E0 and e, we have the total drift
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U

=

uE

+ VD

+

(6)

Up0 l

The electric field will act on charged particles causing
perturbations to the radial position of their guiding
centres and to their gyration energy. We assume that
variations in the field strength are sufficiently slow, and
on large enough length scales, that the first adiabatic
invariant is conserved (not a very restricting assumption).
In that case we can use the Liouville Theorem to express the
perturbations to the particle distribution function f as
8f = - 8w df/dW - Sx df/dx

(7)

If we assume that the distribution functions of the various
particle populations present are all Maxwellian, we may
express f in the following form (specific to a four
dimensional phase space)
f = nme(“W/KT)/ (2rcKT)

(8)

using K = kg, the Boltzmann Constant for reasons of
typographic convenience.
We evaluate the perturbed values of x and W by integrating
the effects of the wave electric field over time, from t
equals minus infinity (when the exponential term guarantees
that the wave amplitude E is zero), to the instant of
interest, time t. For 5x we integrate the x displacement,
given by uEdt, while for 8w we integrate the change in
gyration energy (given by qvVB.E) . The result is
8f =

{df/dx + qvVBBf/KT} E/ (B (y - i CO'))

(9)

In the following, we will abbreviate the term {df/dx +
qvVBBf/KT} to Df/Dx.
The perturbation to the ring current at a particular point
is given, to first order in E0, by
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8j =

q JJ d^ v

(8u f + Vp S f )

( 10)

where 8u is the perturbation, produced by the field, of the
drift velocity of a particle i.e. 8u =
+ UpQi. The
integral is taken here over the two-dimensional velocity
space.
Taking the divergence of the current perturbation we find
V .8j =

JI d^v i k (E/B) { m(y - i co')f/B
+ qvD (Df/Dx) / (Y — i CD' ) )

(ID

The divergence of 8j is positive if field-aligned currents
are leaving the plasma disc, negative if they are entering
it, and zero if there are no such currents.
As described earlier in the context of MHD interchange
models, a divergence in the disc current corresponds to the
existence of electric fields in the disc, which are mapped
along the equipotential field lines to the ionosphere where
they drive a current. Field-aligned currents link the
ionospheric currents and magnetodisc currents, ensuring
closure of the overall current system.
In terms of magnetospheric scale lengths it is appropriate
to represent the ionosphere as a thin conducting layer
enclosing the planet. A point in the ionosphere can be
considered to have a local horizontal in the plane
tangential to the ionosphere at that point and a local
vertical, the normal to that plane. The field lines of
interest to us have their feet in the polar regions and lie
close to the local vertical. An electric field across the
magnetic field lines is thus horizontal and drives
horizontal currents, namely a Pedersen current along E and a
Hall current in the ExB direction (the two currents arise as
a result of the difference in ion and electron mobility).
The latter is divergence-free and thus has no role in
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closing the (vertical) field-aligned currents. The important
ionospheric parameter is therefore the Pedersen
conductivity. This varies with height, but in our thin-layer
(essentially two-dimensional) model of the ionosphere, this
vertical variation is subsumed by use of a height-integrated
Pedersen conductivity Xp
i = 2p E

(12)

where i is the current which flows in the ionosphere in
response to a horizontal electric field E within the
ionospheric layer.
As planetary magnetic field lines have feet in both the
northern and southern hemispheres, our perturbation electric
field will give rise to a total ionospheric current of 2i.
Hence, continuity of current requires that V . 2 i + V . 8 j = 0.
We find it convenient to incorporate the factor of 2 within
the Zp term and it does not appear explicitly in the
following. Substituting from Equations 11 and 12, and
eliminating the electric field, we arrive at the dispersion
relation in the useful form

= X

-Zp

JJ

d^v {mjk(P - i 0Cj' ) f j/B^
+ qjVDj (Dfj/Dx) /kB(P - i Oj')}

(13)

where 0Cj' = (a - v^j) represents the wave speed relative to
a given particle, and p represents the growth rate. i.e. a =
co/k, p = y/k. The symbol X indicates a summation over all
populations, j, present in the magnetosphere.
The dispersion relation can be divided into Real and
Imaginary parts, given in Equations 14 and 15 respectively.

k^ X If d^v mj f j (Xj'
=

Z If d2v q-jVpjB (Dfj/Dx) {(Xj' / (P2 + CCj'2 )}
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(14)

B2kXp + k2p X
= -

/ d2v mj fj

B X If d2v qjVDj (Dfj/Dx) {p/(P2 + CXj'2 )}

(15)

In the following we will simplify the dispersion relation by
assuming that P is very small, but positive, and hence
attempt to find solutions to the simplified relation. If
such solutions can be found, they will a posteriori justify
our assumption.
4.2.2 The Real part of the dispersion relation
The Real part of the dispersion relation is given by
Equation 14
k 2 X JJ d 2v mj f j GCj'
=

Z I! d 2 v qjVpjB (Dfj/Dx) { a j ' / ( p 2 + OCj'2 )}

The left hand side term is easily integrated
LHS

= k2 X (rrijnj ( a - v D j) )

where v^j represents the value taken by V£>j when W = k^T
i.e. the unperturbed azimuthal drift speed of particles (in
the absence of the wave) of population j, whose energy
corresponds to the mean energy of that population.
We are seeking solutions in which p is very small, so the
RHS becomes
RHS

= Z SS d2v qjV^jB (Dfj/Dx) / (a - v^j)

With appropriate variable changes this can be expressed as
RHS

= q2B2 E (nj/KTj) {M^fj + MTjg.j}

or
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RHS

= q 2B 2

Z

(rij/KTj)

{M u jffj-g j)

+ MP j g j }

where we have introduced the following terms;
mn

= (Vn/n - VB/B)/ (VB/B)

(16)

Mip

= (Vt /t - V b /b )/(Vb /b )

(17)

Mp

= (Vp/p - 2VB/B)/ (VB/B)

(18)

= - kBTj VB / qjB2

(19)

<vgb> j

= mean V b drift speed for population j
(positive for ions, assuming V b < 0)
<v cen>j = m j

x / <JjB

<2°)

= centrifugal drift speed for population j
(positive for ions)
VD j

“ (v cen) j + (vgjb) j

(21)

rj

= (a - (vcen)j) / ( V g f c ) j

(22)

V(r)

= - e"r Ej_ (r)
=
er E1 (r)

9j

(r>0)
(r<0)

(23)

= a y(rj) + (vgjb)j

(24)

= a + V^rj) a (a " vDj) / (vgb) j

(25)

The dimensionless parameters MN and Mp are natural terms
with which to discuss interchange instability. They compare
the local density and pressure gradients with the values of
those gradients which correspond to marginal stability in
MHD interchange theory. For example, the marginally stable
density gradient for centrifugal interchange in an MHD model
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is defined in terms of a constant number per unit flux
(Chapter 2) and in this model will satisfy d(n/B)/dx = 0
which corresponds to MN = 0. Furthermore, MN > 0 and MN < 0
correspond to instability and stability respectively.
Observational evidence from Voyager is usually presented in
terms of temperature and number density. Furthermore,
density and temperature are the natural parameters with
which to explain the conditions in which resonant
instability might arise, so we also express our conclusions
in terms of MN and MT . (Note that Mp = MN + MT, which is
consistent with the equation of state.)
It is necessary to consider the circumstances required for
resonance in order to explain the term rj. The total
particle drift is the sum of the centripetal and V b drifts
(Equation 3) which are in the same direction in a planetary
magnetic field. As the drift is charge dependent, ions and
electrons drift in opposite directions about the planet (in
the corotating frame). The magnitude of the V b drift
velocity of a particle is proportional to its gyration
energy W. Consequently, given a Maxwellian energy
distribution, the number of particles at a given speed
decays exponentially with increasing speed, from a peak value
at a speed of vce/3j (corresponding to W = 0) .
A travelling wave may therefore fall into one of three
categories, according to its velocity. If it is travelling in
the direction of ion drift at a speed greater than or equal
to the ion centrifugal drift speed, it will resonate with
some part of the ion population. If it is travelling in the
direction of electron drift at a speed greater than or equal
to the electron centrifugal drift speed, it will resonate
with some part of the electron population. The remaining
possibility is that the wave travels in the velocity band
between the slowest positively charged particles and the
slowest negatively charged particles. In this case there can
be no growing solutions, because the wave cannot resonate
with any of the particle populations. Note also that if the
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wave has a very high velocity, very few particles will be
sufficiently energetic to resonate with it, and energy
exchange between the particle population and the wave will
be minimal. In other words the growth rate will be tiny.
The test for resonance outlined above is embodied in
Equation 22
rj

= (a - (vcen)j) / (vgfc) j

which will be positive if the wave is resonant with
population j, in which case it may also be written
rj = Wres/kBTj

(2 6 )

If the population j is not in resonance, rj will be negative
and the preceding definition will be inappropriate.
The functions Ei (x) and E^ (x) belong to the family of
exponential integral functions (Abramowitz and Stegun 1965).
They are precisely defined mathematical functions, in the
same sense as the exponential function for example. Useful
series approximations to these functions are available.
EjU) =

J (e-t/t)dt

(27)

integrated from t = z to infinity, modulus of arg z < p i .
Ei (x) = - J (e_t/t)dt

(Cauchy principle value)

(28)

integrated from t = -x to infinity, x < 0.
To complete our explanation of Equations 16-25, we note that
functions fj and gj are defined simply for convenience.
Rearranging the above we obtain an expression for
k2 = q 2 B2 2

( n j / K T j ) {Mfjjf j + MT j g j )
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/ 2

( m ^ ( a - v Dj) )

(29)

Evaluation of this expression allows us to identify the
physical conditions in which the wave is able to propagate.
It is necessary to make some further assumptions to deal
with specific cases, which we will discuss in later
sections.

4.2.3 The Imaginary part of the dispersion relation
The Imaginary part of the dispersion relation is Equation 15
B 2kXp + k2p X If d2v mj f j

=

-

X

JJ d2v

qjV £ )jB

(Dfj/Dx) {p/ (p2

+

O tj'2 )}

Integration of the left hand side gives the terms
LHS = B 2kXp + p k2 X irijnj
As we are interested in the situation where P is very small,
it is possible to simplify the integration of the RHS by
taking the limit that p becomes very small

(while positive)

and using the relation

lim x

0+,

x/(x2 + (y - yo2 )) = n 8(y - y 0 )

where 5(y - yg) is the Dirac delta function.
Integrating over this delta function has the effect of
selecting only those members of the population which are
drifting at the same velocity as the wave. No other
particles contribute to the resulting expression
RHS = K q2B 2 a X Gj (nj/KTj) e"r 3 (MNj - M Tj (1 - rj) )
where Oj = 1 if an ion population is in resonance
= -1 if an electron population is in resonance
= 0 if population j is not in resonance
Note that if population j is resonant

(so Cj is non-zero in

the above) the term aOj will always be positive. Therefore,
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using the symbol X' to denote a summation including the
resonant terms only
RHS = n q2B 2 (CXCJj) X'

(nj/KTj) e~ri (MNj - M T j (l - rj))

the expression for P becomes

P = C X' (n j/KT j) e"r 3 (MNj - M T j (1 - rj)) - kXpD
where C = n q2 aOj D and D =

(B/k)2 /(X mjnj) . C and Dare

both positive for a propagating wave solution
> 0)

(30)

(i.e. when k2

.

4.2.4 Summary
To summarise,

an unstable wave solution exists for a

particular value of a if both k2 and P are simultaneously
found to be positive. The expressions for k2 and P are
Equations 29 and 30
k2

= q2B 2 X

P = C X'

[ (nj/KTj)

{MN jfj + M Tjgj}] / X

(irtjnj (OC-v^j))

(nj/KTj) e”r ^ (MNj - M T j (1 - rj) ) - kXpD

where C = n q2 acjj D and D =

(B/k)2 /(X mjnj)

In the following section we will show that the well
understood MHD case can be derived from our dispersion
relation,

demonstrating the validity of the relation. The

section also contains complete solutions for two cases
illustrating the short wavelength instability.

4.3 Solutions
4.3.1 MHD interchange instability
In section 4.2 we have derived a dispersion relation using a
resonant particle model to describe interchange instability
at wavelengths which are too short for the MHD fluid model
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to be valid. This model is sufficiently general that we may
use it to reproduce the results of the MHD regime specifying
the conditions for longer wavelength interchange motions.
In the resonant particle model, we have seen that most
particles travel at a different speed to the wave, and due
to its short wavelength, they see rapid variation in the
electric field direction. Only the resonant particles
experience little change in the electric field with time.
In contrast, the azimuthal scale length of the electric
field

(and associated radial plasma flow structure)

is so

large in the fluid model, that particle displacement due to
drift motion is negligible by comparison,

on the timescale

of interchange motions. Thus, very little variation in the
electric field is seen by plasma particles on the timescale
of an interchange in the MHD model.

In terms of the resonant

particle model, we can represent a long wavelength

(MHD)

instability by regarding all the particles as being at rest
in the electric field, which is only possible if we also
assume that the electric wave is stationary

a =

(for which

all particles are in resonance with the wave

0). In a sense,

in this scenario.
Our general dispersion relation is given by Equation 13

—Ep = E JJ d^v

{n\jk(P - i (Xj' ) f j/B^
+ SjVDj

where GCj' =
co/k,

p

(a

- v^j) and

p

(Df j/Dx)/kB

(p

is the growth rate,

- i CXj' ) }
i.e.

a

= y/k. It was derived assuming an electrostatic

travelling wave

(Equation 2)

E = E y
where E = E 0 e ^

e^ (ky - cot)
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=

We select a wave with zero velocity, but a distinct
azimuthal structure, by setting co to zero, and represent the
negligible drift of particles by setting Vp>j to zero

(though

we must retain the q.}V£)j term which corresponds to the ring
current effect). This implies that a = 0 and <Xj' = 0.
Returning to a frequency representation, the dispersion
relation becomes

-XPB2 y = Z

JJ d 2v

(Y2 mj f j + q-jV^jB (Df j/Dx) }

(31)

This gives a condition for stability
- Y2

£ mjnj < X // d2v (qjV£,jB (Df j/Dx) )

(32) .

or, in the limit of small growth

0

< Z

Jj

d2v (qjVpjjB (Df j/Dx) )

(33)

and a growth rate given by
Y = - Z [Y2 mjnj + \\ d2v {qjV^jB (Df j/Dx) }]/ZpB2

(34)

Notice that the growth rate varies inversely with the
ionospheric conductivity,

in marked contrast to the linear

relationship found in the case of short wavelength
instability. We may express the condition for stability
given in Equation 33 using the parameters MN and Mp

Z nj( MNj qj(vcen)j + MPj qj(vgjb)j)

< 0

(35)

illustrated for a single species in Figure 4.3.
According to Equation 35, the stability condition is
independent of the pressure gradient
temperature gradient)

(or equivalently the

in a plasma consisting of an ion

population and an electron population, which share the same
number density and temperature

(and thus also MN and M p ) .

This follows from the fact that njqj (vg^) j will be the same
for the electron and ion populations. The same applies to a
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Figure 4.3. Stability conditions for MHD flux tube interchange for the
single species case. The stability condition for a multispecies plasma
corresponds to the weighted sum of such single species conditions
(Equation 35).
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plasma composed of several such ion-electron population
pairs.

In contrast, due to differences in electron and ion

mass, the ion and electron centrifugal drift velocities will
always differ, ensuring that MN does not drop out of the
stability condition along with Mp. However,

in real space

plasmas, the ion populations tend to be hotter than the
electrons and the temperature gradient is important.
This stability condition reproduces the familiar MHD
results. Referring to Chapter 2 we recall that the critical
gradient for centrifugally driven instability corresponds to
conservation of nV, which is equivalent to the case where MN
= 0. Similarly the critical gradient for pressure driven
instability corresponds to conservation of pvY, which,

in

our two-dimensional model for which y = 2, is equivalent to
the case where M P = 0.
It is possible to rewrite the MHD interchange instability
condition of Southwood and Kivelson

(1987) in the form given

above. Their special case of a magnetic field with no
curvature corresponds to the model adopted in this chapter.
This comparison supports our belief in the validity of the
dispersion relation used in this chapter.

4.3.2 Short wavelength instability - two-population case
A plasma is usually composed of a quasi-neutral mixture of
ions and electrons. The simplest situation we may consider
is therefore that of plasma containing a single ion
population and a single electron population.

If quasi-neutrality prevails, the unperturbed number density
distributions of these two populations will be essentially
identical throughout the plasma disc

(n^(x,y) = ne (x,y)).

In deriving the dispersion relation we have assumed that the
distribution in velocity-space of each population of charged
particles can separately be represented by a Maxwellian
distribution. Strictly speaking, this implies that in each
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particle population the particles are in thermodynamic
equilibrium, which is not necessarily true. For example,
particles of a given species which are picked-up at the same
site in a rapidly rotating magnetosphere will all be created
with precisely the same energy. In the Io torus, particle
densities are high enough that collisional processes act
(Chapter 1) to modify the velocity distributions of the
pick-up particles,

rendering them more Maxwellian.

For simplicity, we may further assume that the electron and
ion populations share the same temperature distribution
(T^(x,y) = Te (x,y)), implying that the two populations are
everywhere in thermodynamic equilibrium. As the two
populations have the same number densities and temperatures
it follows that MNi = M^e =

and likewise for M?.

The mean magnetic field gradient drift speed, Vgb (Equation
19) , will be the same for the two populations,

as we have

set T-j_ = Te . The centrifugal drift speed, v cen

(Equation

20) , of an ion exceeds that of an electron by the large
factor m^/me = A*1835, where A is the mass number of the ion
species

(and thus an integer). We may define the positive

quantity x = v cen/v gb; •'-n this example, x^/xe = m^/me .
Using our definition of r (Equation 22)
r

=

(a -

V c e n )

/vgb

we can relate drift speeds thus

(v cen) i + ri (v gjb) i

(v cen) e “ re (v gjb) e

=

which implies the general relation

ri + re + x i + xe = 0

(36)

In the following we will make the substitution
x' = x^ + xe =

(1 + m e /m^)
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* x^

(37)

where x' is approximately equal to x ^ .
In our search for instability, we need only examine wave
velocities at which resonance is possible. We can ignore
wave velocities lying between

(vcen)e and (vcen)^ as no

particles have drift velocities in this velocity band. At
any other wave velocity a resonance can occur and one of r^
or re will be positive, while the other is negative. We can
use the symbol rr to denote the resonant population,

some of

whose particles are in resonance with the wave, and rn _r to
denote the other population, none of whose particles are in
resonance.

It follows from Equations 36 and 37 that we may

write
rn _r

= - rr - x'

(38)

consistent with our definition that rr will be positive

(rr

= W res/kBT) and rn_r will be negative.
Our expression for p is Equation 30

P = CZ'
where C = 7t

(n-j/KTj) e_r3 <MNj - MTj (1 - rj)) - k£pD
aOj D and D = (B/k)2/(£ mjnj)

Recalling our statements about n, T, MN , and M T , and that
the non-resonant population does not appear in the summation
L', we find

P = C (n/KT) e~r <Mn - Mt (1 - r) ) - kEpD

(39)

where
r

= rr = W res/kBT,

m' = m^ + m e

(40)

and we re-express D as

137

D

(41)

= B 2 / (k2 m'n)

If Zp = 0, we may write

P

= C'

(42)

(Mn - M t <1 - r))

where

(43)

C' = C (n/KT) e~r
which is always positive.

Note that C' contains the term e“r , implying that p declines
exponentially with rr . This is due to our assumption that
the particle populations obey a Maxwellian velocity
distribution,

in which the number of particles declines

exponentially with increasing energy.
In the MHD case

(4.3.1), we have illustrated the instability

condition by drawing the locus of p = 0 on a graph with axes
M n and Mp

(Figure 4.3). The locus divides the figure into

two parts corresponding to stable and unstable solutions. In
the following it will prove useful to represent all our
results on polar plots where the polar angle

(arctan(MN /Mp ))

identifies a particular ratio of MN and Mp . Our expressions
for P and k2 (given below)

involve simple sums of terms in

M n and M p . Thus, as far as determining the signs of P and
k 2 , and hence demonstrating unstable solutions is concerned,
all magnetospheres represented by the same polar angle are
equivalent. We are more interested in the sign of P than its
magnitude,

so such a presentation is satisfactory.

In the

resonant case we use the radial distance to represent rr ,
the ratio of the energy of the resonant particles to the
mean energy of the population to which the particles belong.
It is not necessary to consider very large values of rr ,
since P decays exponentially with rr and we are unlikely to
find growing solutions at large rr in a more realistic model
which includes the effects of ionospheric conductivity
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(e.g.

Equation 39). In the fluid case the rr term is redundant and
the radial coordinate carries no information; hence the
locus of (3 = 0 is a straight line in the fluid plots. We
will also use similar plots based on MN and M T .
In Figures 4.4 and 4.5 we illustrate the conditions required
for instability in our two-population plasma model

(embodied

in Equation 42) using polar plots based on MN and M T , and MN
and Mp respectively. The solutions differ somewhat from the
MHD case

(see Figure 4.2). We discuss these solutions in

section 4.3.3.
In order to prove the existence of unstable solutions to the.
dispersion relation,

it is necessary that we confirm that

there are positive solutions to our expression for k 2 at
wave velocities at which p is positive. Recalling again our
statements about n, T, MN , and M T , our expression for k2
(Equation 29)
k2

= q2B2 [Z (nj/KTj)

{MNjfj + MTjgj}] / £ (mjnj (a-vDj) )

becomes
k2

=

q2B2 [Z {MN fj + M Tg.j}] / KT

2, (mj <a-vD;j) )

(44)

and may be recast further as
k2 =

(q2B 2 /m'KT) V M

(45)

in which form the sign of k2 is controlled by the parameters
V and M. Various rearrangements, explained in the following,
are involved in arriving at this last equation.
The denominator in Equation 44 can be rewritten
Z

(mj (a - V£,j) = m' (a - vm )

where m' = m^ + m e (which is approximately equal to mj_)
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(46)

Figure 4.4. Instability conditions for the two-population plasma model
(Equation 42) on an (MN,MT) polar plot. Instability corresponds to beta
> 0. Compare with the MHD case (Figure 4.2) . Note that we must also show
that

> 0 to prove that an unstable wave solution exists.
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Figure 4.5. Instability conditions for the two-population plasma model
on an (MN ,Mp) polar plot (Mp B %

+ M^). Instability corresponds to beta

> 0. Compare with the MHD case (Figure 4.2). Note that we must also show
that k^ > 0 to prove that an unstable wave solution exists.
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and the weighted mean velocity vm is given by

vm = <vDi

+ vDe m e )/m' - vDi

(47)

The sum in the numerator of equation 44 simplifies to become

mN (fr + fn-r) + M T<9r + 9n-r>
Using our general definitions of f and g (Equations 24 and
25) we can write the following simple expressions in terms
of the function \|/(r)

(Equation 23)

(fr + fn -r )/cl = y ( r r ) + Y( r n_r )
(9i>

9n-r^

/ ^

= 2 + r^. [\j/(r^)

(48)

—Y ^ n-r) ]

- [\|/(rr) + ¥ (rn _r ) 3 - x' y( r n _r )

(49)

which, through our expression for rn _r (Equation 38)
prove to be functions of only two variables, rr and x ' .
Using these relationships we arrive at Equation 45
k2 =

(q2B 2 /m'KT) V M

where the bracketed term is a positive constant,

M = Mjq (f
which,

+ fn _r ) /cl + M<p (gr + g^—r)

(50)

as a function only of the two variables rr and x ' , is

independent of which population is in resonance,
v = a/ (a -

and
(51)

V m )

which embodies the distinction between resonances with the
ion population and resonances with the electron population.
V will be positive when a has values corresponding to a
resonance with the electron population. V is also positive
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when a > vm

(all such values correspond to ion resonance),

but V is negative for a resonance with ions where a < vm .
(Note also that V becomes very large near the discontinuity
at vm ) .
The question of whether a wave of a particular velocity will
propagate in a given plasma is now posed as a question of
whether the product VM is positive or negative.
The function M depends on the variables MN , M T , rr and x ' .
Also, V, which varies only with a, can be expressed as a
function of rr . Thus we may illustrate both M, and hence k^
(which is proportional to VM), using the polar plots
described above. We are only interested in values of k^
likely to correspond to positive values of

P,

neglect larger values of rr in our study of k^

so we can
(we argue

above that positive values of P will only be found at
smaller values of rr ) . Figure 4.6 shows the locus of M = 0
plotted according to the convention given above,

for two

extreme values of x'(x' = 1 * 10^ corresponds to very cold
ions and x' = 1 * 10” ^ to highly energetic ions). The loci
of M = 0 for all intermediate values of x' lie between these
two curves.
A plot of the locus of k^ requires that the effect of V is
included.

In the resonant electron regime, the distribution

of positive and negative regions on the

(MN ,MT ) plot is the

same for k^ as for M, since V is positive for all values of
a for which the electrons may resonate with the wave.
However the resonant ion regime is split in two by_the
discontinuity in V, which occurs when a = vm

(or * vp^ - see

Equation 47) and rr is very close to 1. Thus, beyond the
radius of rr = 1, where V is positive, the distribution of
positive and negative regions on the

(MN ,MT ) plot is the

same for k^ as for M. However, within that radius, the
distribution is reversed; regions which are positive on a
plot of M are negative on a plot of k^ and vice versa.
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Figure 4.6. A plot of the locus of M = 0 for the two-population model.
The dark and dashed curves correspond to the cases vcen »
«

Vg£ respectively.
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Vg£ and vcen

These arguments have been used to construct Figures 4.7 and
4.8, which present the sign of k^ for the cases of waves
which resonate with ions and with electrons respectively.
Finally, we may superpose the locus of p = 0 on the plots of
the polarity of k^. This has been done in Figures 4.9 and

4.10. Areas where k^>0 and P>0 (shaded parts of Figures 4.9
and 4.10) represent conditions where the growing solutions
to the dispersion relation exist, provided the ionospheric
conductivity is zero. The existence of such areas
corresponds to the successful simultaneous solution of both
parts of our dispersion relation and confirms that the
postulated travelling wave instability can indeed occur.
A more realistic model would use non-zero

(and, by

definition positive) values of Xp, in which case the term kD
= Lp (B2/k m'n) must be also positive

(see Equation 39).

Consequently, we have

P

< C'

(MN - M t (1 - r))

(52)

moving the locus of p = 0 so that the area of overlap of P>0
and k^>0 will shrink,

indicating that some of the solutions

found by assuming that Lp = 0 are likely to vanish. In later
work, we hope to examine the consequences of a non-zero Lp
in more depth.
These results are applicable to any plasma satisfying the
stated assumptions. In particular, provided that the two
populations share the same number density and temperature,
then the density and temperature may take any values. The
theory may be applied to very hot or very cold plasmas,
might be applied to systems ranging from planetary
magnetospheres to pulsars.
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and

5

Figure 4.7. The locus of
corresponding to

■ 0 in the range of wave velocities

io n r e s o n a n c e .

(Particle energy is represented by

radial distance, increasing from zero at the origin.) Propagating wave
solutions exist at those values of 1%,

and particle energy for which

k^ > 0. Note reversal in polarity of k^ along the circle radius r « 1.
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Figure 4.8. The locus of
corresponding to

« 0 in the range of wave velocities

electron resonance.

Propagating wave solutions exist at

those values of M jj, Mj and particle energy for which k^ > 0.
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Figure 4.9. Stability criteria for short wavelength interchange motions
in the two-population model, in the range of wave velocities
corresponding to

ion r e s o n a n c e .

The shaded regions indicate where

growing, propagating wave solutions exist (i.e. beta > 0
The dotted and dashed curves corresponds to the cases
vcen <<

vgb

respectively.
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and

> 0 ).

v ce n »

Vg£ and
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Figure 4.10. Stability criteria for short wavelength interchange motions
in the two-population model, in the range of wave velocities
corresponding to

electron resonance.

The shaded regions indicate where

growing, propagating wave solutions exist (i.e. beta > 0

and

> 0 ).

The dotted and dashed curves corresponds to the cases vcen »

Vg5 and

vcen «

vgb respectively.
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4.3.3 Discussion of the two-population example
This very simple example reveals the unique features of our
short wavelength or resonant particle model of interchange
(so named to distinguish it from the fluid, or MHD model
described in an earlier section).
The conditions for growth of MHD interchange motions (e.g.
4.3.1) are represented on polar plots in Figure 4.3 for
cases of large x' (vcen » Vg^) and small x ' (vcen « Vg^).
The density and temperature gradients in a particular
magnetospheric region, can be described on the polar plot by
a vector which connects the origin to that point defined by
the values of MN and MT corresponding to those gradients.
Growth is possible in those parts of a magnetosphere where
the corresponding (Mn ,Mt) vector lies in the regions
labelled 'beta > 0'. (Similarly, but with Mp in place of MT,
if we are working with pressure rather than temperature.)
For example, a positive MN corresponds to a density gradient
which is more steeply negative than the marginally stable
gradient and is thus unstable. (Although we are interested
in the angular coordinate, the radial coordinate has no
meaning in terms of the MHD theory.)
As mentioned above, the conditions for growth of resonant
particle interchange motions are indicated on (MN ,MT) polar
plots in Figures 4.9 and 4.10 by those (shaded) regions
where both P >0 and k^ >0. As in Figure 4.3, the two extreme
values of x' are represented. In these figures, the radial
coordinate represents r (Equation 40) and indicates the
energy of the resonant particles.
On comparing these three figures, the differences between
the resonant particle and MHD models are striking. Wave
growth is possible for almost any magnetospheric density and
temperature in the resonant particle model (although
ionospheric damping has been neglected in preparing these
figures), while in the MHD model, growth is only ever
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possible in half the available parameter range. In
particular, no growth is possible in the MHD model when both
Mn and M t are negative, but growth is possible in this
region in the resonant particle model for waves which
resonate with ions (and to a lesser extent with electrons).
Similarly, for large values of x', growth is not possible in
the MHD model given certain combinations of positive MN and
negative MT, yet the contrary applies in the case of
resonant particle interchange. A similar argument may be
applied to the quadrant where MN is negative and MT is
positive, although in this case wave growth is often only
possible for resonance with the higher energy particles
which constitute only a small fraction of the total
population. As expected, there is no growth in the
marginally stable case of MN = MT = 0 in either the MHD or
the resonant case. We will discuss the results in the jovian
context in 4.3.5.
The explanation for the tendency of the resonant interchange
instability to arise in a wider range of magnetospheric
conditions than fluid interchange, lies in the resonant
nature of the instability. A system may be unstable to
interchange motions involving a resonance with energetic
particles, while it is stable to interchange of less
energetic particles, or vice versa. Yet although part of the
particle population is unstable, the rest may exert a
stronger stabilising influence with the result that the
system is stable to MHD interchange, yet unstable to
resonant interchange.
Hence also the curved locus of p = 0 arising from the
resonant particle model. As we move along a particular
radial vector, we are, at each point on the vector,
considering a resonant group of a particular energy. The
intersection of the locus of p = 0 with our radial vector
separates those resonant groups which are stable from those
which are unstable.
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The mechanism behind the interchange instability in the
resonant particle model is the same as that in the fluid
model (4.1.2). Unless the plasma configuration is marginally
stable, ring current flow is modified by the radial
displacement of particles due to some perturbation.
Continuity of current is maintained by the flow of fieldaligned and ionospheric currents, with an accompanying
electric field appearing across field lines cut by the
ionospheric flow. ExB forces arise which either act to
reduce or increase the displacement of perturbed particles.
The former case corresponds to a stable system, the latter
to an unstable system. This is illustrated in Figure 4.11.
In the fluid case, all the plasma in a perturbed flux tube
contributes to the modification of current flow and is
strongly affected by the resulting electric field. In the
resonant particle case however, only the resonant particles
are perturbed, only they contribute significantly to the
perturbation of current flow, and only they are strongly
affected by the electric field (though the non-resonant
particles also experience the field). In other words, the
resonant particles behave much as the fluid plasma behaves
in the fluid model, while the non-resonant particles play
virtually no part in the energetics of the instability.
Let us look in detail at the way the radial displacement of
groups of resonant particles affects the local ring current.
The current contributed by a group of particles depends both
on the number of particles and on their drift velocities.
However, we are considering only resonant particles which,
by definition, all have identical drift velocities. Thus it
is only necessary to compare the number of resonant
particles which are removed from the ring with the number
that replace them. The number of resonant particles in a
given position element at a specific instant is given by
fres, that portion of the distribution function (Equation 8)
having the resonant energy
fres = n m e ( " W r e s / K T ) /

(2

n KT)
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(53)

Field Aligned Currents
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Figure 4.11. Illustration of the mechanism of short wavelength
interchange instability. Plasma is confined in the equatorial plane. The
figure shows the rest

frame of the resonant plasma.

We illustrate only a

small part of the sinusoidal electric wave discussed in the text (also
at rest in this frame). A current system is generated to maintain the
ring current in response to perturbations in the resonant particle
current (due to the inward displacement, by the electric field, of
resonant particles from B to A ) .

Non-resonant

particles are in motion

relative to the electric wave and spend little time in the perturbed
region. Their displacement due to the ExB force is thus much less than
that of resonant particles.

153

It is possible that the number of resonant particles in the
new group will equal that in the old group. This is the case
of marginal stability where the density and temperature
gradients are given by MN and MT = 0.
If the temperature gradient obeys MT = 0 then the number
density gradient alone controls whether or not a current
perturbation results from a radial particle displacement. As
fres
directly proportional to n, the relationship between
the density gradient and the sense of current flow is just
the same as in the familiar fluid model.
In the same way, if MN = 0 then the temperature gradient
alone controls whether or not a current perturbation results
from a radial particle displacement. However, the
relationship between the temperature gradient and the
current perturbations requires careful explanation. If we
compare two Maxwellian distributions, corresponding to
populations of slightly different temperatures (T and T +
AT), but the same number density, we find that at energies
below kBT the cooler population will slightly outnumber the
hotter population; the reverse being true at energies above

kBT.
If we imagine an inward radial perturbation which moves
resonant particles down a temperature gradient which is more
positive than the critical gradient (so MT < 0), we are
essentially replacing resonant particles from the cooler,
inner region with those from the hotter, outer region. If
the resonant energy is below kBT this reduces the number of
particles and hence the current at the point of interest,
therefore generating an electric field which provides an
inward ExB force. Under the action of this force, the
particles continue to travel inwards and the system is
therefore unstable. On the other hand, if the resonant
energy is greater than kBT the result is to increase the
current and generate an outward electric field, acting to
oppose the inward motion of the resonant particles.
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A similar argument applies if the temperature gradient is
sufficiently negative that MT > 0, but with instability
arising only when the resonant energy is greater than kBT.
The causes of instability in the cases when one or other of
Mn and M t is zero have now been explained. The form of the
regions of instability and stability elsewhere on Figure 4.4
follow naturally by linear superposition of the temperature
gradient and density gradient effects according to Equations
42, 45 and 50. Figure 4.5 presents the same information in
terms of the parameters MN and Mp. Comparison with Figure
4.3 serves to reinforce the differences between the short
wavelength instability, with its resonant particles and the
longer wavelength MHD instability.
There is also a damping effect at work in the resonant
particle model. It arises as a result of the work done on
the particles as they drift along the electric field, and
therefore its effects are felt only by particles at or near
resonance. Particles travelling rapidly with respect to the
wave will see its polarity reverse frequently and will
experience little net effect. Near-resonant particles
travelling in the direction of the wave electric field gain
energy from it. This increases their magnetic drift speed
and will tend to move particles in resonance to slightly
higher speeds, and marginally sub-resonant particles into
resonance. Since there are more particles at lower energies
in a Maxwellian distribution, this slightly increases the
number of resonant particles at such sites, increasing the
magnetospheric current in the direction of the electric
field. However, it is implicit in the generation of the
electric field that it is directed in the opposite sense to
the magnetospheric perturbation current which gave rise to
it, so the effect of the increased drift speed is to reduce
the perturbation current and the electric field, in other
words, to damp down instability. An equivalent argument
applies to near-resonant particles drifting in the opposite
direction to the wave electric field. This effect is
embodied in the expression for (5.
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4.3,4 Short wavelength instability - four-population case
Magnetospheric plasmas are usually less simple than our twopopulation example. In principle though, we can use the
general dispersion relation (Equation 13) to investigate
interchange stability in any magnetosphere in which the
important particle populations can be described without
violating the assumptions on which the derivation of the
dispersion relation was based (particularly that each
population has a Maxwellian energy distribution). For
example, we have seen that the two important plasma
populations in the jovian magnetosphere are the 10's of eV
torus plasma (dominant contributor of mass) and the 10's of
keV plasma (dominant contributor of pressure). As both
populations can be described in terms of a thermal
(Maxwellian) component and a high energy tail (Chapter 1)
the jovian magnetosphere is a suitable candidate for such an
analysis.
In this section we will investigate the possibility of
resonant interchange instability in a four-population
plasma, using a quasi-jovian model. We discuss the results
in the following section. A particularly interesting
question is whether the stabilising effect of a plasma
pressure gradient found in MHD models will also appear in
the resonant particle model.
The model plasma is assumed to contain two ion populations,
each complemented by an electron population. We distinguish
between the two pairs of ions and electrons using the
subscripts 1 and 2. Each electron population shares the
number density and temperature of its ion population twin,
so n-j^ = nel and n ^ 2 = ne2' anc* similarly for T. We assume
that the number density and temperature of pair 1 are quite
different from those of pair 2. As these are the same sets
of assumptions we made for the single pair in the twopopulation analysis, it is natural that we proceed along
similar lines.
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We assume that the two ion populations belong to the same
species and therefore, like the electron populations, are
comprised of particles which have the same mass and
centrifugal drift velocity. As in the two-population case,
the assumption of Maxwellian energy distributions implies
that the number of particles belonging to a particular
population, with a particular V b drift, declines exponentially
with respect to the particle energy. It is important to note
that the hotter population will be spread over a broader
range of energies than the cooler population, and that the
greater the difference in temperature, the greater the
difference in breadth of the energy ranges. The peaks in the
velocity distributions of each ion population correspond to
the case of negligible V b drift and both occur at the
(common) centrifugal drift velocity; similarly for the
electron velocity distributions. Consequently, the group of
particles in resonance will usually be dominated either by
'pair 1' particles or by 'pair 2' particles. This idea can
be quantified. Using our definition of r (Equation 22) in an
analogy with the derivation of Equation 36 we can show that
Ti /T2 = ri2/ri! = re2/rel = x'2/x'i

(54)

where x' is defined by Equation 37. As there are two
resonant populations we have a choice of two possible
parameters, rrl and rr 2 to use as the radial coordinate in
our polar plots. As indicated above, these parameters are
related by rrl T^ = rr2 T2 . If T^ and T2 are very different
(and in our example we will see that they differ by a factor
of around 100), then the two regions of interest (0<rrl<5,
0<rr2<5) barely overlap, and it is more useful to draw a
separate plot for each resonance. We will also assume that
Mjsj = MN1 = Mfl2 and Mi* = M^i = M<p2 / which turns out to be a
reasonable assumption in the case of the jovian plasma
sheet, as we explain later.
Our expression for P is Equation 30

P

= C I' (nj/KTj) e”r3 (MNj - MTj(l - rj) ) - k£pD
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where C = n q2 otGj D and D = (B/k)2/(X m j )
As in section 4.3.2, we will identify the set of growing,
propagating solutions which exist when Xp = 0. These then
include the smaller sets of solutions which exist when Xp >
0. Applying the constraints of this example we find that

P=

C [ (ni/KTi) e”rl (MN - Mt (1 - rx))
+ (n2/KT2) e"r2 (MN - Mt (1 - r2)) ]

(55)

As expected, two resonant populations (be they both ions or
both electrons) play a part, one population from pair 1 and
the other from pair 2. It is pointed out above that in our
example the two populations have sufficiently different
temperatures that we can ignore the contribution of one or
other of the resonant populations over much of the range of
resonant velocities as the other population is dominant.
Roughly speaking, the two terms are of comparable importance
where
(nx/KTx) e“rl = (n2/KT2) e”r2 = (n2/KT2) e“rl Tl/T2
and both are important in an interval centred on the value
of r^ satisfying the above. This is illustrated in
4.12 which shows that the locus of p = 0 resembles
population result over much of the useful resonant
the hot and cold populations, only changing in the

Figure
the tworange of
region

where both populations are important, as the cold-dominated
curve merges with the hot-dominated curve.
Our expression for k2 (Equation 29) is
k2

= q2B2 X

[ (rij/KTj)

{MN j f j

+ MT j g.j}]

/ X

(m^nj ( o - v c j ) )

Rearranging ion-electron population pairs according to the
procedure developed in the two-population case, we can
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F i g u r e 4.12. Plot of the locus of beta « 0 for the f o u r - p o p u l a t i o n case.
The figure illustrates h o w the locus ev o l v e s f r o m the da s h e d cu r v e
(locus corresponding to the cold pla s m a alone)
(locus corresponding to the hot pl a s m a alone)
thus the ener g y of the resonant particles,
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to the d o t t e d cu r v e
as the wave speed,

increases.

and

simplify the sum in the numerator, which becomes a linear
superposition of weighted M terms (Equation 50)
M" = (n/KT)x M 1 + (n/KT)2 M2

(56)

where Mj = [MN (fr + fn_r)/a + MT (gr + gn_r) j
and rewrite the denominator
I (iiijnj (a - vDj) = m"(a - vm ")

(57)

where m" = (n^ + n2) (mj_ + me) and the weighted mean velocity
vm " is given by
[nl(vDii mi + vDel me) + n2 (vDi2 mi + V£,e2 me)]/m"

(58)

which lies between v^-j^ and V£>j_2.
Continuing our analogy with the two-population case we may
now write
k2 =

(q2B2/m”) M" V"

(59)

where the bracketed term is a positive constant and
V" = a /(a - vm ")

(60)

In the above we have re-expressed the equation for k2 in a
form suitable for representation on an (MN ,MT) plot just as
we did for the two-population example. The same principles
apply, with V ” > 0 for electron resonances and ion
resonances where a > vm ", while V" < 0 for ion resonances
where a < vm ".
In order to proceed from here we need to specify a
magnetospheric model. Our model (described below) represents
the conditions in the dayside jovian plasma disc (mainly
because good nightside data is scarce - see Chapter 1).
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We use a simple magnetic field model (Chapter 1 of Dessler,
1983) which is valid between the outer boundary of the Io
torus (* 8 Rj) and 30 Rj, beyond which the field is more
time dependent (see Chapter 1). Caudal (1986) gives values
of 3.1 1021 and 29.0 1021 ions/Wb for the number of hot and
cold ions per unit flux (i.e. n^/B and n2 /B) respectively.
For our purposes only the relative sizes of n^ and n 2 are
required, therefore we use n^ = 3.1, n2 = 29 (the common
factor 1.0 102 ^ /B does not affect the sign of the result).
Following Caudal, we assume that (n/B) is a conserved
quantity in the disc, so these values are satisfactory guides
to the relative sizes of n^ and n 2 at 10 and at 30 Rj.
Caudal assumes that the magnetosphere is marginally stable
with respect to centrifugal interchange motions, which
appears to be a reasonable first approximation; at any rate,
his model has been well received. We also use Caudal's
(fairly crude) representation of the cold plasma
temperature, which is based on experimental evidence
presented in McNutt et al. (1981), and describes an increase
in temperature with distance. The cold ion population
temperature is about 100 K at 10 Rj and about 300 K at 30
Rj. Hot plasma temperatures in the middle magnetosphere,
reported by Krimigis et al. (1981), fluctuate somewhat, but
can be described fairly well as holding to a value of 30 keV
throughout the region. For our purposes, a precise value is
not vitally important.
The density gradient in the middle magnetospheric jovian
plasma sheet appears to come close to satisfying the
condition n/B is constant. We represent this by assuming
that Mn for both hot and cold plasma populations is close to
zero. The hot plasma appears to have a temperature which is
independent of radial distance, while the cold plasma has a
slightly positive temperature gradient. A hot plasma
temperature gradient of zero, corresponds to a value of -1
for Mt . The positive temperature gradient of the cold plasma
corresponds to a more negative value of MT (using our model,
M t = -1.7 at 10 Rj and MT = -1.4 at 30 Rj). Hence we infer
that the hot and cold plasma populations can both be
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represented on an (MN ,MT) polar plot by a vector
along the MT axis towards negative values of MT,
having a small positive or negative component in
direction. This conclusion justifies our earlier

pointing
possibly
the MN
assumption

that MNl = Mn 2 and M-pi = M t 2 •
Figures 4.13 and 4.14 each display the function M" for the
10 Rj case and the 30 Rj case. Figure 4.13 represents the
range of energies occupied by the majority of cold particles
and Figure 4.14, which uses an energy scale 100 times larger
(and includes the information of Figure 4.13 at its centre)
represents the range of energies occupied by the majority of
hot particles. Despite the difference in magnetic field,
distance from Jupiter, and the temperatures of the cold
populations, the two M" curves are very similar at 10 and 30
Rj;in the energy range occupied by the bulk of the 'cold'
particles. However, the two curves diverge somewhat at
higher energies when MN is non-zero, though they are very
similar along the locus of MN = 0, along which the vector
describing the jovian plasma sheet lies. The function V ” is
virtually the same at both 10 and 30 Rj (and, we presume, in
between). As both M" and V" appear to be essentially
independent of L along the vector describing the jovian
plasma sheet, we may conclude that the range of resonant
energies for which
> 0 in our model is also essentially
independent of L.
In Figures 4.15 to 4.18 we present solutions to the
dispersion relation for our model jovian plasma at 30 Rj.
Shaded areas indicate where k^>0 and (3>0 on an (MN ,MT) polar
plot, as in Figures 4.9 and 4.10. As explained earlier, we
need four figures to clearly illustrate the results
corresponding to resonances between the wave and all four
populations (hot and cold ions, and hot and cold electrons).
The difference between V (4.3.2) and V" is caused by the
difference between vm and vm ". The parameter vm " defines the
value of of at which the polarity of V" reverses (and always
lies in the ion drift velocity range). The velocity vm "
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F i g u r e 4.13. A plot of the locus of M" « 0 for the four - p o p u l a t i o n
model,

in the range of drift vel o c i t i e s d o m i n a t e d b y c o l d particles.

d o t t e d a n d d a s h e d curves cor r e s p o n d to th e results for 30 and 10 R j
respectively.
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The

F i g u r e 4.14. A plot of the locus of M" = 0 for the f o u r - population
model,

in the range of drift vel o c i t i e s occ u p i e d b y hot particles.

d o t t e d and d a s h e d curves c o r r e s p o n d to the results for 30 and 10 Rj
respectively.
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The

F i g u r e 4.15.

S t ability criteria for short wavele n g t h i n t e r c h a n g e mot i o n s

in the four-population model,

in the range of wave v e l o c i t i e s

corresponding to cold ion resonance. The shaded regions indicate where
growing,

pro p a g a t i n g wave solutions exist

(i.e. beta > 0 and

> 0) .

The dotted and d a s h e d curves c o r r e s p o n d to the results for 30 a n d 10 Rj
respectively.
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Mn 4
beta > 0

k*k < 0
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k*k > 0

beta < 0
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Figure 4.16. Stability criteria for short wavelength interchange motions
in the four-population model, in the range of wave velocities
corresponding to

cold electron reson a n c e .

The shaded regions indicate

where growing, propagating wave solutions exist (i.e. beta > 0

and

k^ >

0). The dotted and dashed curves correspond to the results for 30 and 10
Rj respectively.
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Figure 4.17. Stability criteria for short wavelength interchange motions
in the four-population model, in the range of wave velocities
corresponding to hot

ion resonance.

The shaded regions indicate where

growing, propagating wave solutions exist (i.e. beta > 0

and

> 0).

The dotted and dashed curves correspond to the results for 30 and 10 Rj
respectively.
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Figure 4.18. Stability criteria for short wavelength interchange motions
in the four-population model, in the range of wave velocities
corresponding to

hot

electron

resonance.

The shaded regions indicate

where growing, propagating wave solutions exist (i.e. beta > 0

and

>

0). The dotted and dashed curves correspond to the results for 30 and 10
Rj respectively.
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corresponds to r = 29.9 at 10 Rj and r = 10.6 at 30 Rj; in
both cases much larger than the r = 1 corresponding to vm in
the two-population example. These values of r are too large
for the locus of a = vm " to be represented on Figure 4.157
but are not sufficiently large to be very obvious in Figure
4.17. As we pointed out earlier, the V

(or V") terms have

the same effect on the polarity of k^ for all values of r in
the case of electron resonances, but for ion resonances they
cause the polarity to differ to either side of the value of
r corresponding to vm

(or vm "). Comparing Figures 4.9 and

4.15, we see that the additional hot plasma component in the
four-population model, by raising vm " far above vm , makes it
possible for resonant interchange motions to arise in a much
larger proportion of the cold population than was possible
in the two-population model.
We discuss these figures in the following section.

4.3.5 Short wavelength instability in Jupiter's
magnetosphere
In order to determine whether or not resonant particle
interchange motions will arise, we need to specify the
properties of the plasma. In the preceding section,we
suggest that in the plasma sheet MN is very close to zero
and M t lies between -1 and -2 for both the hot and cold
populations.

In order to broaden our study we must also

examine the Io torus. Although Voyager 1 measured the cold
plasma population in the torus region, there were no
measurements of the hot plasma in that region. There may be
very little hot plasma or, on the other hand, there may be
any amount up to plasma sheet levels depending on what
fraction of it precipitates into Jupiter's atmosphere as it
travels inwards. The possibility that significant quantities
reach the hot torus has been suggested in an attempt to
balance the energy budget of the hot torus
Siscoe et al.

(Chapter 1).

(1981) have provided us with a description of

the variation of the cold plasma number density Y with L.
Using the relationship MN dB/dL = (1/Y) dY/dL,
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and a simple

dipole model for the magnetic field

(B = B0/'L^)/ we infer

values for MN of 0.5 for the ledge,

3 for the ramp and 0.3

for the disc

(borrowing the nomenclature of Siscoe et al. -

see Figure 1.12). The density gradient in the cold torus is
several times steeper than in the ramp and oppositely
directed; we tentatively set MN < -10 there. The values of Y
quoted by Siscoe et al.
al.,

(1981) have been revised

(Bagenal et

1985), but since the error was simply an

underestimation of all values by a constant factor,
not affect our estimates of MN

(as they use

it does

(dY/dL)/Y).

The plasma temperature in the cold torus rises extremely
rapidly with increasing L (Figure 1.8), corresponding to a
large negative value of M T there. In the hot torus the
temperature continues to rise, though much more gradually,
implying a value of M T more negative than -1 in this region
too

(though there is a steep temperature drop near L = 11).

Comparison with the plasma sheet suggests that -2 < M T < -1.
In view of the lack of observations of hot plasma in the
torus, we will use the two-population model to study the
possibility that there is no hot plasma in the torus region.
We can also study the possibility that hot plasma is present
using the four-population model and the plasma sheet
parameters mentioned above. Judging by the similarity
between the 10 and 30 Rj curves in the cold plasma energy
range

(Figure 4.13), the error caused by assuming that

plasma sheet temperatures pertain in the torus will probably
be unimportant.

In applying our four-population model to the

torus, we implicitly assume that the ratio of hot and cold
plasma number densities is the same in the torus as it is in
the plasma sheet. However, we have already seen that there
are grounds for believing that the number of hot plasma ions
may be larger in the plasma sheet than the torus, which
suggests that the four-population model will probably over
emphasize the effect of the hot plasma population.
Let us consider the Io torus for the case of no hot plasma.
We are considering a plasma for which v cerj »
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Vg£ i.e. x' >>

0. In the cold torus, MN < -10 and M T is also steeply
negative.

In the MHD model

(Figure 4.3) there can be no

instability. Figure 4.10 indicates that an electron resonant
instability could only involve very few electrons,

and may

well be impossible given a more realistic model which
includes ionospheric damping. Figure 4.9 indicates that the
ion population is more likely to be able to support the
instability, though this possibility requires that MN /MT < 1
(which is hard to demonstrate one way or the other)
ionospheric damping is not too strong. In summary,

and that
it does

not seem likely that the cold torus will support resonant
interchange motions.
Moving to the hot torus, we note that MN is roughly 0.5
everywhere except the ramp, where it is estimated at 3. We
estimated
4.3,

(above) that -2 < M T < -1. Examination of Figures

4.9 and 4.10 confirm that these values of MN and M T

guarantee instability both in the MHD model and the resonant
particle model

(both for ions and electrons).

If we change from the two-population to the four-population
model

(and consider resonance with the 'cold' plasma), we can

see the effect of a 30keV plasma on stability of 10's of eV
plasma in the torus. This involves replacing Figures 4.9 and
4.10 with Figures 4.15 and 4.16. In this model,

although

both the ion and electron populations are capable of
supporting growth,

a much larger proportion of the ion

population is able to resonate

(recall that fres declines

exponentially as r, the radial vector on these the polar
plots). Thus our previous conclusion that resonant
instability can arise in the hot torus is unaffected, though
it may be that interchange activity is enhanced by the
presence of a hot plasma.
Moving now to the plasma sheet, where we estimate that MN is
very close to zero and M T lies between -1 and -2 for both
the hot and cold populations, we need to consider an

(MN ,MT )

vector which points roughly along the negative M T direction,
but may have a very small non-zero MN component. About 51%
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of the cold ion population

(Figure 4.15), but only 12% of

the cold electron population

(Figure 4.16) are able to

support resonant interchange motions

(the values of r

corresponding to growth solutions are 0.13 < r < 1 and 0 < r
< 0.13 respectively). These figures apply to both the 10 and
30 Rj examples,

and presumably to all L-values in between.

The hot plasma curves

(Figures 4.17, 4.18) also indicate

growth solutions along the negative M T axis. Provided that
the vector describing the plasma sheet does not have a
significant positive MN component, we conclude that
particles from this population will also be able to
participate in resonant interchange motions. The hot ion and
the electron figures look very similar, and in both there is.
a resonance band on the jovian vector between r = 2.75 and 3
(although this only appears in the 10 Rj case), but as only
1.4% of the ion/electron population exists in this energy
band we may disregard the feature.
In contrast with the cold particle resonances, there is a
difference in the number of hot particles able to resonate
in the 30 and 10 Rj examples. At 30 Rj, 33% of the hot
electron population can support the growth of interchange
motions, but at 10 Rj the figure falls to 27%. In the case
of the hot ion resonance, the reversal of the sign of k^
where a = vm " excludes the coolest 10% of the ion population
from resonance
or 17%

(see Figure 4.17)

leaving only 23%

(at 30 Rj)

(at 10 Rj) of ions able to support interchange.

Bearing in mind the anomalous plasma sheet temperature
gradient

(Chapter 1) it is interesting to compare the

fractions of the populations able to support short
wavelength interchange motions when MN = 0 and M T < 0 (as
observed)

and when MN = 0 and M T > 0 (as predicted by MHD

interchange models). With M T < 0, we have seen that these
are 0.51,

0.12,

0.23,

0.33 for the cold ions, cold

electrons, hot ions and hot electrons respectively at 30 Rj.
For a positive M T , the corresponding values are 0.05,
0.3,

0.32,

0.3 at 30 Rj. Note that there are no hot population

resonances corresponding to growth of interchange motions in
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the 10 Rj example when M T is positive.
We deduce that the jovian plasma sheet exists in a form in
which the proportion of the cold ions and electrons
dominate the number density)

(which

available to support short

wavelength interchange instability is roughly twice the size
that would be available with a positive M T . Thus the
anomalous temperature gradient, whatever its origin,
provides a more fertile breeding ground for short wavelength
interchange motions than the gradient predicted by long
wavelength

(MHD) interchange models.

In this section we have demonstrated that resonant particle
interchange motions are likely to arise in both the plasma
sheet and the hot torus, but probably will not arise in the
cold torus. Where instability is possible, parts of both the
hot and cold particle populations appear capable of
contributing to it. It would be interesting to know if the
inhibition of centrifugally driven interchange by a plasma
pressure gradient, known to occur in MHD interchange
motions,

also occurs in resonant interchange

(particularly

in the case of a model of the hot torus outer boundary)
Unfortunately,

in the four-population model described above,

we are bound by our assumption that both the hot and cold
plasma populations share the same density and temperature
gradients, which makes it impossible to address the question
using this model. We may speculate that the expression for
k^ is likely to be altered by introducing a difference
between the values of MN and M«p of the hot and cold plasma.
(Past experience indicates that the value of k^ is rather
sensitive to the relative values of its constituent terms.)
In this way, a change of the plasma conditions might bias
the growth solutions toward more weakly growing solutions
than indicated in the example given here; this would
correspond to a partial inhibition of wave activity,
affecting the rate of wave-related diffusion.
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in turn

4.4 Short Wavelength Interchange and Plasma Transport
There are two ways,

involving resonant particles and non-

resonant particles respectively,

in which short wavelength

interchange motions may contribute to plasma transport.
It is difficult to specify the typical net displacement of a
resonant particle without describing the full history of a
wave. Let us suppose that the wave will grow from nothing to
some maximum amplitude, whereupon it loses coherence

(as

opposed to decaying away). A resonant particle will move
steadily inwards

(or outwards)

as the wave grows, and when

the wave loses coherence the particle will

(temporarily)

come to rest, having been displaced radially. The behaviour
of a resonant particle while it is associated with a
particular wave is thus precisely analogous to the behaviour
of flux tubes described in Chapter 3. Given that the plasma
will contain many groups of resonant particles,

spread

across a range of resonant energies and thus unlikely to
undergo coordinated radial motions, we do not expect to see
density fluctuations of the sort predicted by flux tube
interchange models. The failure to observe such density
fluctuations

(see Chapter 3) is quite consistent with

resonant interchange motions.

In contrast,

a non-resonant particle will see an electric

field whose direction is regularly reversing,
in and out radially

and will move

(though in steps of increasing length

while the wave grows), such that when the wave loses
coherence, the particle will have been displaced radially.
However, the net displacement of the non-resonant particle
will be much smaller than that of the resonant particle,

and

is equally likely to be inward or outward of its starting
position

(depending on when in the cycle of oscillation the

electric wave became incoherent - a random event). We may
imagine that an unstable plasma will give rise to a
turbulent spectrum of waves of different velocities and
wavelengths; each with only a limited coherence time.
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A particle whose interactions with waves happen to be
resonant most of the time, will travel much more rapidly
than a particle which most often interacts non-resonantly
(since the resonant particle takes large steps, always in
the same direction, while the non-resonant particle takes
small steps, equally likely to be inward or outward). Thus
the motion of a consistently non-resonant particle is
diffusive, but that of a consistently resonant particle is
not. However, even a particle which repeatedly resonates
with waves may find itself travelling inwards in some cases
and outwards in others, since it may move from one group of
resonant particles to another as time passes

(unlike the

plasma in MHD flux tubes). Thus the radial motion of all
particles,

resonant or not, may be random, and the transport

of plasma may be described as diffusion.
In order to specify the diffusion rate, we need to estimate
the size and frequency of radial 'steps'

(then we can use

the expression given on page 104) . At this stage,

all we can

do is point out that resonant particles will undergo much
larger radial displacements than non-resonant particles. All
particles will interact with roughly the same number of
waves per unit time, though it is unclear what fraction will
be resonant with any particular wave

(except that it will be

a small fraction - consider fres) . Thus we cannot say
whether this form of transport will be more rapid than
ionospheric dynamo diffusion or not; just that it could be!

The density gradient of the energetic plasma

(10's of keV)

is consistent with inward diffusion. Without improved
observational evidence we cannot provide a convincing
argument that the energetic plasma directly stimulates
waves. The energetic plasma may only interact slightly with
waves driven by the cold plasma,

in which case diffusion may

be stimulated primarily by fluctuations in the ionospheric
dynamo electric field. Diffusion driven by either mechanism
seems consistent with the observations.
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4.5 Summary
In this chapter we have attempted to describe a non-MHD
diffusive plasma transport process which is able to tap the
stored energy of a plasma in the same way as MHD interchange
motions. As such, this model is intended to meet the
criteria identified in Chapter 3 for a new model of plasma
transport applicable to the jovian magnetosphere.
We have shown that resonant interchange motions will arise
in the hot torus and plasma sheet, but are unlikely to arise
in the cold torus. We have not yet attempted to demonstrate
that the instability will be inhibited in conditions such as
those found at the outer edge of the hot torus.
We also suggest how such motions could lead to rapid
(compared to ionospheric dynamo diffusion)

diffusive plasma

transport.
There is a great deal of potential for further work on short
wavelength interchange instability. For example,
already suggested,

as we have

it would be nice to adapt the four-

population model to investigate how the stability conditions
we have described for the plasma sheet are modified when we
consider the outer edge of the Io torus. It is important
that we evaluate the effect of ionospheric damping,
examining the consequences of both light and heavy damping.
It would also be interesting to evaluate k^

(rather than

simply discover whether it is positive or negative)

and find

out what kind of wavelengths our hypothetical electrostatic
waves possess. A prediction of this kind is necessary if we
are to test resonant interchange against observations.
Finally,

it would be interesting to make qualitative

estimates of plasma transport times and a diffusion
coefficient for comparison with values inferred from
observations. We expect that the diffusion coefficient will
be non-linear,

since the level of wave activity depends on

the mass density gradient
Summers

(1981)

(much as argued by Siscoe and

for their MHD model).
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Appendix
1 . Gyroradii
The gyroradius r of a charged particle is given by r = v±/co
= V(2mW)/qB. If

= W e then r^ »

re , as any ion is at

least three orders of magnitude more massive than an
electron. The inequality is even greater if W^> W e , as is
the case in the Io torus for example. Hence,

if we are to

define the minimum size of a flux tube in terms of
gyroradii, we should use the ion gyroradius.
torus,
amu

In the Io

at L = 6, the gyroradius of a 50 eV S ion of mass 32

(the largest mass of a common torus ion) is = 3 km.

2. Separation of ions and electrons due to drift motion
In the main text we identify two significant adiabatic
particle drift motions

(Equation 3)

= ( - |J.Vb /qB + m Q j 2x/qB ) y = (vVB + v cen)y
Consider an ion and an electron which are in virtually the
same place. After a time X, their azimuthal drifts give rise
to a separation s given by
s/T

= vDi - vDe = (vVB + v cen)i - (vVB + v cer})e
= W ± (l + f) |V b |/eB2 + (mi + me )£2j2x/eB

where e = |q|, V b = - |Vb [ and f = W e /Wi.
Define © = Vj_/x Q j , the ratio of the ion gyrovelocity to the
local corotation velocity

(which is roughly the gyrovelocity

of local pick-up ions). Since mi + m e * mi
s = [ 0 2x(l + f) |VB|/2B + l]Qj2xx/C0i

Let us express this distance in terms of a number, n, of ion
gyrodiameters Sg
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Sg = 2n©^xQj/C0j[
Hence, electrons and ions in a region of diameter Sg

(i.e. a

flux tube) move a distance s = Sg apart in a time t = xc
given by

s/S g

= [©2x(l + f) |VB|/2B + l]7Ct/Tjn© = x/xc

where Tc = Xjn©/[1 + A x © 2 ]7t where A =
is the jovian rotation period

(1 + f) |VB|/2B and Xj

(* 10 hours). The maximum

value of Xc (©) is
xc = nxj©' /2tc
which is found at ©' = l/V(Ax). The value of xc (©')

is

greatest when ©' is at a maximum i.e. when f ( = W e /W^)
takes its minimum value of zero. Thus the maximum

conceivable value of xc in a dipole magnetic field model,
where

|VB|/B = 3/x, is
Xc /Xj = n/7.7

The dipole approximation is reasonable at Io, but at larger
distances from Jupiter the magnetic field gradient will be
shallower than that of a dipole

(see Chapter 1) which will

make Ax smaller and ©' larger, raising our 'maximum' value
o f x c above the value appropriate in a dipole model. On the
other hand, the value of f will usually be larger than 0 and
will tend to reduce the 'maximum' value of xc . However,
if

even

= W e and f = 1, xc is only reduced by a factor of V2;

in the Io torus f is much nearer to zero

(e.g. using Tj_ * 50

eV and Te « 5 eV, f = 0.1 andxc /Xj * n/8.0 at 6 Rj; Bagenal
(1989) ) .
We conclude that a flux tube of diameter 8 ion
gyrodiameters,

in the Io torus, will be pulled apart

completely within one jovian period
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(10 hours).

3. Timescale for flux tube interchange
A characteristic timescale for the centrifugal interchange
motion of a flux tube can be calculated by considering the
'terminal velocity', dL/dt, of the flux tube at which the
centrifugal buoyancy force is matched by an equal and
opposite ionospheric drag force

(e.g. Siscoe and Summers,

1981) using Xj = AL/(dL/dt). Hence

Tj / T j

=

- (ZpBj2Rj2/mnj) (l/L4dY/dL)

where m is the average mass of a torus plasma ion. Following
Siscoe et al.

(1981) and describing the plasma distribution

using curves of the form Y = Y^(Lj_/L)c5i where the choice of
coefficients Y-j_,

and q^ depends on which region of the

magnetosphere is of interest, we find that dY/dL = -Yq^/L
and

Xj / X j

=

K /L 3 Y qi

=

L c5i _ 3 K / q i Y i L i q i

where K = ZpBj3Rj3/m£2j. If we set m = 24 amu, use values
quoted in Appendix C of Dessler

(1983)

for Bj, Rj and Qj,

and assume that Zp = 1, the Siscoe et a l . (1981) model of
Y (L) implies that 1/4 >
7.1 and

Xj / X j

Xj / X j

> 1/6 in the region 5.8 < L <

= (L/8)-3/1.9 in the region L > 8. Motion is

more rapid in the region 7.1 < L < 8 where 1/34 <

Xj / X j

<

1/17. The least well known parameter used in these estimates
of

Xj / X j

is Zp, which may be as low as 0.1 mhos

(in the

unlikely case that solar radiation alone causes ionisation
of Jupiter's upper atmosphere)
as high as 10 mhos

or, in the auroral regions,

(Strobel and Atreya,

1983). As the torus

L-shells are associated with auroral activity,

it seems

probable that the values of Xj given here may be
underestimated by a factor as large as 10. On the other
hand, Bagenal et al.
used by Siscoe et al.
of »^2,

(1985) point out that the values of Y
(1981) were underestimated by a factor

so the values of Xj quoted above should be reduced

by this factor.
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4. Comparison of characteristic timescales
The time for a flux tube n ion gyrodiameters wide to
disintegrate

(i.e. for the electrons to drift a flux tube

diameter apart from the ions with which they were associated
in the flux tube defined at t = 0) is less than or equal to

^ c ^ J ^ m a x = n /7.7

Various MHD centrifugal interchange models describe a
characteristic time Xj for a flux tube motion. The transport
of plasma in a real magnetosphere may only be described by
such models if the group of ions and electrons represented
by a flux tube is long-lived compared to the transport
timescale i.e. xc >> Xj and in particular Climax >> TIHowever,

our estimates suggest that

regions 5.8 < L < 7 and 8 < L < 14

Xj / X j

> 1/6 in the

(or larger, by up to a

factor of 7, if we take into account likely auroral effects
and the Bagenal correction). Thus, in these regions, the
requirement that xc >> Xj implies that n »

n' where n' lies

in the range « 1 to 7. Hence we have demonstrated that drift

motions place a more stringent limit on the minimum size of
a flux tube than the gyroradius, on the timescales of
interchange motions.
As we have mentioned in Chapter 3, doubt is also
(independently)

cast on the existence of 'small'

flux tubes

by observational evidence. In the range 6 < L < 11,
Richardson and McNutt

(1987) report that the density

distribution varies by no more than 10% on all length scales
down to the gyrodiameter of an Oxygen ion
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(i.e. n = 1).

Chapter 5

Investigation of Fast MHD Interchange
Instability and Motions
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5.1 Introduction
The plasma pressure within a flux tube will vary
anisotropically when the flux tube participates in an
interchange motion, unless some mechanism acts to
redistribute the energy of plasma particles between
perpendicular and parallel degrees of freedom

(Chapter 2).

Thus, treatments which assume that the plasma pressure
remains isotropic

(e.g. Southwood and Kivelson,

1987) will

only be valid if some process acts to enforce isotropy,

such

as scattering which violates all adiabatic invariants. The
characteristic timescale of a scattering process is several
bounce times. Thus interchange motions which occur within
shorter time intervals not only violate J, but also occur
too rapidly for scattering to have a significant effect and
guarantee an anisotropic pressure change. We shall refer to
motions which violate J as 'fast'

interchange motions

(and

motions which do not violate J as 'slow').
In this chapter we will consider the stability criteria for,
and consequences of, a fast flux tube interchange motion. We
will show that particles can gain considerable amounts of
parallel energy as a result of an outward fast interchange
motion.

Interestingly, the energisation phenomenon is not

exclusively a property of flux tube interchange, but will
occur whenever there is rapid radial motion of plasma. A
related consequence of the violation of J during a fast
interchange motion is that 'fast' particles will not
experience strong equatorial confinement of the sort
predicted by Siscoe

(1977), and apparently observed in the

jovian plasma sheet.
Our discussion of fast interchange

(below) refers to a

particle distribution for which the bounce motions of all
particles are much slower than the interchange motion.

In

general, part of the plasma in an interchanging flux tube
will have sufficiently slow bounce motion that its behaviour
during the interchange motion can be described by fast
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interchange theory, while the rest of the plasma will bounce
more rapidly and can be described by slow interchange theory
(either isotropic or anisotropic according to the importance
of scattering processes). The stability criteria for a flux
tube containing such a plasma presumably lies somewhere
between the fast and slow criteria. The two parts of the
distribution will behave quite differently in response to
the flux tube motion,

as outlined above.

5.2 Calculation of Stability Criteria
The derivation of instability criteria given here is based
on the small perturbation approach used in Southwood and
Kivelson

(1987). Additionally, we use a kinetic treatment to

derive expressions for the independent evolution of parallel
and perpendicular pressure during a fast interchange motion.

5,2.1 Unperturbed equilibrium
We shall assume in our treatment that if the magnetosphere
is rotating, the planetary-magnetosphere coupling is strong
enough to maintain the magnetospheric plasma in rigid
corotation.

In such circumstances, the effects of the

Coriolis force can be ignored and the sum of the centrifugal
and gravitational forces can be treated as an "effective”
gravity,

directed away from the planet when the former force

is dominant

(see, e.g. Southwood and Kivelson,

1987).

Within a magnetosphere in steady equilibrium, balance
between the plasma pressure, magnetic field pressure, the
magnetic tension,

centrifugal force and gravity must be

maintained. Note that the centrifugal force, like gravity,
may have components along the field.

The general expression for three dimensional stress balance
in a magnetosphere is,
jxB = V .P -

nmge f f =

(B2 / n 0 ) c

183

-

V_l ( b 2 / 2 ( x0 )

(1)

where j is the magnetospheric current, P is the pressure
tensor, ge ff is the effective gravitational force, the
subscript i refers to the perpendicular component,

and c is

the curvature vector, b.Vb (b is the unit vector along the
background magnetic field B), which is perpendicular to B.
In a collisionless plasma, there is equipartition of kinetic
energy perpendicular to B, but not in general parallel to B.
Thus p± may not equal p|^and the pressure tensor is termed
'gyrotropic'. Then the stress balance equation can be
divided into components perpendicular and parallel to the
magnetic field. The perpendicular component can be written
(e.g. Ferraro and Plumpton,

V±p t = nmgeffi +

b 2/^qC

1966)

- (pM - p±) c

(2)

where we have introduced pT, the total pressure
PT = Pj. + B2/2h 0

(3)

A similar expression can be written for the parallel
component of the stress balance equation

V MP|| = nmgeffn

+ (pM - P±)(V|tB/B)

(4)

indicating that parallel forces cause a variation of
pressure along the length of a flux tube. The second term on
the right in Equation 4 vanishes for an isotropic plasma,

so

that unless geffn = 0, there will be a pressure gradient
parallel to the magnetic field.
As in Southwood and Kivelson

(1987), we shall assume that

interchange motions are displacements of plasma and field
lines that conserve the direction of the magnetic field
(although,

if the plasma pressure is comparable to the field

pressure, these may not be field strength-conserving). The
plasma motion is assumed to be strictly perpendicular to the
ambient field. Of course, the perpendicular motion may give
rise to non-equilibrium conditions along the magnetic field.
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As we discuss later, the result may be secondary acoustic
flows taking place on the timescale of particle motions
along the field to restore equilibrium. Such parallel flows
would be expected to take place on a timescale comparable
with the particle bounce time and we shall not attempt to
treat them explicitly here.
We shall assume that we have an axially symmetric
least approximately,

(or at

axially symmetric) magnetospheric field

in which a hot plasma population is trapped. There can be no
interchange motions without a component of motion in the
radial direction in such a field. We shall label field lines
by their equatorial radial distance, L, and furthermore
assume that the field curvature is confined to meridian
planes.

5.2.2 Small perturbations
We represent the motion by a velocity field u, where u.B =
0. Although we acknowledge that some particle motion along
the field may occur in the interchange time interval due to
finite v M and due to accelerations resulting from the
change in local field aligned forces, we regard u.B = 0 as a
good first order description of particle motion.

In

practice, we treat the motion by assuming that u is so large
that the interchange is effectively instantaneous and
parallel particle motions can be ignored.

In order to

describe the growth or decay of motions, we take u to be
proportional to exp(ot). Thus instability is represented by
a positive a and the displacement of the plasma element is
given by u/a. To demonstrate stability/ it will be necessary
to demonstrate that there are no motions possible for which
c 2 is Real and positive.

We shall calculate the changes in energy and position
produced by the interchange motion, u, in the linear
approximation. The derivation is similar to that given by
Southwood and Kivelson

(1987)

for slow, isotropic

interchange. The main additional complication is introduced
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by the requirement that energy cannot be exchanged between
perpendicular and parallel degrees of freedom. This will be
true if scattering processes do not operate i.e. for both
fast and slow, anisotropic interchange. As it happens, the
assumption that we can ignore particle motions along the
field (i.e. that the growth/damping rate o is large enough
that

IG| >> |Vj ,b.V |)f dramatically simplifies the analysis,

and an analytical description of the evolution of
perpendicular and parallel pressure is readily obtained
using the Liouville theorem. The need for such a description
of the pressure changes is one of the sticking points in
deriving stability criteria for slow, anisotropic
interchange motion.
Let us write the total kinetic energy of a particle as W.
Its rate of change in the adiabatic
given by

(low frequency)

limit is

(Northrop, 1963)

dW/dt = |J.o 8b + qE.Vjj + v nF li

(5)

where 5b is the first order perturbation in B, F M contains
the force due to a parallel electric field and the effective
gravitational force, and the first adiabatic invariant,

}i,

is given by

Jl = W±/B

(6)

The term vB contains only the magnetic
curvature)

drift. External force

(gradient and

(e.g. gravitational)

adiabatic drifts do not enter this expression, because they
do no net work; the work done by drift motion due to an
external force along the electric field is exactly equal and
opposite to work done by the electric field drift in the
direction of the external force.
The total kinetic energy can be considered to be the sum of
a gyration energy W±, and a parallel energy W M , provided
that we neglect the kinetic energy due to the electric field
and first order adiabatic drifts. Following Northrop f
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assuming a steady state background magnetic field such that
3b/3t = 0, and dropping terms above first order in E since
this is a linear treatment

dWj_/dt = |i (g 8b +

u

(7)

.Vb ) + v m [i3b /3s

d W M /dt = 2W||U.c - v m |i3b /3s + (mgeff + q E ) M v M

(8)

where the field line velocity and the electric field are
related by u = E x B / B ^ .
We shall assume henceforth that E.b is zero

(which follows

from our definition of an interchange motion). If we assume
negligible parallel motion whilst the interchange takes
place, there is no possibility of exchanging parallel and
gyrational kinetic energy through the action of the mirror
effect

(the v m }i3b /3s term)

during the motion or of altering

W M through the action of ge ff||. Accordingly the linear rate
of change of W±, the gyration energy,

dw±/dt = |1g Sb + qE.vv =

ji(g 8b

is

+ u .Vb )

(9)

where vv is the magnetic VB drift. Provided that u is very
large, the curvature drift term survives the assumption of
negligible v (j and the linear rate of change of W M , is

dWM /dt = qE.VQ = 2W| |U.c

(10)

where V q is the magnetic curvature drift
changed by the

(so that W |( is

(un)bending of the field line)

and the rate

of change of W is
dW/dt = |1g 5b + qE.vg

(11)

One may straightforwardly derive an expression relating 8b
and u from the frozen-in field condition
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o 8b

= curl(uxB)

(12)

With a small amount of algebraic manipulation one can show
that
g 5b

= -B(V.u +

u

.Vb /b + u . c )

(13)

It follows that
dWj/dt = - | i B ( V . u + u . c )

(14)

We find the changes 8w±, 8wM and 8w etc. produced by the
disturbance by integrating our expressions for dW±/dt,
d W M /dt and dW/dt. In a linear theory, we use the
unperturbed orbit of a particle to describe the path of the
particle during the integration time. The integration is
greatly simplified when the growth time is rapid compared to
the bounce time; in this case the expressions for the change
in perpendicular and parallel energy are
dWj/dt ~ g 8w±,

d W M /dt = g 8w m

(15)

i.e. the convective time derivative seen by the particle is
simply approximated by the time rate of change of the
disturbance.
G 5w± = - \IB (V.u)j.

(16)

G 8w,, = - 2Wj i <v -u >n

(17)

where for reasons that will become clear later
Southwood,

(but see e.g.

1973) we have defined

(V.u )_l = V.u + U.C

(18)

similarly
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(V.u)

u.c

(19)

Applying the Liouville Theorem we can calculate the change
in the distribution function. Often one regards the
distribution function as a function f(p.,W,L) of the
invariants or constants of the background adiabatic motion,
|i, W and L. However, in the special case where we assume
there is negligible motion along the field direction, we may
treat the distribution as a function of W |t, W±, and L (even
though the two former quantities are not constants of the
long term motion)

and it is convenient to do so here. Then

8f = - 8wM3f/3wM - 8w±3f/3w± - 8l 3f/3L
and thus,

(20)

substituting for the changes in energy and noting,

furthermore, that
aSL * dL/dt = u .V l

(21)

- aSL 3f/0L = - u.Vf

(22)

we have
c8f = 2W m (V.u ) m 3f/3wn + w _l (V.u )_,_ 3f/3w± - u.Vf

(23)

Using the definitions of P M and Pj_ we have
P M = J d 3v 2 W (| f

(24)

P± = J d 3v Wj_ f

(25)

and with K representing a constant scaling term (= jW 2/m3^3 )
in the velocity space Jacobian, we can write
d 3v = K dW± dW|, (w m )-1/2

(26)

Using the expressions above for 8w± and 5wn , and performing
the integration,

one finds that
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- o 8 p n = u.Vp,, + p,,(V.u)1 + 3p| |(V .u) ,,

(27)

- o 8p± = u . V p ± + 2 pj_(V.u )± + pj_(V. u )

(28)

j

The continuity equation for n takes a similar form

—a 8n =

u . Vn + n [ ( V . u ) ± + ( V . u ) M]

(29)

where 8n is the perturbed density and

V . u = (V.u)

+ (V.u) j!

(30)

Consider the second term on the right hand side of the
density equation

(Equation 29). Its first part, n ( V . u ) ±, is

inversely proportional to the variation of flux tube area
available to the plasma, while the second part, n ( V . u ) M, is
inversely proportional to the variation in the local length
scale along the flux tube

(see Appendix A ) . The forms of the

pressure equations are identical to those derived in the two
fluid

(C.G.L.)

approximation

(see e.g. Clemmow and

Dougherty, p 354, 1969), and thus show that, in the limit we
have chosen, the plasma is behaving as a two dimensional gas
(ratio of specific heats, y = 2) in respect of the dimensions
perpendicular to the field,and as a one dimensional gas

(y =

3) along the field.

The first order momentum equation takes the form

nmau = - VjSp-r + (b 8b /|10)c + 8nmgGff± + 8p>pC - 8p(,c
where we have used,
8p<r = 5pj_

+

(31)

from Equation 3

b 8b /| i 0

(32)

( V . u ) (| as d M , ( V . u ) ±
as di and geff as g. Also, the j. subscripts on g and V will
In the following we shall abbreviate

be dropped and considered to be implicit, wherever these
terms appear in a dot product with u (as u.B = 0).
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5.2.3 Energy equation
Following Southwood and Kivelson's

(1987) approach, we

develop an expression for the total energy associated with
the perturbation, by taking the scalar product of the
momentum equation with u

nmou^
= - u.V8pT + (b 5b /}10)u .c + Snmu.g + Sp^u.c - 8pnu.c

(33)

The left-hand side is proportional to the rate of change of
kinetic energy at a particular point, while the right-hand
side is the rate of work done per unit volume by the body
force within the plasma. To obtain a global expression we
integrate throughout the volume in which plasma is perturbed
Jd3 r nmOu^
=

Jd^r

[-u.V8pT + 8nmu.g - (b 8b /|10 + Sp-j - 8p, ,)

Following Southwood and Kivelson

dM]

(34)

(1987), in employing the

standard expansions for V (u8p±) and V (uB8B) , re-expressing

V . u in terms of its parallel and perpendicular components,
and using Gauss' theorem we find

Jd^r nmGu^ = —Jd^r.uSp-p
+ Jd^r [8p Td± + 8nmu.g - (B8B / n 0 - Sp(, ) dM]

(3 5 )

If we choose boundaries which lie outside the region in
which the plasma is displaced, the surface integral becomes
zero. By substituting the expressions for 8pM , 8p±, 8n and 8b
(Equations 27, 28, 29 and 13)# and also using the stress
balance relationship

(Equation 2), we find that the volume

integral expression can be rewritten to contain a square
term

(with the useful property of being positive definite)
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Jd3r nma2u 2
= -Jd3r { Py[d± + a ] 2 - a 2Py + (u.Vn + nd,,) mu.g
+ [u. Vp,, + 3p, ,d, | - u.BVB/[i0] d M }

(36)

where Py = (2px + b 2/jj,0) and a, the quantity chosen to make
the first term on the right hand side a perfect square,

is

given by
aPy = (p

1 1

— B2 / m o ) d M + nmu.g

Note that, by virtue of the equilibrium condition

(37)
(Equation

2), we can also write
aPy = u . V p T + PjdM

(38)

5.2.4 Discussion of stability conditions
If a 2 is negative for all possible perturbations then the
system is stable. We can determine the contribution to the
stability of a flux tube from a volume element of the tube
by considering the sign of the integrand on the right hand
side of

(36), and also discover the relative contributions

to stability of individual terms. It is necessary to take
the sum of all the volume elements composing the flux tube
to determine the stability of the flux tube itself.
Let us examine the right hand side of (36) more closely. The
first term is never positive, and so always acts to increase
the stability of the system. Its minimum contribution to
stability is when it equals zero, so that
(dx + a) = 0

or, using

(39)

(38)
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u.Vpip + Pjd| | + P'ydj^
It follows,

0

(40)

from comparison with the expressions for 8p± and

8b , and the perpendicular equilibrium condition, that the
condition

(above)

is exactly equivalent to the requirement

that the total perturbation pressure is balanced i.e.
5p± + b 8b /^0 = 0

(41)

A similar result was found by Southwood and Kivelson

(1987)

who point out that it follows that any unstable interchange
motion would be expected to maintain total pressure balance
normal to the field, because a failure to do so will consume
more energy. The requirement specifies dx, which is a
function of the perpendicular plasma beta. Note that d M is
independent of the plasma properties parallel to the
magnetic field and is always given by -u.c.
Given that the total pressure is conserved during an
interchange motion, we can further develop the integrand on
the right hand side of (Equation 36), pausing only to note
that in this special case we can rewrite
- B 2 /|i0 (d±

- d, ,)

= 2pjdi +

Pud,,

(Equation 34) as

+ nmu.g

(42)

which we shall use shortly.
Setting the leading term in the integrand to zero, one is
left with the following terms
- d±2Py + (u.Vn + n d N ) mu.g

+ [u.Vp,, + 3p, |d, | - u.BVB/%] d|,
Substituting for ¥ i

using

(Equation 34) the integrand

becomes
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(u.Vpx + u. (VB/B)(B2/|i0) +

P j d M)

d j.

+ [u.VPll + 3 p n dn - u.(VB/B)(B2/|i0) ] d M
+ (u.Vn + n d M) mu.g
Substituting for B^/|l0 (dj_ - d M) from

(Equation 36) we find,

after selective substitution for d M = -u.c the following
suggestive form for the energy integral
G2

Jd2r nmu2
= -Jd2r { (u.Vp± - 2pj_u. (VB/B) - PjU.c) dj.
+ [u.VpM - p, ,u. (Vb /B) - 3p,,u.c] d, |
+ (u.Vn - nu.(VB/B)

- nu.c) mu.g }

(43)

The three major terms in the integrand are easily
interpreted. The first is associated with the change in
gyration energy

(i.e. the internal energy stored in the

perpendicular degrees of freedom), the second term is
associated with the change in energy of the parallel
(bounce) motion,

and the last is associated with the

gravitational or centrifugal energy change.
These criteria for stability are binding in a rigidly
rotating magnetosphere. Southwood and Kivelson remark that
in the case of a departure from rigid corotation, the work
of Rogers and Sonnerup

(1986) implies that a magnetosphere

will be more stable to interchange than in the rigid case
and that their criteria are sufficient, rather than
necessary conditions for stability. This is also the case
for the conditions presented here.
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5.3 Discussion
5.3.1 Comparison with the isotropic case
It is interesting to compare our result
G 3 Jd3r nmu3 =

-Jd3r {

u. (Vpx - (Vp±)Cr) dj.

+ u. (VP|1 - (VpM )cr) d, |
+ u. (Vn - Vncr) mu.g }

(44)

where
(Vp±)Cr = p±(2VB/B + c)
(Vp, |)cr =

P

m

(VB/B + 3c)

V n cr = n(VB/B + c)

+ §M = V.u = - a - u.c

(45)

with the result of Southwood and Kivelson for the isotropic
pressure case
G 3 Jd3r nmu3

= -Jd3r { u. (Vp - V p cr) V.u + u. (Vn - Vncr) mu.g }

(46)

V p cr = TP (VB/B + c) f V n cr = n(VB/B + c)

(47)

where

assuming perturbation pressure balance. Note that y takes
the value 5/3 in a three-dimensional isotropic plasma.
The density gradient term is the same in both expressions,
which is to be expected since it does not depend on the
isotropy or otherwise of the pressure. The difference
between the two cases is apparent in the critical pressure
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gradients and the coefficient of the pressure gradient term.
In order to interpret these expressions,

recall that if a 2

is negative for all possible perturbations then the system
is stable. In all these cases, a term of the form Au. (VII -

v n c r ) will contribute to stability if u.VII is more positive
than u.Vncr and A is positive (the reverse applies for
negative A) . In our expressions, terms of the form V n cr
contain both VB/B and c, which are usually negative,

so

VIIcr terms are likewise usually negative. The terms V.u,
(= - u .V b /B) and d N

(= - u.c) will all be positive for an

outward flux tube motion u and all negative for an inward
motion,

in accordance with the expansion/compression of the .

flux tube. Thus,
outwards

if the effective gravity vector is directed

(dominated by the centrifugal force) then for

outward motion, u.g > 0, and both the density and the
pressure gradients contribute to the stability criteria in
the same way - with A greater than zero - so that gradients

(Vp, Vn etc) are stabilising only if they are less steeply
negative than the critical gradients. The reverse applies
for inward motion. Note that these statements apply to an
infinitesimal element of the flux tube, and a full integral
over the flux tube is needed to determine the stability of
the flux tube.
Let us imagine an isotropic distribution of plasma which is
marginally stable to slow, isotropic interchange motions and
ask whether a fast interchange of flux tubes
isotropic plasma)

(which contain

is energetically favoured. The condition

for stability criteria for fast interchange

(Equation 44) is

G 2 Jd3r nmu2 =

-Jd3r {

u. (Vp± - p ± (2Vb /B + c) ) d±

+ u . ( V p M - p m (Vb /B + 3c)) d,,
+ u. (Vn - n (Vb /B + c) ) mu.g }
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and we are assuming that the background plasma distribution
is given by
V p cr = yp (Vb /B + c) , V n cr = n (Vb /B + c)
and that p = p± = p M , both in the background plasma and in
the test flux tube. The stability condition is therefore

Jd^r nmu^
= -Jd^r {

u

.(t p (Vb /B + c) - p(2VB/B + c) ) d±

+ u.(7p(VB/B + c) - p(VB/B + 3c)) d| | }

(48)

and as y = 5/3, d± = - u.VB/B, d, ( = - u.c this becomes
Jd^r nmu^ = - Jd^r (p/3) { u. (VB/B - 2c)

(49)

Thus the integral is negative, point by point throughout the
flux tube, and

is therefore also negative,

irrespective

of the field geometry. Thus a fast flux tube interchange

will not occur spontaneously in an isotropic plasma
distribution which is itself marginally stable to slow
interchange. This does not mean to say that a fast flux tube
interchange will not occur spontaneously in an anisotropic
plasma distribution which is marginally stable to slow
interchange, which is probably a more appropriate question
in the context of the jovian magnetosphere.
The instability criteria derived here apply not only to
fast, anisotropic MHD interchange motions, but also to slow,
anisotropic MHD interchange motions in a magnetosphere where
the field-aligned component of the effective gravitational
force

(and other external forces)

is negligible.

In neither

case do we consider the effect of field-aligned forces
acting during interchange; in the former,

fast case,

such

forces are not given time to act until the interchange
ceases,

and of course we assume that such forces are not

present in the latter case. Hence our deduction regarding
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the stability of a marginally stable isotropic plasma also
applies to the possibility of spontaneous slow anisotropic
interchange,

if field-aligned forces are negligible.

5.3.2 Consequences of fast interchange
According to our definition, J is violated for a particle
undergoing a fast interchange motion, and the velocity of
the particle guiding centre obeys u . B = 0. The forms of the
magnetic field lines in a dipole magnetic field are defined
by the curves r = L sin^0, where

(r,0) are the radial

distance and co-latitude in a polar coordinate system and L
the Mcllwain parameter. Those curves which are everywhere
normal to the field lines correspond to the trajectory of
particles during fast interchange and are described by r^ =
kcos0 where k is a constant. This set of curves is directly
analogous to the lines of electric force and of constant
electric potential associated with an electric dipole
(Lorrain and Corson,

1970) as sketched in Figure 5.1.

F i g u r e 5.1. Lines of ele ctric force and of constant e l ectric p o t e n t i a l
a s s o c i a t e d with an electric d ipole

(from L o rrain an d Corson,

1970).

These are respectively d i r e c t l y analogous to m a g n e t i c field lines
with arrows)

(shown

and to part i c l e trajectories d uring a fast interchange

m o t i o n in a dipole mag n e t i c field.
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We may illustrate the difference between fast and Jconserving interchange motions by comparing the trajectories
of particles representing each class of motion in the
(dipolar) model jovian magnetosphere of Siscoe

(1977). As we

described in Chapter 2, Siscoe calculates the phase space
distribution of particles issuing from the Io torus and
travelling by (1 and J conserving interchange motions,

and

finds that these particles will be confined within a sheet
of constant thickness lying in the equatorial plane. Also,
the equatorial value of the parallel energy of such
particles will be independent of L. Plasma from the real
torus may actually behave a little differently,

since

Siscoe's model neglects to account for the thermalisation of
ions that occurs in the torus.
Let us follow Siscoe and imagine an ion source at the orbit
of Io, but spread 10° above and below the equatorial plane.
It is clear from Figure 5.1 that a particle which is not in
the equatorial plane at the beginning of a fast interchange
motion will be displaced further from the equator as the
flux tube travels outward (the converse holds for inward
transport). Precise particle trajectories are illustrated in
Figure 5.2 for the case of particles which originate at
latitudes of 3, 6 and 9 degrees, to illustrate the spreading
o'f particles as the field line 'stretches'.
Figure 5.1 that the radial distance

It is clear from

(i.e. measured normal to

the spin axis) between the particle and the point where its
field line intersects the equator, increases as interchange
proceeds. This corresponds to an increase in the fieldaligned centrifugal potential energy of the particle. When
the interchange motion ceases, this increase in potential
energy is manifested in the particle motion as dramatically
increased peak

(i.e. measured at the equator) parallel

speeds. The potential equatorial parallel kinetic energy
W,ie of a particle undergoing a fast interchange motion is
given by mQj^L^(l - sin^0)/2 in a dipole field model,
rises

and

(as L rises and 0 falls) during an outward motion.
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Height /R

4-

10

Distance from J u p it e r / rx (equatorial piane)

F i g u r e 5.2. Trajectories of particles p a r t i c i p a t i n g in a fast
i n terchange in a dipole m a g n e t i c field.

The p a r t i c l e s are o r i g i n a l l y

lo c a t e d at the orbit of Io at latitudes of 3,
respectively.

6 a n d 9 degrees

If these p a r t icles underwent a s l o w interchange,

c o n s e r v i n g (I and J, they w o u l d remain in the s h a d e d region,
the equato r i a l confinement p r e d iction of Siscoe,
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1977.

a c c o r d i n g to

Thus we see that fast, J-violating interchange motions lead
to spreading of plasma along the field, in contrast to the
constant thickness disc arising from J-conserving
interchange. They also lead to large increases in the
parallel energies of particles,

in contrast to the

unchanging parallel energies predicted for J-conserving
interchange.
The jovian magnetic field structure is not dipolar, as the
field is inflated by plasma pressure and also distorted by
the centrifugal force. These effects are manifested through
adiabatic drifts as ring currents distributed throughout the
magnetosphere, which locally alter the curvature according
to
C = (- VxB + VB) /B

(50)

where VxB = |i0J in the magnetohydrodynamic approximation
(recall that a dipole magnetic field is a current-free
magnetic field). Nevertheless, the spreading out of
particles along the field, away from the equatorial plane,
and their consequent gain of potential energy, will arise
during fast outward interchange motions in any curved
magnetic field. Thus we expect that particle behaviour in a
dipole field and in the jovian magnetic field will only
differ in the degree of spreading out and of energisation.

An interchange must occur rapidly compared to the bounce
time to be considered 'fast'. We can calculate particle
bounce times in the dipolar model jovian magnetosphere
(which will be reasonably accurate near Io - Chapter 1)
using the model of Siscoe

(1977)

(see Appendix B ) . On their

creation at Io, particles have a bounce period of 4.2 hours.
The bounce period increases with increasing jovicentric
distance,

reaching 5.6 hours at only 10 r j ,and

asymptotically approaching a value of 5.8 hours at larger
distances. The calculation of the bounce period neglects any
parallel thermal motion the particle may have had prior to
pick-up. Such an omission is not unreasonable,
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since the

parallel thermal motion of a particle of energy 100 eV is an
order of magnitude below the equatorial value of the
parallel particle velocity at Io predicted by Siscoe - and
very few particles in the neutral torus are likely to have
energies as high as 100 eV.
It is also possible to estimate the characteristic timescale
of an MHD interchange motion and its variation with position
in the jovian magnetosphere. This has been done using a
model of plasma distribution given by Siscoe et al.
and using the 'eddy timescale'

(1981)

of Siscoe and Summers

(1981)

- see Chapter 3 and the Appendix of Chapter 4. Although
uncertainties in the value of the Pedersen conductivity lead
to a spread of possible solutions, these estimates are
comparable to or smaller than the bounce period throughout
the entire magnetosphere

(exterior to the orbit of I o). Thus

if MHD interchange occurs it is likely that it occurs
rapidly enough to violate J for most iogenic ionsfand that
the phenomena associated with fast interchange motions will
occur.

It is possible that the ideas of Chapters 4 and 5 could be
synthesized,

to explain both the more rapid transport in the

hot Io torus and beyond,

and the non-adiabatic

heating/cooling associated with outward/inward transport.

In

the two-dimensional model of Chapter 4, we picture a
turbulent spectrum of electrostatic waves,

stimulated by the

interchange instability of Chapter 4, distributed throughout
the magnetosphere beyond the hot/cold torus boundary.
Charged particles will move radially,

at random,

in response

to these waves and will diffuse according to their
distribution in space. Thus, iogenic plasma will diffuse
radially outward while energetic particles from the outer
magnetosphere will diffuse radially inwards. Ionospheric
dynamo diffusion will also play a part, but at this stage we
have not assessed the relative importance of these diffusion
mechanisms. A charged particle will be transported radially
when it travels with a wave,

for as long as the wave remains

coherent. Moving to a three-dimensional model, we note that
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if the coherence time is short compared to the particle
bounce time, the particle will not travel a significant
distance along the magnetic field during the radial
displacement. This is exactly analogous to particle
behaviour during a 'fast' MHD interchange motion. We
envisage the radial motion of a charged particle in terms of
a series of steps, as the particle moves from one coherent
wave to another. Thus, a thirty day journey out through the
hot torus could be composed of very many small radial steps,
each of which occurs in a sufficiently short time interval
that J is violated during each radial step

(the bounce

period for iogenic particles in a model dipole field is 6
hours everywhere beyond Io's orbit). Therefore we can
picture J-violating diffusive radial transport both within
and outside the hot torus. It may be possible to explain the
anomalous temperature gradient observed in the jovian plasma
sheet in terms of parallel energisation by fast interchange,
followed by scattering to redistribute part of that parallel
energy into perpendicular degrees of freedom. The reduction
of parallel energy will be accompanied by a lowering of the
particle mirror points, toward the equatorial plane. Thus
the spreading of plasma away from the equatorial plane will
be less spectacular than indicated in Figure 5.2., giving
rise to a relatively confined plasma distribution, more in
accordance with Voyager observations of the plasma sheet.

5.4 Conclusion
We have investigated the properties of MHD interchange
motions which proceed rapidly enough that the J invariant of
the interchanging plasma is not conserved/and have derived
corresponding instability criteria.

It is shown that such

fast interchange motions will not arise spontaneously in an
isotropic plasma which is marginally stable with respect to
slow,

isotropic interchange. We note that fast interchange

motions are equivalent to slow, anisotropic interchange
motions in a magnetosphere where field-aligned forces are
negligible,
sentence,

and that the statements of the previous

regarding stability,

also apply to this class of
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slow interchange motion. We suspect that jovian plasma will
not be isotropic,

in which case the above findings are not

relevant to the jovian case. Furthermore,

in order to

describe slow, anisotropic interchange in the jovian
magnetosphere, we need to take field-aligned forces into
account. Since such a study has not yet been carried out, we
cannot investigate the relative stability of an anisotropic
plasma to fast and slow interchange in a jovian-like
magnetosphere.
Rough estimates of interchange timescales

(which are

independent of whether J is violated or not) suggest that if
MHD interchange motions happen in the jovian magnetosphere,
they may occur at J-violating speeds.
Two consequences of fast interchange motions are outlined.
These are changes in the height of the particle above the
equatorial plane and in its field aligned centrifugal
potential energy,

resulting from the stretching or shrinking

of the curved magnetic field lines
fixed during a fast interchange)

(to which the particle is

as they move in and out.

In the absence of strong grounds for believing that fast MHD
interchange motions occur in the jovian magnetosphere,

it is

interesting to note that the consequences of fast
interchange are not related to the choice of an MHD model,
and might equally well apply to resonant particles
experiencing short wavelength interchange motions as
described in Chapter 4. We suggest that such a scenario may
explain the plasma density and temperature distribution in
the plasma sheet.
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Appendix A
In this appendix we explain the origin and physical meaning
of the critical gradients derived in the main text.
The continuity equation for plasma particles is

3n/3t = - V. (nu)
so that in the absence of a plasma source/sink in a volume
element

(9n/3t =0) we find that

nV.u + u.Vn = 0
Let N be the number of particles in an elementary volume x
such that,

in the limit of small T, the local particle

density is given by n = N/x. Let us consider the special
case of an MHD fluid

(composed of plasma particles)

in which

x is part of a magnetic flux tube. Defining x as the product
of an area

8s normal

to the magnetic field and a length 6s

along it, the gradient of n is given by

Vn = V (N/x) = (1/x)Vn - n[(V6S)/8s + (V5s)/8s]
Conservation of magnetic flux requires that BSs does not
vary so that

V8s/8s = - V b /b
Also,

it follows from u.B = 0 that the angular extent of an

elementary flux tube sector 8s is not changed when the flux
tube moves towards or away from the planet. Thus 8s/R is
conserved where R is the local radius of curvature of the
field line. Thus

V8s/8s = - n/R = - c
where n is the inward pointing unit vector in the meridian
plane, normal to the field line and c is the curvature
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vector, b.Vb. Substituting these relationships into our
continuity equation and noting that u.VN must be zero in the
absence of a plasma source/sink (there being no particle
flux across a flux tube) we find that
nV.u + u.n[VB/B + c] = 0
As V.u is conventionally interpreted as the change in volume
of the flux tube element, it follows from the foregoing
analysis that we can separate V.u into two components,
(V.u )_l and (V.u)M where
(V.u) ± = - u.VB/B
(V.u) ,, = - u.c
So we see that the rate of change of n with L inside a
travelling flux tube (tft) will be
(Vn)tft-1 = n[VB/B + c].l
where 1 is a unit vector in the direction of increasing L.
The condition for marginal stability to gravitationally/
centrifugally driven interchange is that the ambient plasma
density changes with L at the same rate as the density
within the travelling flux tube (which corresponds to all
flux tubes having the same plasma content N ) . Thus Vntft
given above defines the critical density gradient (Vncr)
derived earlier (Equation 43) .
Similarly, the critical gradients in the perpendicular and
parallel components of ambient pressure (Equation 43)
(Vpx)Cr = p±[2VB/B + c], (VpM )cr = p,,[VB/B + 3c]
are defined by the requirement that they correspond to the
variation of Vpx and V p M inside a travelling flux tube. The
pressure in a flux tube element is proportional to the
plasma density in the element and the momentum flux, which
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can be represented as 2W± and 2 W M in the cases of p± and p M
respectively. The evolution of n is given above and the
evolution of W± and W M as B changes in a travelling flux
tube are given by W± (VB)/B and 2 W M c provided that the first
adiabatic invariant is conserved (see Equations 16 and 17 in
the main text) . For example, representing p± as knWj_ where k
is a constant

(^Pj_)tft = kWjVn + knVw±
= kW_[_n [VB/B + c] + knW_,VB/B = p± [2VB/B + c]

which corresponds to (Vp±)cr deduced in the main text
(similarly for the parallel component).
The attentive reader will note that although (V.u),, = - u.c
is used throughout our derivation, it is not so clear that
the term (V.u)± is always given by - u.VB/B, as it must be
if magnetic flux is conserved. In the main text we show that
the term ((V.u)j_ + a) corresponds to the sum of the
perturbed magnetic and perpendicular plasma pressures, where
a is a complex term (aPy = u.VpT + Pj_V||) . We argue that the
total pressure perturbation should be zero in interchanging
plasma, so that (V.-u)± =-a. However, there is no
inconsistency, since the condition that a = - u.VB/B for
plasma in a travelling flux tube, is simply that Vp± varies
as (Vp±)tft/ which we have already shown to be the case.
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Appendix B
In this appendix we will calculate the bounce periods of
iogenic particles, using a spin-aligned dipole magnetic
field model and assuming that the particles remain confined
within roughly 10° of the centrifugal equatorial plane.
Although a spin-aligned magnetic dipole is not considered to
be a good representation of the jovian magnetic field,
particularly beyond the orbit of Io

(see Chapter 1), it is

sufficiently similar that these calculations will give us a
rough guide to the true values. The equations given below
are largely taken from Siscoe

(1977).

The equation of field-aligned

(i.e. parallel) particle

motion is

m d v M /dt = F m + Fc
where FM is the magnetic mirror force and F q the parallel
component of the centrifugal force. The parallel component
of the gravitational force is always negligible when
compared to these two forces. Using a small angle
approximation for the magnetic latitude, X, we can express
the equation of motion as
d2s/dt2 = - 3X(3|iBj/mL4Rj +

R

j

Q

j

2 L)

where s is the distance along a field line measured from the
equatorial plane. It is possible to rewrite this expression
in the form
d2s/dt2 = -

co2s

where

(D2 = 3Qj2 (3£s 2/2x 5 + 1)
in which x = L/Ls (Ls is the L-shell which contains the
satellite orbit)

and

is the ratio of the gyration speed
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of a pick-up ion at a satellite to the local corotation
speed. Siscoe assumes that the perpendicular motion of
neutrals is dominated by the orbital velocity of the source
satellite and therefore defines the gyration velocity of a
neutral as the local corotation speed minus the orbital
velocity of the source satellite.
The equation of particle motion along the field is thus
revealed to be an expression for simple harmonic motion,
having a period

X

= Xj /V(9^s 2/2x 5 + 3)

where Tj is the orbital period of Jupiter. For pick-up at

= 0.763 and x = Tj /V(2.61/x ^ + 3). Therefore, the
maximum value which x may take is Xj/^3 or » 5.8 hours, and
Io,

the value at Io

(x = 1) is only a little less, at 4.2 hours.
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Chapter 6

Summary, Conclusions and Further
Work
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A review of the current picture of the distribution of
plasma in the inner and middle jovian magnetosphere is
presented in Chapter 1. It is shown that by invoking two
distinct radial plasma transport mechanisms, we can account
for the existence of distinct hot and cold plasma tori near
the orbit of Io, the plasma structure in these tori, and the
presence of iogenic plasma in the middle magnetosphere. The
first transport mechanism is ionospheric dynamo driven
diffusion, which was originally proposed to account for the
inward transport of energetic charged particles which supply
the jovian radiation belts. We identify several
distinguishing features of the

(as yet unidentified)

second

transport mechanism; its ability to tap centrifugal
potential energy,

its ability to transport cold iogenic

plasma more rapidly than ionospheric dynamo driven
diffusion,

and variations in the rate of transport with L

(though the latter inference depends on the assumption that
a steady state prevailed during the Voyager 1 flyby). In
this thesis we seek to understand the second transport
mechanism.
In Chapter 3, we examine a variety of models which have
already been proposed in studies of the problem. Most are
variations on the theme of magnetohydrodynamic centrifugal
interchange motion

(treating magnetospheric plasma as an

ideal MHD fluid, as discussed in Chapter 2), ranging from
large scale convection systems to transport by a multitude
of small,

independent flux tubes. However,

it is difficult

to reconcile the long-lasting azimuthal symmetry of the hot
Io torus with the existence of large scale convection cells.
Also,

in Chapter 4, we point out that small flux tubes are

unlikely to remain as coherent structures on the timescales
envisaged for interchange motions in MHD models,

due to

particle drift motion. However, the most serious difficulty
with MHD models is that Voyager observations indicate that
fluctuations in the density of cold iogenic plasma are too
slight,

on all length scales, to be compatible with any of

the MHD interchange theories.
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Both the ionospheric dynamo model and the family of MHD
models fail to account for the rise in (perpendicular)
temperatures with L, which has been observed in the torus
and plasma sheet

(Chapter 1). According to models like

these, which assume that the first adiabatic invariant, p.,
is conserved during transport, the temperature will decline
with L. Siscoe

(1977) has shown that the total energy, as

well as the perpendicular energy, must decline with L in
interchanges which conserve |x and J. Hence, even if all
parallel energy were to be scattered into perpendicular
degrees of freedom, the temperature would fall with L; we
infer that both the first and second invariants are being
violated. Thus we must assume that during outward motions,
either the perpendicular energy is raised directly,

or the

parallel energy is raised and scattering redistributes
energy to the perpendicular degrees of freedom.

(The reverse

applies for inward transport).
In Chapter 3, we also consider ion-cyclotron diffusion,

a

model in which plasma is scattered by self-generated ioncyclotron waves.

In the model, which was designed to explain

the anomalous temperatures of the jovian plasma sheet, the
perpendicular energy is raised directly

(ions are 'picked-

up' and hence re-energised after each scattering incident).
Unfortunately this model has some problems,

in particular in

explaining the inward transport of energetic iogenic plasma.

In Chapter 4, we create a two-dimensional,

rapidly rotating

model magnetosphere and use it to investigate the stability
of azimuthally travelling, azimuthally aligned electrostatic
waves. Using a stability analysis, we show that it is
possible that such waves could arise naturally in jovian
magnetospheric plasma if they travel at the speeds of
drifting plasma, by tapping the centrifugal or the thermal
energy of the plasma. These waves can be considered as a
short wavelength manifestation of interchange motions.
Particles will be transported in a random series of radial
steps as they interact with wave after wave. These steps
will be particularly large if the particle resonates with a
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wave. Provided the product of the mean step size squared and
the frequency of scattering significantly exceeds that
associated with ionospheric dynamo diffusion,

short

wavelength interchange will give rise to much more rapid
transport.
In Chapter 5, we imagine interchange motions in which the
second adiabatic invariant, J, of some or all interchanging
particles is violated (i.e. the interchange motions which
are rapid compared to particle bounce times). In such
motions a particle is effectively instantaneously
transferred to another field line on a different L-shell,
but travels normal to the magnetic field throughout. As the
lengths of magnetic field lines increase with L, the
particle-field line equator distance, measured along the
field line associated with the particle,
outward motion

is increased during

(and vice versa) . There are two consequences

in a rapidly rotating magnetosphere. The distance of the
particle from the centrifugal equator and its parallel
equatorial kinetic energy

(after the interchange motion

ceases) both rise with increasing L; whereas both parameters
would be expected to remain constant if J were conserved
during the interchange motion.

In Chapter 5, we also derive

a stability condition for MHD interchange motions which may
be applied to slow motions in an anisotropic plasma in the
absence of field aligned forces,

or to fast motions in any

magnetosphere. We show that an isotropic plasma,

in a state

of marginal stability against slow, isotropic interchange
motions,

is stable with respect to both these forms of

interchange motion.
We suggest that the characteristic features of the poorly
understood hot torus/plasma sheet transport mechanism may be
explained in terms of the ideas presented in Chapters 4 and
5. The short wavelength interchange transport of Chapter 4
involves a particle treatment of the plasma,
earlier MHD fluid models,

and, unlike

is consistent with the lack of

structure in the Voyager plasma density observations.

Short

wavelength interchange motions may arise spontaneously in
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the hot torus and plasma sheet, but probably not in the cold
torus. Unfortunately, we cannot yet demonstrate whether
short wavelength interchange transport of low energy plasma
is likely to be significantly more rapid than ionospheric
dynamo diffusion. As yet we have not addressed the question
of rates of transport and how they might vary with L, though
analogy with the centrifugal interchange flux tube diffusion
model suggests that the 'impoundment'

of torus plasma might

also be explained by a future, more complete,

short

wavelength interchange model. In Chapter 5, we point out
that the radial motions of particles undergoing short
wavelength interchange motions may be divided up into many
steps,

as the particle moves from wave to wave,

and that

each step could qualify as a 'fast' (i.e. J-violating)
motion.

If we further suppose that some pitch angle

scattering occurs

(converting some fraction of the parallel

energy of a particle into perpendicular energy) we can
explain the observed

(and hitherto unexplained)

rise in

perpendicular temperature with L-shell and perhaps the
observed plasma sheet density distribution, which is less
spread along the field than a pure 'fast'

interchange would

suggest.
A considerable amount of further work beckons. More study of
the short wavelength instability model is needed to quantify
the effects of ionospheric damping,

and to evaluate k^ and

hence characteristic wavelengths associated with the
instability.

It would also be interesting to investigate the

stability of the outer edge of the hot torus with this
model, to see if 'impoundment' effects arise. We also need a
quantitative description of the transport process in order
to support our qualitative argument that it may be
significantly more rapid than ionospheric dynamo diffusion.
The forthcoming Galileo mission will provide an avalanche of
new observations.

It is desirable that we use the model

described in this thesis to produce predictions which may be
tested against those observations.
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