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ABSTRACT

This chapter gives an overview of the properties of the magnetodisk current in the Jovian system. We describe 
the global morphology of the current sheet embedded in the plasmadisk / magnetodisk and the observational 
signatures of  currents in this structure. We then consider the role of  disk currents in force balance and 
plasmasheet structure in an axisymmetric, rotating system. We also describe the dependence of current density 
on spatial location, global size of the magnetosphere, and asymmetries plausibly associated with the influence 
of solar wind. We conclude with a simplified description of the microscopic nature of the particle motions in the 
magnetospheric plasma, whose collective action produces the currents themselves.

8.1. INTRODUCTION

A prominent feature of the giant, rapidly rotating 
magnetospheres of planets such as Jupiter and Saturn is 
the presence of a disklike body of plasma lying close to 
the magnetic equator of the planet itself. In the middle 
magnetosphere region (radial distances ~ 10–40 RJ, 1 
RJ ≈ 71500 km = Jupiter radius), we may appeal to the 
approximation of the disk as a structure that has sym-
metry about the magnetic (dipole) equator of the planet. 
Since Jupiter’s dipole moment is tilted at an angle of ~ 10° 
with respect to its rotation axis, it follows that the 
magnetic field in this region takes the form of a tilted, 
rotating structure. The plasma situated at different radial 
distances within this disk rotates at different angular 
velocities, the general trend being a decline in angular 
velocity from the initial, planetary value as one moves 
outward in the radial direction. The forces on this plasma 

disk are related to the currents that flow both radially and 
azimuthally throughout it.

This chapter gives an overview of the properties of the 
magnetodisk current in the Jovian system. We begin with 
a description of the global morphology of the current 
sheet embedded in the plasmadisk/magnetodisk and the 
observational signatures of both azimuthal and radial 
flowing currents in this structure. We then consider the 
conceptual link between disk current, force balance, and 
plasmasheet structure in an axisymmetric, rotating plas-
madisk. As part of these descriptions, we will also build a 
picture of the general behavior of the current density and 
its dependence on factors such as spatial location with 
respect to the planet, global size of the magnetospheric 
system, and asymmetries plausibly associated with the 
influence of the solar wind. We conclude with a descrip-
tion of the microscopic nature of the particle motions in 
the magnetospheric plasma, whose collective action pro-
duces the currents themselves. The specific descriptions 
in this chapter are also relevant to the comparison of 
planetary current systems by Khurana (Chapter  2, this 
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volume) and the discussion of giant planet current sheets 
by Arridge and Martin (Chapter 12, this volume).

8.2. GLOBAL MORPHOLOGY 
OF THE JOVIAN CURRENT DISK

The global structure of the main current system with 
which we are concerned is illustrated by the diagram of 
the Jovian magnetosphere in Figure 8.1. The highlighted 
current sheet region emphasizes some important aspects 
of the structure and orientation of the plasmasheet/mag-
netodisk, which carries this current. Figure 8.1 also shows 
the enormity of Jupiter’s magnetosphere, which extends 
on the dayside to common distances near ~ 62 and ~ 93 RJ 
[Joy et al., 2002]. We may investigate the equatorial mag-
netosphere, which is dominated over much of its radial 
extent by the magnetodisk current sheet, in terms of three 
broad regions, as follows [e.g., Khurana et al., 2004].

8.2.1. Io Torus

The Jovian magnetosphere’s principal source of plasma 
is the volcanic satellite Io, which orbits the planet at a dis-
tance of ~ 6 RJ, and adds on the order of ~ 1000 kg s−1 of 

sulphur and oxygen plasma to the system [Bagenal and 
Delamere, 2011; Hill et al., 1983]. The ensuing cold/warm 
plasma torus near Io’s orbit, containing ions of tempera-
tures ~ 2–60 eV [Bagenal and Sullivan, 1981; Bagenal et al., 
1985; Scudder et al., 1981], is aligned along the centrifugal 
equator (those points along the local dipolar field lines 
farthest from the planet’s rotation axis). The torus con-
tains on the order of ~ 106 tonnes of plasma and extends 
between ~ 5–10 RJ with scale height on the order of ~ 1 RJ. 
Plasma is radially transported outward from the torus 
through processes such as flux tube interchange and 
magnetic field ballooning/reconfiguration (e.g., Thomas 
et al. [2004]; Kivelson and Southwood [2005]; review by 
Achilleos et al. [2015]; and references therein).

8.2.2. Middle Magnetosphere

The middle magnetosphere is the main focus for 
our description, and extends between ~ 10–40 RJ in the 
equatorial plane. It is the region within which the mag-
netodisk plasma generally lies close to the dipole 
equator  and also shows significant departure from 
corotation with the planet (i.e., the internal field). The 
latter behavior arises because of the finite conductance 
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Figure 8.1  Noon‐midnight cross section of Jupiter’s magnetosphere. Image credit: Steve Bartlett and Fran Bagenal.
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of ‘that part of’ the ionosphere which is magnetically 
conjugate to this region, and the decline of equatorial 
magnetospheric field strength with radial distance. Finite 
conductance is a principal factor that limits the radial 
disk current [e.g., Cowley and Bunce, 2001; Hill, 1979]. 
Since the equatorial field strength decreases with 
increasing radial distance, these combined factors limit 
the azimuthal Lorentz (J × B) force, which acts to accel-
erate outflowing plasma toward planetary corotation. 
Beyond the distances mentioned, the plasma thus lags the 
planet with respect to angular velocity. This subcorota-
tion is a key concept in the theory of magnetosphere‐ion-
osphere coupling of Hill [1979]. The radial current system 
is closed by ionospheric currents as well as field‐aligned 
currents, some of which correspond to auroral particle 
precipitation (e.g., Cowley and Bunce [2001]; Nichols and 
Cowley [2004]; Ray et al. [2012]; Ray and Ergun [2012]; 
Chapter 21 in this volume by Ray and references therein).

The plasma in the middle magnetosphere generally 
consists of a low‐energy “warm” component (100eV) 
originating from outward diffusion of Io torus plasma, 
and an energetic “hot” component ( 20keV), which is 

thought to be accelerated/heated torus plasma inter-
spersed with plasma from the outer magnetosphere 
moving inward (e.g., Siscoe et al. [1981]; Kivelson et al. 
[1997]; Thorne et al. [1997]; Bagenal and Delamere [2011]).

Let us now consider the azimuthal currents in the plas-
madisk. In the middle magnetosphere, these currents 
generate perturbation magnetic fields, which become 
comparable to the internal field of  the planet beyond 
~ 20 RJ. In Connerney et al. [1981]’s magnetic field model 
for an axisymmetric current disk, the current flows azi-
muthally within an equatorial disk of uniform thickness 
2D, extending between radii ρ1 and ρ2, and in which the 
current density Jφ is assumed positive everywhere (i.e., 
in the direction of  planetary rotation) with radial 
dependence J

1
. By tilting the equatorial plane of 

the model to match the position of the Jovian dipole 
equator, Connerney et al. [1981] were able to reasonably 
fit some of the Voyager and Pioneer magnetic observa-
tions of the perturbation field (measured field minus a 
model internal field), for radial distances  30RJ (Fig. 8.2 
shows an example).
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Figure 8.2 Voyager 1 observations of the Jovian perturbation field (estimated using the O4 internal field model), 
with corresponding predictions from two disk current models of the same vertical thickness (2 D = 5 RJ) and inner 
radius (ρ1 = 5 RJ), but differing outer radius and current density (circles: 2 1

250 5 1R J MARJ J, .  at ρ1; crosses: 
2 1

230 3 42R J MARJ J, . ). The field components (top three panels: (a) azimuthal, (b) meridional, (c) radial) are 
in a spherical polar system. The bottom panel (d) shows time‐dependent spacecraft radial distance and angle bet-
ween the perturbation field vector ΔB and O4 model. From Connerney et al. [1981].
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The observed oscillating radial (ΔBr) and azimuthal 
(ΔBφ) field components in Figure  8.2 are signatures of 
the rotating, tilted current sheet moving over the space-
craft twice per planetary rotation. Both of these compo-
nents pass through zero as the spacecraft moves relative 
to the sheet, from the northern (ΔBr > 0, ΔBφ < 0) to the 
southern (ΔBr < 0, ΔBφ > 0) magnetic hemisphere. The 
ΔBr reflects the radially stretched field (Fig. 8.1), in which 
the inward magnetic curvature force balances the out-
ward forces in this region from the radial plasma pressure 
gradient and the centrifugal force (see section 8.3). The 
ΔBφ observations generally display the azimuthal bend-
back of field lines from the poloidal geometry of 
the Connerney et al. [1981] model; this is the effect of the 
radial corotation enforcement currents that flow in the 
disk. Appropriate detailed analysis of ΔBφ observations 
may be used to estimate the Io mass‐loading rate [Khurana 
and Kivelson, 1993].

8.2.2.1. Physical Origin of Asymmetry 
in the Current Disk

The planar, axisymmetric approximation is less suitable 
for describing the morphology of the current disk at 
distances beyond ~ 20–30 RJ. At these larger distances, 
centrifugal and pressure‐related forces become important 
influences on the stress balance in the system (see sec-
tion  8.3). As a result, the equilibrium current sheet is 
located between the dipole and centrifugal equators. 
Khurana [1992] also demonstrated that the sheet in the 
distant magnetotail ( 60RJ) develops a hinging and 
becomes parallel to the direction of solar wind flow 
outside the magnetosphere. Stress associated with the 
solar wind dynamic pressure is communicated to the 
plasma inside the magnetosphere via the fringing field 
produced by forces acting at the magnetopause boundary.

A very simple example of this type of communication 
is illustrated by the equatorial magnetic field ΔB gener-
ated by magnetopause currents in a simplified, axisym-
metric model of the magnetodisk region (see section 8.3). 
The model considered later with radius 60 RJ has an 
equatorial ratio ΔB/Beq of  magnetopause field to total 
field, which varies with radial distance. The ΔB/Beq 
increases with distance from the planet, exceeds ~ 20% 
beyond ~ 20 RJ, and attains a value ~ 40% just inside the 
magnetopause. In this example, the magnetopause fring-
ing field thus contributes significantly to the total field 
strength even in the middle magnetosphere, and becomes 
stronger for a more compressed system. In the more 
general case, the fringing field may also support strong 
rotation or hinging of the magnetospheric field in the 
neighborhood of the magnetopause itself.

In addition to this hinging effect, systematic delays in 
the expected arrival times of a planar current sheet are 
observed in this region. This phenomenon arises partly 

because of the finite propagation time of the Alfvén 
waves launched from the ionosphere, which communicate 
information about the rocking of the rotating, tilted 
planetary dipole to the distant magnetosphere. Current 
sheet delays are also controlled by the strong bending of 
the field lines out of meridian planes, against the direction 
of planetary rotation, which arises from the azimuthal 
stresses on the plasma. Field lines at Jovian dawn, for 
example, can be bent out of their near‐planet meridian 
planes by angles 40°  for distances 100 RJ [Khurana 
et al., 2004]. It is important to note that the frequency of 
current sheet encounters at any given distance is con-
trolled by the period of the planet. The rotating dipole 
ultimately imposes a modulation pattern that influences 
the vertical location of the magnetospheric plasma with 
respect to the rotational equator. Thus, while outer mag-
netospheric disk plasma subcorotates with respect to the 
planet, the vertical location of maximum density along a 
subcorotating flux tube is variable, and partly determined 
by the rotational phase of the planetary dipole.

To represent these types of  hinging and delay effects, 
Khurana [1992] developed a “hinged‐magnetodisk” 
model. In an earlier study, Behannon et al. [1981] intro-
duced hinging and delay effects into their axisymmetric 
model of  the current sheet surface. Khurana [1992] pre-
sented a model in which the hinging was linked to solar 
wind forcing, thus breaking axial symmetry, and was 
able to improve the quality of  the model fit to Pioneer 
and Voyager observations. His formula for the altitude 
ZCS of  the current sheet with respect to the Jovigraphic 
equator was:

	
Z

x
x

x
x

CS dip
o

o

tan tanh cos 	 (8.1)

In this equation, ρ is cylindrical radial distance (with 
respect to the planet’s rotational axis) and θdip is the dipole 
tilt. The hinging is implemented through the coordinate x 
along the Jupiter‐Sun axis, and the hinge distance xo 
indicates where hinging produces significant departure 
from a planar structure. The λ represents longitude, 
and  the harmonic term introduces a delay in the 
azimuthal  current sheet position by making use of 

o J o o ov/ /lncosh , where δo is the longi-
tude of the plane containing the dipole, ΩJ is the planet’s 
angular velocity of rotation, ρo is the distance at which 
delay effects cause significant departure with respect to a 
planar current sheet, and vo can be interpreted as a wave 
velocity that carries information about dipole orientation 
into the outer magnetosphere. Figure 8.3 illustrates some 
of these effects by presenting maps of ZCS from the point 
of view looking from the north onto the Jovigraphic 
equatorial plane. We show two examples of the model 
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current sheet, for configurations where the Jupiter‐Sun 
direction is parallel and orthogonal to the dipole longitude 
meridian. The former case shows the most pronounced 
hinging. We used the following geometrical parameters for 
the plots in Figure 8.3, identical to those from the fit of 
Khurana [1992]: xo = 33.5 RJ, ρo = 33.2 RJ, vo = 37.4 RJ/hr.

Magnetic field models that incorporate azimuthal 
bendback into the field lines can be constructed using 
the approach where the field is expressed in terms of two 
Euler potential functions, f and g:

	 B f g.	 (8.2)

Without loss of generality, if  the Euler potential g is, for 
example, a linear function of azimuthal angle φ (magnetic 
longitude), we obtain a poloidal field structure, where all 
field lines lie in a single plane. This poloidal class of 
Euler‐potential field models has been combined with the 
force‐balance condition to obtain equilibrium models for 
both field and plasma distribution (see section  8.3 for 
further details).

Goertz et al. [1976] used an Euler potential with 
dependence on both ρ and φ to create nonpoloidal field 
lines with bendback. Khurana [1997] further developed 
this type of field model for the current sheet by using 
Euler potentials suitable for coupling the current sheet 
field to a model of Jupiter’s internal magnetic field. He 
included current sheet delay and hinging by making the 
Euler potentials dependent on ZCS, the altitude of the 
current sheet (see equation [8.1]).

We conclude this section on Jovian current sheet asym-
metry by summarizing the local‐time asymmetry in the 
intensity of the magnetodisk currents, which was found 
by Khurana [2001], from an analysis of magnetometer 
data from six spacecraft to have visited the Jovian 
system, including Galileo. The height‐integrated radial 
and azimuthal current densities flowing in the current 
sheet (Jρ′ and Jφ′) were calculated in this study according 
to the following formulae, which essentially arise from 
Ampère’s law applied across the vertical thickness of 
the sheet:

	 o l oJ B2 , / 	 (8.3)

	
o l zJ B W B2 2, 	 (8.4)

where ΔBφ, l and ΔBρ, l are the respective perturbation 
fields in the cylindrical radial and azimuthal directions, 
measured just outside the current sheet (lobe region); ΔBz 
is the vertical perturbation field; and W is the half‐thick-
ness of the sheet. W is not constant; it may vary according 
to solar wind dynamic pressure (see section 8.3) and local 
time. For example, Khurana et al. [2004] present Galileo 
magnetic data in the outer magnetosphere (35–55 RJ) that 
indicate that the dawn‐side half‐thickness is ~ 1.5 RJ ‐ thin 
compared to the inferred duskside value of ~ 7.6 RJ.

The resulting profiles of J′ρ and J′φ as a function of 
local time are shown in Figure 8.4, from Khurana et al. 
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from Khurana [1992].
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[2004] (adapted from Khurana [2001]). There is a day‐
night asymmetry in the azimuthal current density: the 
total azimuthal current flowing on the nightside between 
distances 10–50 RJ is ~ 144 MA, compared with the 
corresponding dayside current, integrated over the same 
distances, of ~ 88 MA. Current continuity thus requires 
the existence of field‐aligned current systems at dusk and 
dawn that respectively feed and drain the nightside partial 
ring current. This type of current system is analogous to 
the terrestrial Region 2 currents, associated with solar 
wind‐driven convection. It thus seems plausible that the 
solar wind may be modulating the local‐time structure of 
the middle magnetosphere at Jupiter.

Another important property of the current profiles in 
Figure  8.4 is the occurrence of negative (planetward) 
values of Jρ′, especially at distances near ~ 65 RJ in the 
dusk sector. This finding indicates that, beyond ~ 65 RJ, 
the relatively simple picture of a subcorotating magneto-
disk breaks down. Excellent reviews of  global plasma 
distribution and flow may be found in, for example, 

Vasyliūnas [1983], Kivelson and Southwood [2005], and 
Bagenal and Delamere [2011].

8.2.3. Outer Dayside Magnetosphere

Jupiter’s dayside current sheet must, of course, be finite 
in  radial extent, but to what distances does it reach? 
The  magnetopause certainly represents a generous outer 
boundary for the magnetodisk. In fact, spacecraft observa-
tions have revealed that the magnetodisk current sheet does 
not extend all the way to the magnetopause. In the morning‐
to‐postnoon sector, there is a region known as the “cushion,” 
with radial extent of order ~ 20 RJ (near noon), lying bet-
ween the outer edge of the plasmadisk and the magneto-
pause, where the field shows strong fluctuations and is 
mainly southward directed [Kivelson and Southwood, 2005; 
Smith et al., 1974]. Magnetic nulls are sometimes present in 
the cushion: these are a likely signature of bubbles of 
plasma detaching from the edge of the plasmadisk [Kivelson 
and Southwood, 2005; Southwood et al., 1993].
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8.3. FORCE‐BALANCE MODELS 
OF THE MAGNETODISK

Caudal [1986] developed a model of the Jovian magne-
todisk, based on the assumption of global force balance 
between the Lorentz force, plasma (isotropic) pressure 
gradient, and centrifugal force in an axisymmetric system 
with parallel rotational and magnetic (planetary dipole 
direction) axes. This condition may be written as:

	 J B eP n mi i
2 0	 (8.5)

where the symbols have the following meanings: current 
density J, magnetic field B, plasma pressure P, ion 
number density ni, ion mass mi, cylindrical radial dis-
tance ρ, plasma angular velocity ω, and cylindrical radial 
unit vector eρ. Caudal [1986] showed that this physical 
condition was equivalent to a differential equation 
relating the spatial gradients of the magnetic field (radial 
and meridional) to a “source function” g(r, θ), which rep-
resents the influence of the plasma properties on the field 
structure. The g(r, θ) can then be determined throughout 
the magnetospheric volume from its equatorial values 
(constructed from observations) by using the force‐
balance formalism and model assumptions (e.g., uniform 
temperature and effective ion mass along a field line). 
Recent adaptations of Caudal [1986]’s model have been 
presented for the Kronian magnetosphere [Achilleos 
et al., 2010a; Achilleos et al., 2010b] and for the Jovian 
magnetosphere [Nichols, 2011; Nichols et al., 2015].

This type of model is useful for illustrating how the 
plasmadisk structure responds to changes in magneto-
spheric size. In Figure 8.5, we show the computed pressure 
of the cold plasma population from an implementation of 
Caudal [1986]’s Jovian magnetodisk model, computed for 
two different equatorial radii 60 and 90 RJ. Magnetic field 
lines anchored to the same planetary surface footpoints 
are also shown in both panels, as well as the βc = 0.2 contour 
of  cold plasma beta, which represents a plasmasheet 
boundary. The plasmasheet in the middle magnetosphere 

is thinner for the expanded model. This behavior is linked 
to the corresponding change in the shape of  the field 
lines, which become significantly more disklike (radially 
distended) in the expanded case. In these models, cold 
plasma pressure along a given field line decreases, relative 
to the equatorial value Po, according to:

	
P P

l
o

oexp
2 2

22
	 (8.6)

where ρo is the cylindrical radial distance of the equatorial 
point of the field line and l is a pressure scale length given 
by l2 = 2 kBT/(miω

2), where kB is Boltzmann’s constant and 
T is temperature. The points on the field line with 
cylindrical distance ρo–l are thus located at a smaller 
vertical distance from the equator for a more disklike 
field, leading to a thinner plasmasheet. A centrifugally 
confined plasma, situated on flux tubes with equatorial 
radii ρo, would satisfy the condition l o

2 2, which, using 

the definition of l2, is equivalent to k T mB i o
1
2

2 2, 

that is, the typical thermal energy of the cold ions in the 

disk is small compared to their kinetic energy of bulk 
rotation. Some representative, equatorial values of l 
according to the 60 RJ magnetodisk model (which incor-
porates observed values of relevant plasma parameters) 
are l = ~ 3, ~ 8, and ~ 40 RJ at respective radial distances 
of 10, 30, and 60 RJ.

Figure 8.6 shows the azimuthal current density for the 
same magnetodisk models used for Figure 8.5. We show 
the total current density from both hot and cold plasmas. 
The total azimuthal current that flows across the entire 
meridian is ~ 270 MA and ~ 310 MA for the respective 
compressed and expanded models. The corresponding 
magnetic moments of these extensive current systems are 
~ 1.7 μJ and ~ 3.3 μJ, which exceed the magnetic moment 
μJ of  the planet’s dipole field (defined J J J oB R4 3 / , 
where BJ ≈ 428000 nT is the equatorial magnetic field 
strength at the planet’s surface). These total currents 
are  similar in magnitude to those flowing through the 
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Connerney et al. [1981] current disk models described in 
Figure  8.2 (~150–290 MA). Not visible at the scale of 
these plots is the region of weak, negative (i.e., flowing 
against the direction of planetary rotation) current found 
in the inner magnetosphere (at distances  7RJ). Negative 
current arises in regions where the component of force 
acting on the plasma in the direction orthogonal to the 
magnetic field, due to pressure gradients plus centrifugal 
force, is inward directed.

Nichols et al. [2015] has recently developed the first 
Caudalian model of the Jovian magnetodisk to include the 
effects of anisotropic hot plasma pressure. Observations 
by Paranicas et al. [1991] of the anisotropic particle 
pressure (for particle energies  28keV) were used to con-
strain the ratio P||/P⊥ of pressures parallel and perpendic-
ular to the magnetic field. This ratio reaches values up to 
~ 1.2 at the model equator. Force balance equations were 
then numerically integrated to produce models of the mag-
netodisk as a function of a hot plasma parameter Kh, 
which is the product of hot plasma pressure and flux tube 
volume in the outer magnetosphere, and constrained using 
spacecraft observations. Figure  8.7 shows some of the 
results of this study: specifically, maps of the contributions 
to current density, which balance the different forces on the 
plasma, and the geometry of the magnetic field lines. The 
hot plasma pressure gradient is balanced by the strongest 
contribution to the current overall but note also that the 
hot plasma anisotropy current also rapidly increases 
with Kh. The increased radial stretching of the field with 
Kh generally confines the currents closer to the equatorial 
plane, and also reduces the magnitude of the local hot 
plasma pressure gradient.

The calculations by Nichols et al. [2015] also have 
important implications for auroral morphology and 
magnetodisk stability. With the inclusion of hot plasma 
pressure anisotropy, the observed few‐degree latitudinal 
shifts of the modeled main oval and Ganymede footprint, 
arising from realistic changes in Kh, are comparable to the 
analogous shifts observed in auroral images (e.g., Grodent 
et al. [2008]; Bonfond et al. [2012]). In addition, the 
model’s middle magnetosphere attains equatorial values 
of βh, ||–βh, ⊥ (difference between parallel and perpendicular 

hot plasma beta) of ~ 1–2, for Kh = 2.0–2.5 × 107 Pa m T−1. 
These values suggest that this region may be susceptible 
to the firehose instability (see also Kivelson and Southwood 
[2005], who discuss the “centrifugal parallel heating” 
mechanism by which this instability may arise at the 
equatorial portions of rotating flux tubes, which simulta-
neously expand as they rotate into the dusk sector). 
Indeed, for Kh values larger than this range, βh, ||–βh,⊥ can 
exceed 2 near ~ 25 RJ and the model does not converge. 
Nichols et al. [2015] point out that this result suggests 
that small‐scale release, or drizzle, of Iogenic plasma may 
commonly arise from the Jovian middle magnetosphere 
under conditions of adequately high hot plasma pressure 
(see also Bagenal [2007]).

In summary, the inclusion of pressure anisotropy in a 
Jovian magnetodisk model, as described by Nichols et al. 
[2015], results in the following main modifications when 
compared with the predictions of  isotropic‐pressure 
models: (1) Radial force associated with anisotropy plau-
sibly promotes firehose instability in the middle magneto-
sphere, possibly associated with an additional channel 
of mass loss. (2) Anisotropy enhances the distortion of 
the magnetic field lines, and greatly facilitates few‐degree 
shifts in the main auroral latitude, compatible with those 
observed.

8.4. MICROSCOPIC NATURE 
OF THE DISK CURRENT

In general terms, the relation between the magnetic 
field flux density B (commonly referred to in space 
physics as the “magnetic field”), the free current density 
Jf , and the plasma magnetization M is:

	 B J Mfo 	 (8.7)

where we recognize that the total source of  the vector 
field B comprises both free and magnetization current 
density, the latter being equal to ∇ × M. Free current is 
associated with drift motions, which displace the guid-
ing centers of  particles, while magnetization current 
can  arise from the collective action of  many particle 
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gyrations, even in a plasma where the guiding centers 
are stationary (provided the curl of  the magnetization is 
nonzero).

We may further investigate the relative intensities of the 
two types of current in a steady‐state system by adapting 
the example described by Gurnett and Bhattacharjee 
[2005]. For simplicity, we consider a cylindrically 
symmetric system with magnetic field everywhere directed 
parallel to the axis of  symmetry. The magnetic moment 
of  the plasma per unit volume is:

	 ( )/ ˆ
gNW B= −M B	 (8.8)

where N is the total number density of particles in the 
isotropic plasma with mean kinetic energy of gyration Wg 
per particle, and B̂ denotes a constant unit vector along 
the direction of the magnetic field. The magnetization 
current density, Jm = ∇ × M, can then be evaluated in this 
picture:

	
J B Bm

1
2 3B

P
P

B
B 	 (8.9)

where we have used the definition for isotropic plasma 
pressure P = NWg.
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Consider a simple plasma with particles of equal gyro-
radius rg and threaded by a uniform magnetic field in the 
z direction. Equation (8.9) reveals that, in this case, the 
magnetization current density reduces to the first term on 
the right‐hand side, which is often referred to as “diamag-
netic current density.” Assume now that all the particles 
in our fictitious plasma have the same temperature, and 
all gyrate in the xy plane, but that the guiding centers 
themselves are stationary. Along a reference line defined 
by x = xo, the current depends on the motions of particles 
with guiding centers located within a distance ~ rg of  the 
reference line. If  the plasma has a density gradient in the 
x direction, this implies that the number of gyrating par-
ticles crossing the line, which have guiding centers to its 
right, will not equal the corresponding number for parti-
cles with guiding centers to its left. This imbalance leads 
to a net current in the y direction, despite the fact that the 
guiding centers are stationary.

The final term in equation (8.9) is equal to − Jg, where 
Jg is the contribution to the current density due to 
magnetic gradient drift of  the plasma particles. The 
other drift current in this example is the inertial current 
JΩ associated with the bulk rotation of  the plasma, which 
is given by:

	
J e B

NW

B2
	 (8.10)

where WΩ is the rotational kinetic energy per plasma ion, 
ρ is cylindrical radial distance, and eρ is the cylindrical 
radial unit vector. This current may be pictured as arising 
from the drift associated with the centrifugal force in a 
corotating frame of reference. For a single ion of mass mi 
and charge qi, the centrifugal force per unit charge is 
simply (2 WΩ/(qiρ))eρ. The corresponding guiding center 
drift velocity will thus be vdΩ = (2 WΩ/(qiρB2))eρ × B. 
Hence, the inertial current density carried by the rotating 
ions will be, for our quasi‐neutral plasma, JΩ = (Nqi/2) vdΩ, 
which is equal to the expression in equation (8.10). This 
will be a good approximation for the total inertial current 
density, since the mass of the electrons is negligible when 
compared with that of the ions.

Using the above expressions for current densities, we 
note that the total current density in this example is:

	

J J J J

e B

t m g

1
2 2B

P
NW

B

	
(8.11)

The expression for Jt indicates an important general 
principle: the drift and magnetization currents for a 
plasma in magnetostatic equilibrium combine to produce 

a total current density Jt for which the associated magnetic 
body force Jt × B exactly balances the other forces on the 
plasma. In the present example, the other forces are the 
pressure gradient and the centrifugal volume force.

It also follows, in this case, that the magnitude of the 
magnetization current will be large compared to that of 
the drift current wherever both of the following local 
conditions are satisfied by the radial length scale lP of  the 
plasma pressure:

	
l l l

W

W
P B P

g, 	 (8.12)

where lB is the length scale of the field strength. In a more 
general context, we would expect magnetization current 
to be dominant in a rotating plasma at natural bound-
aries where the pressure length scale is small in comparison 
to the minimum of: the length scale of the magnetic field 
strength, the radius of curvature of the field lines, and a 
length scale (see equation [8.12]) involving the ratio of the 
thermal to rotational energy of a plasma ion. This ratio 
also determines the length scale for pressure in a centrif-
ugally confined plasma according to the theory of Caudal 
[1986] (see section 8.3).

A fully realistic quantitative comparison of magnetiza-
tion and drift current for the Jovian system is beyond 
the scope of this review. Nevertheless, we may appeal to 
the predicted equatorial values of the ratio lP/lB from our 
60 RJ magnetodisk model in order to obtain a prelimi-
nary indication of  where we would expect magnetiza-
tion current to be dominant. When considering total 
plasma pressure, we find lP/lB < 0.1, for example, at radial 
distances from ~ 43 RJ to just inside the magnetopause. 
This behavior arises due to the very gradual (compared 
to  pure dipole) decrease in equatorial field strength of 
the disklike field in the outer magnetosphere. When con-
sidering the cold plasma alone, we find that 0.5 < lP/lB < 1 
within the inner and outer edges of the Io plasma torus, 
themselves natural plasma boundaries with relatively 
strong spatial gradients in plasma pressure.

8.5. SUMMARY

A combination of data analysis and theoretical mod-
eling related to Jupiter’s magnetodisk has produced an 
ever more detailed picture of the system. Elements of this 
picture include the magnetodisk/current sheet mor-
phology and its response to the various stresses on the 
disk plasma, and how these stresses vary in response to 
changes in the drivers of magnetospheric structure, both 
external (solar wind) and internal (Io mass‐loading rate, 
global change in energetic particle population).

Further quantifying the relative importance of 
planetary rotation versus solar wind influence on the 
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field and plasma configuration of the magnetodisk is an 
ongoing endeavor in the magnetospheric community. To 
support this aim, we require in situ observations of the 
system under a comprehensive range of solar wind condi-
tions, as well as reliable tools for propagating solar wind 
parameters, observed in near‐Earth space, out to the 
orbit of  Jupiter (e.g., the mSWiM model, Zieger and 
Hansen [2008]). Further modeling and extensive field/
particle observations are also strongly required to fully 
characterize and understand the influence of plasma 
pressure anisotropy on the magnetodisk structure and 
stability. On the observational side, missions such as Juno 
(currently in orbit around Jupiter) and JUICE (JUpiter 
ICy moon Explorer, scheduled for launch in 2022) will be 
of great value in these pursuits.
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Vasyliūnas, V. M. (1983), Plasma distribution and flow, in 
Physics of the Jovian Magnetosphere, edited by A. J. Dessler, 
Cambridge University Press, New York, 395–453.

Zieger, B., and K. C. Hansen (2008), Statistical validation of a 
solar wind propagation model from 1 to 10 AU, J. Geophys. 
Res. Space Physics, 113, A08, 107.


