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Abstract This paper reviews the present state of knowledge about the magnetic fields and
the plasma interactions associated with the major satellites of Jupiter and Saturn. As revealed by the data from a number of spacecraft in the two planetary systems, the magnetic properties of the Jovian and Saturnian satellites are extremely diverse. As the only
case of a strongly magnetized moon, Ganymede possesses an intrinsic magnetic field that
forms a mini-magnetosphere surrounding the moon. Moons that contain interior regions of
high electrical conductivity, such as Europa and Callisto, generate induced magnetic fields
through electromagnetic induction in response to time-varying external fields. Moons that
are non-magnetized also can generate magnetic field perturbations through plasma interactions if they possess substantial neutral sources. Unmagnetized moons that lack significant
sources of neutrals act as absorbing obstacles to the ambient plasma flow and appear to
generate field perturbations mainly in their wake regions. Because the magnetic field in the
vicinity of the moons contains contributions from the inevitable electromagnetic interactions
between these satellites and the ubiquitous plasma that flows onto them, our knowledge of
the magnetic fields intrinsic to these satellites relies heavily on our understanding of the
plasma interactions with them.
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1 Introduction
Satellites of the two giant planets, Jupiter and Saturn, exhibit great diversity in their magnetic properties. Magnetic fields at moons have multiple sources, both internal and external. An internal magnetic field can arise from a core dynamo, remanent magnetization or
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the inductive response of a conducting layer within the moon (such as a shell of conducting liquid) to any time-varying external field. External magnetic sources associated with a
moon arise through interactions between the ambient flowing plasma and the moon’s intrinsic magnetic field, atmosphere and ionosphere. Knowledge of the magnetic field associated
with a moon when combined with data on the gravity field can provide useful clues to and
place significant constraints on models of the moon’s composition and interior structure. In
the following, we outline some general properties of the internal and external sources that
contribute to the magnetic fields associated with moons.
1.1 Internal Sources: Permanent vs. Inductive
Remanent magnetization, magneto-convection and dynamo action can produce quasi-stable
internal magnetic fields. Internal fields arising from these sources are expected to be steady
over a relatively long time period and therefore, are sometimes referred to as “permanent”
internal fields. Remanent magnetization develops if the magnetic materials of the moon capture and retain the magnetic field imposed at some past time by either an internal dynamo
or an ambient field in which the moon is embedded. In magneto-convection, the convective
motions of a conducting fluid in the presence of the imposed external magnetic field generate electric currents that modify the internal magnetic field. The magnetic field produced
by magneto-convection is not self-sustaining. If the external field vanishes, convection itself does not generate a new magnetic field. In contrast, a dynamo, which also requires an
internal region that contains electrically conducting fluid, can self-generate magnetic fields
through the convective motion of the conducting fluid and maintain such magnetic fields as
long as the convection continues. A dynamo does not require the presence of an external
field, but may be affected by such a field. Time-varying internal fields arise if there is a conducting layer within the moon, such as a subsurface ocean, that can carry currents driven by
a time-varying external field. The property of the induced field, such as its field strength and
orientation, depends on both the external driving field and the properties of the conducting
layer. An induced magnetic field tends to exhibit variations on relatively short time scales
because its strength and orientation vary with changes of the external driving field.
Time-varying external fields are present at the orbits of the Galilean satellites of Jupiter.
Because Jupiter’s dipole is tilted with respect to its rotational axis by roughly 10◦ , the Jovian dipole equator sweeps over the Galilean satellites at their synodic periods (the rotation
period of Jupiter seen in the rest frame of the moon). Effectively, these moons wobble up
and down through Jupiter’s plasma sheet sampling regions of different plasma and field conditions. The periodically changing background field at the orbits of these moons provides
a strong driving signal for magnetic induction but a global response is expected only if the
moon contains a global shell of high conductivity.
Unlike Jupiter’s magnetospheric field at the orbits of the Galilean satellites, Saturn’s
magnetospheric field at the orbits of its inner icy moons does not contain a substantial timevarying component that can drive strong magnetic induction because Saturn’s internal field
is axisymmetric. Temporal variations in the magnetic field may arise because of local plasma
interactions at the moons or dynamic changes in Saturn’s global magnetosphere. Nonetheless, the induction effects at Saturn’s moons are expected to be much less prominent than
those at Jupiter’s moons and correspondingly difficult to detect.
1.2 External Sources: Plasma Interaction with Moons
Magnetic perturbations can arise through the interaction between the moons and the ambient flowing plasma within the magnetospheres of their parent planets or the solar wind. The
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magnetic field perturbations add to the field generated within the moon. Magnetic field perturbations resulting from plasma interactions are referred to as fields from external sources.
Plasma interactions at the moons can have various forms depending on both the moons’
magnetic character and the nature of the ambient plasma. A magnetized moon with a sufficiently strong internal magnetic field can stand off the incident plasma above its surface and
form its own magnetosphere analogous to that formed in the interaction between its parent
planet and the flowing solar wind. Ganymede, one of Jupiter’s moons, is the only known
example of such a case; it will be discussed in detail later in this Chapter. An unmagnetized
moon can also interact with the incident plasma through the mass-loading process and, if
it serves as a substantial source of neutrals, can produce observable signatures in the magnetic field. A few moons in the two planetary systems have been found to belong to this
category and their interactions with the magnetized plasma generally can be described by
an Alfvén wing model, which will be introduced below. Moons with neither strong internal
magnetic field nor significant neutral sources (so-called “inert” moons) perturb the ambient
plasma and field principally by absorbing incident plasma in a manner analogous to that of
Earth’s Moon. Magnetic perturbations associated with inert moons are observed mainly in
their wake regions where the shadowing of the incident plasma modifies the field.
It is useful to characterize the plasma interaction with an obstacle by introducing some
, the sonic
dimensionless parameters, such as the Alfvénic Mach number, MA = Vf low /VA
Mach number, Ms = Vf low /Cs , the magnetosonic Mach number, Mms = Vf low / Cs2 + VA2

and the plasma beta, β = Pth /(B 2 /2μ0 ), where Vf low is the unperturbed bulk flow velocity,
√
VA = B/ μ0 ni mi is the Alfvén speed given in terms of the ambient unperturbed
√ magnetic
field, B, the number density, ni , and the mass, mi , of the dominant ions, Cs = γ Pth /ni mi
is the sound speed, a function of the plasma thermal pressure, Pth , the mass density and the
ratio of specific heats, γ . The Mach numbers indicate whether or not perturbations carried
by different wave modes can propagate upstream in the flow. In addition, the Alfvén Mach
number MA and the sonic Mach number Ms are closely related to the ratio of the dynamic
pressure of the flow to the magnetic pressure and the plasma thermal pressure, respectively.
The quantity β directly measures whether thermal plasma effects or magnetic field effects
dominate the interaction.
Except for some of Saturn’s outer moons, which spend some part of their orbital motion outside of Saturn’s magnetosphere, the other moons that will be discussed here always
remain embedded within a planetary magnetosphere. At the orbits of these moons, the ambient low energy magnetospheric plasma approximately corotates with the planet at bulk
flow speeds much larger than the Keplerian speeds of the moons (Kivelson et al. 2004;
Khurana et al. 2008). In the rest frame of these moons, therefore, the corotating plasma continually overtakes them from their trailing sides (in the sense of moon’s rotation). Figure 1
shows a schematic of the Alfvén wing structure that results from the interaction between
a sub-Alfvénic flow and a conducting obstacle. As a magnetized plasma flows towards a
conducting obstacle, such as a moon with an ionosphere, it is slowed down and diverted
around the moon because the incoming plasma and field are prevented from penetrating
into the conductor by the induced currents. The slowing of the flow generates perturbations
carried by different wave modes, among which compressional perturbations can propagate
effectively across the field. These waves produce small amplitude disturbances in front of
the moon if the flow is sub-magnetosonic (Mms < 1), as is the case for most of the moons
discussed here. Conversely, if the ambient flow is super-magnetosonic (Mms > 1), the wave
fronts of these perturbations steepen to form a standing shock upstream of the moon. The
perturbations caused by the slowing of the flow near the obstacle also generate Alfvén waves
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Fig. 1 A schematic illustration of the Alfvén wing structure arising from the interaction between a
sub-Alfvénic (MA < 1) flow and a conducting obstacle. Panel (a) represents a plane (XZ plane) that contains
the directions of the unperturbed flow (+X̂) and the background magnetic field (−Ẑ). Panel (b) shows the
cross-section of the interaction region in a plane (Y Z plane) normal to the plasma flow direction. The Alfvén
wing currents flowing along the field lines are represented by arrows. Solid and dashed lines represent the
currents flowing on the −Ŷ and +Ŷ side, respectively. The figure is adapted from Kivelson et al. (2004)

propagating away from the obstacle along magnetic field lines and slowing the flow at large
distances from the moon. Field-aligned currents associated with these Alfvén waves close
through perpendicular currents in the conducting region near the obstacle, such as the Pedersen currents in the ionosphere or through the moon itself. In the rest frame of the moon,
the perturbations associated with the field-aligned currents cause the field lines to bend back
within regions called the “Alfvén wing” whose boundaries (shown as heavy solid lines in
Fig. 1(a)) are tilted with respect to the background field at an angle θ = tan−1 (u/VA ), where
u and VA are the flow speed and the Alfvén speed of the unperturbed flow, respectively.
If there is a source of neutrals present at the moon, pickup ions may be produced by
the ionization of neutrals through various processes, such as photo-ionization, electron
impact ionization and ion-neutral interaction (charge exchange). When the newly generated ions are added to the ambient flow, they acquire kinetic energy of flow and of
thermal motion. The energy is extracted from the background plasma. In order to conserve momentum, the resulting bulk flow slows down. The addition of newly ionized
ions and the associated slowing of the flow are described by the term “mass-loading”.
Associated with this mass-loading process, there is a so-called “pickup current” (Goertz
1980), which arises from the effective charge separation between positively and negatively charged particles as they are accelerated by the motional electric field in the ambient flow. The pickup current, along with any associated Pedersen currents in the moon
and its ionosphere, flows across the field and is closed by field-aligned currents (or the
so-called “Alfvén wing” currents) owing to the requirement that current be divergenceless. It has been shown that the contribution of mass-loading to the plasma currents in
the interaction can be equivalently described as a Pedersen conductance (Neubauer 1998a;
Hill and Pontius 1998).
The Alfvén wing model mentioned above originally was applied to the sub-Alfvénic
(MA < 1) interaction between Io and its plasma torus (Goertz 1980; Neubauer 1980; South-
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wood et al. 1980), but it also can be applied to the interactions of the flowing plasma with
other moons that have ionospheres and/or a source of neutrals. Even if the flow is superAlfvénic (MA > 1) but sub-magnetosonic (Mms < 1), as for ambient conditions at Titan’s
orbit, the Alfvén wing model remains a valid description of the interaction. However, there
are some unique aspects of the interaction, which will be described in the section on Titan.
Numerical simulations are valuable tools for studying plasma interactions with an obstacle. Several types of simulation models are widely used in the study of plasma-moon interactions, i.e., magnetohydrodynamic (MHD) simulation, hybrid simulation and test particle
simulation. Each of the approaches has advantages and limitations and may be appropriate
only in certain situations. Most of the Galilean satellites of Jupiter (except Callisto) and the
inner icy satellites of Saturn inside the orbit of Dione are significantly larger than the characteristic scale lengths of the thermal plasma, such as the gyroradii of heavy ions (Kivelson
et al. 2004; Khurana et al. 2008). MHD simulation, in which both ions and electrons are
treated as fluid, is suitable for studying the global plasma interactions at these moons, where
the effect of particle gyromotion is not important. MHD simulation usually can provide a
description of the global interaction over a reasonably large region around the obstacle and
with relatively high resolution at a feasible computational cost. However, at some moons,
such as Saturn’s icy moon Rhea, the gyroradii of heavy ions can become a significant fraction of the moon’s radius (Khurana et al. 2008). Under such circumstances, kinetic effects
due to the finite gyroradii of heavy ions need to be taken into account when considering
plasma interactions with the moon. Hybrid simulation, in which ions are treated as kinetic
and electrons are considered as fluid, is more appropriate for studying plasma interactions
with such objects than is MHD simulation. However, hybrid simulation normally needs
relatively expensive computational resources to achieve reasonably good resolution and to
reduce system noise (Ledvina et al. 2008 and references therein). As an alternative, at relatively low computational expense, test particle simulation often is used in studying plasma
transport when finite gyroradius effects are important. In a test particle simulation, the motion of non-interacting test particles is driven by the electric and magnetic fields output from
other global models, such as MHD simulations. However, it should be kept in mind that
modifications of the electromagnetic fields due to test particles are not fed back to the global
electric and magnetic fields and wave-particle interactions usually are not self-consistently
included in test particle simulations.
Planetary magnetic fields are reviewed in other chapters (Connerney 2009; Hulot et al.
2009; Anderson 2009) in this issue/book; in this chapter we focus on the magnetic fields
of the Jovian and Saturnian moons and their surroundings. Jupiter and Saturn have many
satellites (more than 60 have been identified for each planet), most of which are small bodies
with radii less than 200 km. These small moons are either collisional products of larger
moons or captured asteroids and comet nuclei and they are in general irregular in shape.
Little is known about their physical properties because there have been few close encounters
with any of these small moons. Consequently, in this paper we shall concentrate on the major
satellites (whose radius exceeds about 200 km) for which planetary spacecraft have made
one or more close flybys. Moons of Jupiter and Saturn that will be discussed in this paper
are listed in Table 1, which gives an overview of properties that are relevant to the topic of
this chapter.
The following sections discuss the moons of interest in groups based on the origin of
their magnetic field. In each section, the available magnetic field observations and some
basic features of the plasma interactions are reviewed. Inert moons (Tethys and Rhea) are
discussed in Sect. 2 and moons that have internally induced magnetic fields (Europa and
Callisto) are considered in Sect. 3. Moons with strong plasma interactions (Io, Enceladus
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and Titan) are reviewed in Sect. 4 and the only case of an intrinsically magnetized moon,
Ganymede, is presented in Sect. 5. In Sect. 6 we describe two of Saturn’s moons (Dione and
Iapetus) for which the situation is unclear. Section 7 gives a brief summary.

2 Inert Moons: Tethys and Rhea
Tethys, with a mean radius of 533 km, is the fifth largest moon of Saturn. The interior
of Tethys is believed to be homogeneous and undifferentiated, composed mostly of water
ice as suggested by its low density (∼0.97 g/cm3 ) and its ellipsoidal shape (Thomas et al.
2007). Rhea, which has a mean radius of 764 km and a mean density of 1.23 g/cm3 , is
the second largest moon of Saturn. An interior model of Rhea developed by Anderson and
Schubert (2007) using measurements from Cassini suggest that, like Tethys, this moon is
probably also undifferentiated and is a homogeneous mixture of ice (75%) and rock (25%).
No observational evidence suggests that either of these moons is geologically active at the
present time. Neither of the moons appears to retain an appreciable atmosphere or to be a
significant source of neutrals. Direct in-situ magnetic field measurements (Dougherty et al.
2004) in the close vicinity of these two icy moons were acquired by the Cassini spacecraft,
which made a single close encounter with each of them in 2005. The Cassini observations
show no evidence of any appreciable internal magnetic field for either moon (Khurana et al.
2008). Because the background field of Saturn is nearly constant around the orbits of these
moons, no inductive response is possible regardless of the interior structure.
Some important features in the Cassini magnetic field observations that help us identify
the moons’ magnetic properties are worth emphasizing. During each close flyby, the spacecraft flew through regions downstream of the moon with closest approach distances of 3.83
for Tethys and 1.67 for Rhea (in moon radii), respectively. The Rhea flyby occurred very
close to the moon’s central wake region while the Tethys’ flyby took place south of the central wake (shown in Fig. 2(a)). A portion of the magnetic field data near Rhea is shown in
Fig. 2(b), in which the background magnetic field of Saturn is removed in order to reveal the
weak perturbations associated with the moon. During the Rhea flyby, the field strength is
slightly enhanced near closest approach with depressions on both sides. The field enhancement in the central wake is consistent with absorption of the incident flow by the moon on
the upstream side and plasma depletion in the wake. Thus the magnetic field strength increase in the wake region develops in order to maintain the balance of total pressure (sum
of plasma and magnetic pressure). In addition, the bi-polar signature (from negative to positive) in the By component near closest approach arises because field lines are sucked into
the wake (shown in Fig. 2(a)). In passes by other moons, we will identify a field minimum
in the central wake and a change in the sign of By from positive to negative traced along
an analogous trajectory (see Fig. 1(b)). We will interpret such a signature as evidence that
the moon provides a substantial neutral source that slows the plasma flow either by massloading (as in the case of Io, discussed below) or because the moon and its ionosphere are
conducting. In either of such cases, field lines in the wake bulge out. The Tethys flyby data
basically show features similar to those described in Rhea’s case even though the Cassini
trajectory was south of Tethys. The available Cassini observations suggest that neither Rhea
nor Tethys produces a substantial neutral source that can mass-load Saturn’s plasma flow
and generate measurable effects. However, it is possible that neutral material is sputtered
primarily from the upstream side of the moons’ surfaces and that weak mass-loading would
be evident only on upstream flybys (Khurana et al. 2008). Such flybys of these moons are
needed to complete our knowledge of their interactions with Saturn’s magnetosphere.
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Fig. 2 (a) Projections of the Cassini trajectories during close flybys of Tethys and Rhea, shown in a plane in
the wake region and normal to the incident plasma flow direction. Also drawn is a schematic of magnetic field
lines (in dotted lines) based on the Cassini observations shown in (b). In this plot, the x̂-axis points along the
corotation direction of the plasma, the ŷ-axis points towards Saturn and the ẑ-axis lies along the spin axis of
Saturn. (b) Detrended magnetic field data (shown in a moon interaction coordinate system illustrated in (a))
from Cassini during a close flyby to Rhea. Figures are adapted from Khurana et al. (2008)

A close analogy to the interaction of Tethys and Rhea with Saturn’s magnetospheric
plasma is found in the interaction of Earth’s moon (no appreciable global magnetic field, no
mass-loading and non-conducting) with the plasma that engulfs it. The Moon’s interaction
has been extensively studied in the past several decades through observations and modeling
(Schubert and Lichtenstein (1974) and references therein; Bosqued et al. (1996); Ogilvie
et al. (1996); Owen et al. (1996); Halekas et al. (2005)). Although Tethys and Rhea share
many similarities with the Earth’s Moon, their inert interactions with flowing plasma differ
from the lunar case because of the properties of the ambient plasma. One feature of plasma
interaction that is especially relevant to mass-loading at an inert moon is the net flux of
sputtering particles that reaches the surface during the time required for a flux tube to flow
across the moon’s diameter. The flux depends not only on the plasma density but also on the
ratio of the sound speed (which determines the flow speed along the flux tube) to the flow
speed (which establishes the duration of the transit across the moon). The Earth’s Moon
spends much of its orbital time in the solar wind, in which that ratio normally is 1 (or
Ms  1). For Tethys and Rhea, which orbit around Saturn in the inner part of the Kronian
magnetosphere with mean orbital distances of 4.9 and 8.7 Saturn radii (1 RS = 60,268 km),
respectively, the ambient plasma flow typically is transonic (Ms ∼ 1) (Acuna et al. 1983;
Sittler et al. 2006; Khurana et al. 2008; Wilson et al. 2008). As a consequence, the absorption of particles moving along a flux tube that is in contact with the moon leads to a more
extended plasma depletion region (in which magnetic field strength increases) around the
moon in a transonic interaction than in a super-sonic interaction. Details of the comparison
between the inert moon interactions in the two distinct plasma regimes are given by Khurana
et al. (2008).
Roussos et al. (2008) studied the plasma interaction at Rhea by using a 3D hybrid simulation, which takes into account ion gyromotion. Their simulation, in which Rhea is treated
as a pure plasma-absorbing body, yields a satisfactory agreement with the Cassini magnetic
field observations. Because the gyroradii of the dominant water-group ions at Rhea’s orbit
with typical thermal energy (∼100 eV) become a significant fraction of the moon’s radius,
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it would be interesting to investigate how the plasma interaction with an inert moon is modified by the finite gyroradii effects of ions by comparing results from both hybrid and MHD
simulations.
In summary, Tethys and Rhea are examples of inert moons, which possess neither an
appreciable internal magnetic field nor a significant neutral halo that can generate substantial
magnetic field perturbations through plasma interactions. To a good approximation, they act
as absorbing obstacles. Their interactions with Saturn’s sub-magnetosonic plasma under
relatively steady magnetic field and plasma conditions are analogous to the inert interaction
of the Earth’s moon with the super-magnetosonic and highly variable solar wind, albeit that
interaction is greatly affected by the variability and the supersonic flow of the solar wind.

3 Satellites with Internally Induced Magnetic Fields: Europa and Callisto
When a conductor is placed in an environment with a time-varying external magnetic field,
it responds to the driving (or primary) field by generating eddy currents that flow near the
surface of the conductor. An induced magnetic field perturbation that acts to prevent the
driving field from penetrating into the conductor then arises from the eddy currents. Such a
process can be described by the diffusion equation for the magnetic field:
∇ 2 B = μσ

∂B
∂t

(1)

a relationship that applies when plasma convection is neglected. Here μ is the permeability
(normally taken to be the permeability of vacuum, μ0 ) and σ √
is the electrical conductivity.
Based on (1), an important scale length, the skin depth δ = μσ ω/2, which varies with
the frequency (ω) of the driving signal, can be defined to describe the depth to which the
power of a time-varying external signal can penetrate into a conductor. A steady external
field (ω = 0) does not induce currents in a conductor and consequently diffuses into the
conductor over the diffusion time scale given by τ = R 2 μσ , where R is the scale size of the
conductor. For a perfect conductor (σ ∼ ∞), the skin depth δ ∼ 0 meaning that an incoming
wave signal is fully excluded from the conductor.
Most of planetary satellites of interest are embedded in plasmas dominated by the planetary magnetic field (except Iapetus, whose orbital distance is larger than the spatial scale of
Saturn’s magnetosphere and Titan, which can spend part of its orbital period beyond Saturn’s
magnetopause). Typically, then, the scale lengths of the field variations in the background
plasma are much larger than the spatial scales of the satellites. Therefore, the external largescale fields that these satellites experience can, to a good approximation, be considered as
spatially uniform fields. If a moon with a spherically symmetric region of high conductivity,
such as an ionosphere or a subsurface ocean, is embedded in a region of uniform timevarying external magnetic field (as shown in Fig. 3), an induced field will be produced. The
induced field has the structure of an internal dipole outside of the conductor and the sum
of the induced and the primary fields is approximately zero inside the conductor. As a result, the external field will be excluded by the conductor, with magnetic field lines draped
tangentially over its surface. In reality, however, the conductivity of the conductive layer is
probably finite. In this case, the driving field can penetrate into the conductor with amplitude
falling exponentially with depth at a rate described by the skin depth δ. The instantaneous induced field will have a phase lag from the driving signal and an amplitude that is a fraction
of the maximum response for a perfect conductor (Lahiri and Price 1939; Rikitake 1966;
Zimmer et al. 2000).
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Fig. 3 Schematics adapted from
Khurana et al. (2002) showing
(a) magnetic field lines of the
dipolar response (Bind (t)) of a
spherical perfect conductor (in
which induced eddy currents are
flowing) to a uniform
time-varying external field
(Bprim (t)), (b) magnetic field
lines of the resulting total field
(Bprim (t) + Bind (t)), which are
tangent to the surface of the
sphere and do not penetrate into
the conductor

Detailed discussions of the induced magnetic fields associated with various objects in
the solar system, including planetary satellites, are given by Saur et al. (2009) in another
chapter in this issue. In this section, we briefly review the magnetic field observations at
the two Galilean satellites of Jupiter, Europa and Callisto, where strong evidence of induced
magnetic fields have been found.
3.1 Europa
Europa, with a radius (RE ) of ∼1560 km, is the smallest of the four Galilean satellites of
Jupiter, orbiting at a distance of ∼9.4 RJ (RJ , radius of Jupiter = 71,492 km). Gravitational measurements from four Galileo flybys suggest that Europa’s interior is most likely
to be a differentiated structure consisting of a metallic core with a rocky mantle covered
by a water-ice outer shell of thickness between 80 and 170 km (Anderson et al. 1998b).
Europa’s surface is geologically young compared to the surfaces of Ganymede and Callisto.
Voyager observations reveal global fracture-like patterns and few impact craters on its icy
surface (Smith et al. 1979a, 1979b), features confirmed by the high-resolution images from
Galileo (Carr et al. 1998).
Europa does not appear to possess any appreciable permanent internal magnetic field
(Khurana et al. 1998; Kivelson et al. 2000). Rather, observations obtained from multiple
passes have clearly established that Europa generates an induced magnetic field in response
to the external time-varying field of Jupiter. The induced magnetic fields basically can account for the large-scale (relative to the size of Europa) field perturbations observed near
Europa. Europa possesses a tenuous atmosphere (Hall et al. 1995) and an ionosphere (Kliore
et al. 1997), both of which can interact with the ambient magnetospheric plasma producing
observable magnetic field perturbations.
Our knowledge of Europa’s magnetic fields and its associated plasma interactions is
based on the measurements obtained by Galileo on eight Europa flybys from which magnetic field data were acquired. During its first several flybys of Europa (between 1996 and
2000), the Galileo magnetometer observed strong field perturbations near the moon. The
localized perturbations were attributed to Europa’s interaction with the corotating Jovian
plasma since similar large fluctuations were not observed outside of the close encounter
intervals (Kivelson et al. 1997). Several different possibilities regarding the source of the
observed field perturbations were initially proposed. The perturbations could have been interpreted as evidence of the plasma currents arising from the electromagnetic interactions
of the moon with the Jovian plasma or of an internal magnetic field from either remanent
magnetization or self-generated dynamo action.
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Plasma interactions at Europa are important and magnetic field perturbations localized
near the moon arise in part because of the existence of an oxygen atmosphere and an
ionosphere. Magnetic field enhancement occurs upstream of Europa, a signature of the slowing of the incident flow by mass-loading. The sub-Alfvénic (MA < 1) plasma interaction at
Europa generates an Alfvén wing structure similar to that formed when Io interacts with its
plasma torus (Neubauer 1980; Southwood et al. 1980). Field lines are bent back above and
below the moon by the field-aligned Alfvén wing currents that link to Jupiter’s ionosphere.
However, analysis of the magnetic field data from multiple flybys indicates that plasma effects alone cannot account for the large-scale (relative to the size of Europa) features of
the observed magnetic field (Kivelson et al. 1999). A substantial source of a dipolar field
whose axis lies roughly in the moon’s equatorial plane is needed to interpret the observed
magnetic field variations on multiple passes. A core-dynamo is not a favored source of an
internal field whose dipole axis is nearly perpendicular to the moon’s rotation axis, but that
possibility initially could not be ruled out (Kivelson et al. 1997).
Another possible source of an internal field is magnetic induction. Because Jupiter’s dipole is tilted with respect to its rotational axis by roughly 10◦ , the Jovian dipole equator
sweeps Europa at the synodic period of ∼11.1 hours. Consequently, Europa experiences a
strongly time-varying external field, whose major temporal variations are in the component
that lies roughly in Europa’s equatorial plane. As first proposed by Colburn and Reynolds
(1985), the periodically changing background field at Europa’s orbit could drive currents
inside of Europa if the moon contains a global region of high conductivity. Indeed, when an
induced dipole moment, whose strength and orientation are determined by the instantaneous
value of the periodically varying component of Jupiter’s field, is used to model the flyby data
assuming that the highly conducting region is a shell lying close to the moon’s surface, it
yields a reasonably good fit to the observations for passes during which plasma effects are
relatively weak (Kivelson et al. 1999).
If the observed perturbations arise from a permanent internal source, the inferred dipole
moment should not vary in orientation and strength over a time scale as short as the intervals between Galileo flybys of Europa. Conversely, if an induced dipole moment is the
dominant source, the inferred dipole moment would change in orientation and strength as
the external driving field varies. A crucial test of the induction model would be provided
by comparing perturbations present on close flybys north and south of the Jovian central
plasma sheet, because the orientation of the time-varying component of the driving field has
opposite polarities on the two sides. However, all the passes that occurred before 2000 and
had magnetometer data available took place when Europa was located either near or above
Jupiter’s central plasma sheet. The time-varying component of the external field during these
passes was either too weak to drive induction with measurable effects or pointed roughly in
the same direction (radially outward from Jupiter). Moreover, on passes near the center of
the plasma sheet, the field perturbations arising from plasma effects are large and obscure a
weak internal source. Thus, either a dynamo source or an induced source was possible.
The last close encounter (“E26” flyby, Galileo flybys of the Galilean moons are labeled
by the moon’s name and the orbit number) of Europa occurred in early 2000 when Europa
was far south of Jupiter’s central current sheet and Jupiter’s field pointed inward toward
the planet. This pass provided an optimal flyby geometry for removing the ambiguity. As
shown in Fig. 4, the predictions computed from the dipole moment fit to a previous pass
(E4) are in antiphase to the general trend of the observed field perturbations. The E26 observations demonstrate that an internal dipole with the opposite orientation as that inferred
from previous passes is required to interpret the field measurements and therefore provides
convincing evidence for the existence of an induced internal field at Europa (Kivelson et al.
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Fig. 4 Galileo magnetometer data (three components and the field magnitude in nT) from the E26 flyby
of Europa for a range of ∼5 RE from Europa’s center. Data are shown in the EphiO coordinate system, in
which x̂ is along the corotating plasma flow, ŷ is radially in toward Jupiter and ẑ is parallel to Jupiter’s spin
axis. Black traces are the Galileo measurements. Green dashed curves, obtained from a polynomial fit to the
field components measured before and after the encounter, represent the background field without Europa
perturbations. Blue traces are computed from the dipole moment fit to the E4 pass. Red traces are predictions
from an induced dipole model without plasma effects. The figure is adapted from Kivelson et al. (2000)

2000). Data from all passes reveal that the internal field of Europa is dominated by a magnetically induced field and that the contribution from a permanent field is at most a minor
component (Schilling et al. 2004).
The induced dipole model consistent with the Galileo observations requires a global
shell of high conductivity near the moon’s surface capable of carrying substantial currents
(Khurana et al. 1998; Kivelson et al. 1999, 2000; Zimmer et al. 2000). Detailed constraints
on the properties of the conducting layer, such as the total conductance depending on the
thickness and the conductivity of the layer, can be derived from the inferred induced dipole
moment (Zimmer et al. 2000). If the induced field were generated in a conducting core
with an assumed size ≤ 0.5 RE , then the induced field strength would be only ≤ 1/8 of
the signal from a near-surface conductor. Such a weak near-surface field is inconsistent
with the observations. Another possible candidate for the required conductor is Europa’s
ionosphere, which has been observed by the radio occultation measurements (Kliore et al.
1997). However, the ionosphere is so tenuous that the estimated conductance, including
both the Pedersen conductance and the conductance due to ion pickup, integrated over the
whole ionosphere is too small (by several orders of magnitude) to carry the current needed
to produce the observed magnetic field perturbations. On the other hand, a layer of melted
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Fig. 5 The amplitude spectrum of the primary field observed by Europa calculated from an empirical model
of Jupiter’s magnetic field (Khurana 1997). The figure is reproduced from Khurana et al. (2002)

ice beneath the moon’s icy surface can account for the inferred induction response. Features
on Europa’s icy surface strongly support the presence of such a subsurface ocean (Carr
et al. 1998). Analysis from Zimmer et al. (2000) shows that a subsurface ocean (at depth
<200 km) composed of terrestrial seawater with thickness of ∼10 km can produce the
magnetic perturbations observed on several passes. In an attempt to improve the constraints
on the properties of the conducting region, Schilling et al. (2007) studied the induction
effects at Europa by using a time-dependent MHD model to account for effects arising from
plasma interactions. They found that when plasma effects are included, a higher conductivity
of the conducting shell is needed to interpret the magnetic field observations, implying that
the existence of a subsurface ocean is even more likely. However, the complete knowledge
of the properties of Europa’s interior structure must rely on more in-situ observations and
accurate description of the plasma interactions at Europa.
Ideally one would hope to constrain both the thickness and the conductivity of the conducting layer. It would be possible to do so if one could measure the magnetic induction
at multiple frequencies (Khurana et al. 2002). However, the Galileo data reveal only the
response at a single frequency (the 11.1 hour synodic period), and in this case either the
thickness or the conductivity must be assumed. In the future, it should be possible to measure the inductive response over times long compared with the synodic period. Then the data
will contain lower frequency signals as well. A low frequency signal arises because of Europa’s orbital eccentricity (see Table 1). As the moon moves around Jupiter, its radial motion
through Jupiter’s field imposes a signal at its orbital period (85.2 hours). As shown in Fig. 5,
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Fig. 6 Figure adapted from Khurana et al. (2002) showing contours of the maximum surface strength (in
nT) of the induced field generated in response to the 11.1 h wave (black lines) at the synodic rotation period
of Jupiter and the 85.2 h wave (grey lines) at the orbital period of Europa as a function of the ocean thickness
and the ocean conductivity. It is assumed that the wave amplitude at the synodic rotation period of Europa is
250 nT and the wave amplitude at the orbital period is 14 nT

the amplitude of this variation is relatively small compared to that of the aforementioned
11.1-hour periodicity wave but should drive a response that could be extracted from longterm (a month or more) continuous magnetic field observations at Europa. Figure 6 shows
the contours of the maximum induction field strength generated at Europa’s surface in response to Jupiter’s varying field at the two main frequencies. It is shown that when the ocean
thickness is >100 km and the conductivity is > 0.2 S/m, the amplitude curves of the two
frequencies begin to intercept each other. From such multi-frequency driving signals it will
be possible to identify independently the thickness and the conductivity of the subsurface
layer.
3.2 Callisto
Callisto, the outermost Galilean satellite of Jupiter, orbiting around the planet at a distance
of 26.33 RJ is the second largest Jovian moon (radius of ∼2410 km). Similar to Europa,
Callisto also experiences a periodically changing external field as it wobbles through the
Jovian plasma sheet. Galileo observations suggest that Callisto also generates an induced
internal field through a near-surface conducting layer, possibly a subsurface ocean.
The source of Callisto’s magnetic field was identified mainly through the data from two
Galileo flybys (C3 and C9), one of which (C3) occurred above and the other (C9) below
Jupiter’s plasma sheet. During the C3 flyby, Galileo flew by the moon in the wake region
at a distance of ∼ 1139 km above the surface. Magnetic field variations on the scale of the
moon’s radius along with a small field enhancement (only a few nT above an averaged ambient field of ∼35 nT) near the closest approach were detected. If the field enhancement and
the large-scale variations were produced by an internal dipole, the inferred dipole moment
should have a surface field strength of ∼ 15 nT and an orientation that is approximately opposite to the dominant component (radially outward from Jupiter) of the ambient Jupiter’s
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field and nearly orthogonal to the moon’s spin axis (Khurana 1997). As for Europa, a highly
tilted and rather weak dipole moment is more likely to be generated by induction than by
internal dynamo action (Khurana 1997; Neubauer 1998a). The distinction between a permanent and an induced dipole moment is supported by the observations from a subsequent
flyby (the C9 flyby) during which Callisto was located well below the Jovian plasma sheet,
a situation opposite to that of the C3 flyby (Kivelson et al. 1999). The inferred dipole moments, which well represent the large-scale field variation in the two individual flyby data,
flip sign from the C3 to the C9 flyby. This result rules out the possibility that a permanent
internal field is the dominant source that generates the observed large-scale perturbations
centered around the moon; it leads to the conclusion that Callisto’s internal field originates
predominantly from magnetic induction produced by a highly conducting layer associated
with the moon.
Callisto has an ionosphere whose electron density exceeds that of Europa by almost two
orders of magnitude (Kliore et al. 2002). The estimated ionospheric conductance based on
the radio occultation measurements can carry the current needed to account for the inferred
induced field (Zimmer et al. 2000). However, Callisto’s ionosphere is detected only when
the trailing (or ram) side of the moon is illuminated. The transient nature of the ionosphere
makes it difficult to attribute the inductive response to the ionosphere. Therefore, as for
Europa, a subsurface ocean of high electrical conductivity seems to be a more plausible
source (Kivelson et al. 1999; Zimmer et al. 2000). For Callisto, the estimated depth to the
top of the ocean is ∼300 km. The finding of an induced field arising from an internal ocean
provides useful insights into Callisto’s interior structure and imposes valuable constraints
on models of the interior structure. Gravitational experiments from several Galileo flybys
suggest that Callisto’s interior probably is in a state of partial differentiation (Anderson et
al. 1998a, 2001b). The appearance of Callisto’s surface, full of impact craters, indicates that
this moon has been geologically inactive over eons. A dilemma arises in understanding heat
transport. A subsurface ocean that can inductively generate the observed field perturbations
requires a substantial internal heat source to melt a portion of the outer ice layer. However, if
the heat transport in the deep interior is associated with convection, the heat loss rate is too
high to continue over geological time. Recent thermal models have shown that the cooling
of the interior through convection can be reduced if the viscosity of the convecting fluid is
considered. This means that it is possible for a liquid-water layer surrounded by ice both
above and below to survive to the present time (Ruiz 2001; Spohn and Schubert 2003).
In summary, magnetic field observations from Galileo show that both Europa and Callisto
lack appreciable intrinsic magnetic fields. However, both of them appear to generate induced
magnetic fields in response to the periodically changing field imposed by the motion of
Jupiter’s magnetic equator relative to their orbits. The observed large-scale magnetic field
perturbations near both of the moons can be understood if there are highly conducting layers
buried just beneath their surfaces. The most plausible source of such a conducting layer is a
subsurface ocean.

4 Satellites with Significant Neutral Sources and Strong Plasma Interactions: Io,
Enceladus and Titan
4.1 Io
Io is the innermost Galilean satellite, orbiting Jupiter at a distance of ∼5.9 RJ . Io appears to
have the youngest surface in our solar system because of its extraordinarily active volcanoes
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and other strong geological activity (Morabito et al. 1979; Smith et al. 1979a). Materials
erupted from the volcanoes and sublimed frost form a thin and patchy neutral atmosphere
(mainly composed of SO2 ) surrounding Io (Spencer and Schneider 1996). The ionization
of the neutrals by photoionization and electron impact ionization supports an ionosphere
on Io. Neutrals are sputtered off of the atmosphere and escape into Jupiter’s magnetosphere,
where they are ionized by multiple processes including charge-exchange at a rate of about
1 ton/second, forming a plasma torus around Io’s orbit. The complex interaction of Io with
the plasma of the torus has been extensively studied in the past several decades and recent
reviews can be found in Kivelson et al. (2004) and Saur et al. (2004). Here we focus on the
magnetic fields in the vicinity of Io, which can be affected by Jupiter’s field, plasma interactions including mass-loading, the ionosphere and internal sources. Galileo data from several
flybys reveal no appreciable internal field and indicate that the observed magnetic field perturbations at Io can be largely attributed to the plasma interaction with Io’s ionosphere and
its neutral cloud.
Difficulties in separating the signature of an internal field from the signature of plasma
interactions arise because the complex nature of the interacting system. Consequently, even
after the first few flybys, the critical question of whether or not Io has an intrinsic field
remained unanswered. Voyager 1 made the first relatively close flyby of Io at a distance of
about 11 RIo (RIo = 1821.6 km, the radius of Io). The spacecraft trajectory passed south
of Io and upstream of the southern Alfvén wing. The perturbation magnetic fields can be
attributed to the anticipated Alfvén wing current system. The trajectory did not approach
close enough to Io to obtain data constraining an internal field.
One of the high priorities of the Galileo mission was to probe Io’s environment with additional close flybys. Most of our knowledge of Io’s magnetic field and its plasma interaction
come from the Galileo observations. Magnetic field and particle data were obtained on five
flybys. Determination of Io’s magnetic field based on the three low-latitude passes (I0, I24
and I27) was ambiguous because near Io’s equator, plasma interactions obscure signatures
of an internal field. For example, during the I0 flyby, Galileo went through Io’s geometric
wake region (downstream of Io) near the equator at an altitude of ∼900 km and it detected
a field strength depression of ∼40% in the background field of ∼1800 nT. Several mechanisms can produce large field depressions. As suggested by Kivelson et al. (1996a, 1996b),
an internal dipole whose axis is approximately anti-aligned with Io’s spin axis could depress
the field in the downstream equatorial region. On the other hand, the observations of cool
and dense plasma (Frank et al. 1996; Gurnett et al. 1996a) in the field depression region
led to an alternate interpretation that the Alfvén wing currents resulting from the interaction
between a sub-Alfvénic flow and Io (Neubauer 1980; Southwood et al. 1980), which close
through Io’s ionosphere and/or an extended region of ion pickup, also could produce field
perturbations qualitatively consistent with the observations (Neubauer 1998b; Linker et al.
1998; Combi et al. 1998; Hill and Pontius 1998; Saur et al. 1999).
During the other two low-latitude flybys (I24 and I27), Galileo passed from upstream to
downstream along the flanks of the interaction region at altitudes of ∼600 km and ∼200 km,
respectively. Field and particle measurements along these two passes show that plasma flows
were strongly diverted around Io and accelerated above the background flow speed near the
flank region (Frank and Paterson 2000; Kivelson et al. 2001a). The diversion of the flow
could be produced if Io has an intrinsic magnetic field or by a highly conducting region
associated with Io such as its ionosphere and mass-loading region. During these two lowlatitude upstream passes, Galileo spent most of its time on flux tubes external to Io and
its ionosphere and thus the flyby geometry was not optimal for resolving the ambiguity of
Io’s internal field. However, the observations did impose useful constraints on any existing
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Fig. 7 Galileo magnetometer data (three components and the field magnitude in nT) for the closest approach
(C/A) intervals of the (a) I31 and (b) I32 flybys. Blue dashed traces represent the background field expected
in the region when Io is not nearby. Data are shown in the Io-centric IphiB coordinate system, in which x̂
is along the flow direction of the corotating plasma, ŷ is orthogonal to both the background field near C/A
and the incident flow direction (x̂), and ẑ = x̂ × ŷ. On the right side of each panel, the projected field vectors
(2 min averages on 1 min centers) of the perturbation field (the residual between the measurement and the
background field) are shown in the XZ plane along the spacecraft trajectories for the two flybys. Also shown
are the field vectors (in green) of an internal dipole that is anti-aligned with Io’s rotational axis and has an
equatorial surface field strength of 200 nT

internal magnetic field. In an attempt to model the observed field perturbations from the
I27 flyby by using a global MHD simulation of Io’s plasma interaction, it was found that
a strongly magnetized Io (with surface equatorial strength comparable to the ambient field)
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could be ruled out but a relatively weak internal dipole at Io with surface equatorial strength
comparable to that of Ganymede ∼750 nT (see Sect. 5) still remained possible (Kivelson et
al. 2001a).
More definitive information capable of distinguishing between a magnetized and a nonmagnetized Io finally were obtained on the two polar flybys (I31 and I32), during which
Galileo went through the northern and the southern polar regions, respectively (Kivelson et
al. 2001b; Frank and Paterson 2002; Chust et al. 2005). As shown in Fig. 7, magnetic field
observations exhibited negative perturbations in the component (Bx ) along the direction of
the background flow over the northern pole (I31 flyby) and positive perturbations over the
southern pole (I32 flyby). The internal field model based on the previous flybys could not
reproduce the general features of the observed perturbations. In contrast, the features of the
field perturbations are consistent with those expected from an Alfvén wing model. It was,
therefore, concluded that Io does not possess an appreciable internal field and the observed
magnetic field perturbations at Io can be produced predominantly by the plasma interaction
with Io’s ionosphere and its neutral cloud.
4.2 Enceladus
Despite its small size (radius (REn ) ∼ 252.1 km), Enceladus is one of the most geologically dynamic bodies in the solar system, similar in many aspects to Io. Features on its
extraordinarily bright icy surface suggest that this tiny moon experiences strong endogenic
activity (Smith et al. 1982). Furthermore, the correlation between the peak density of Saturn’s E-ring and Enceladus’ orbit (∼3.95RS ) has led to the speculation that Enceladus is
the source of the E-ring particles (Horanyi et al. 1992). The first three flybys of Enceladus
made by Cassini in 2005 have confirmed this speculation and revealed surprising new aspects of the moon’s enigmatic properties (Spencer et al. 2006). It has been found that a water
plume consisting of multiple jets is being vented from several warm troughs (named “tigerstripes”) located near the south pole of Enceladus (Waite et al. 2006; Tokar et al. 2006;
Porco et al. 2006; Spahn et al. 2006; Hansen et al. 2006). The Cassini magnetometer observations suggest that Enceladus lacks an appreciable internal field but perturbs the ambient
magnetic field through an interaction between its neutral cloud arising from the water plume
and Saturn’s magnetospheric plasma (Dougherty et al. 2006).
As will be shown below, magnetic field measurements played a key role in discovering
the existence of a dynamic atmosphere at Enceladus. On the first flyby, Cassini’s closest
approach was at a relatively large distance (1265 km ≈ 5 REn ) from the surface on the
upstream side and well above the moon’s equatorial plane. Magnetic field perturbations
measured by Cassini show signatures consistent with a slowing and diversion of the plasma
flow near Enceladus, as expected for a moon that acts as an obstacle to the ambient flowing
plasma. The slowing and deflection can arise for various reasons. If Enceladus is intrinsically
magnetized as a result of either dynamo action or remanent magnetization, the observed
features in the magnetic field can be accounted for. A rough estimate of the internal dipole
strength required to generate the perturbation field at Cassini’s location requires a surface
field strength on the order of 1000 nT. However, a small moon is unlikely to be capable
of generating such a field. An alternate interpretation based on plasma-neutral interactions
seems more reasonable. If Enceladus provides a substantial neutral source, currents can be
driven through the cloud of ionized neutrals by the background motional electric field due to
the electric conductivity arising from an ionosphere or ion pickup (via charge-exchange and
electron impact ionization (Sittler et al. 2004)). The plasma interaction with a conducting
obstacle, which can be described by the Alfvén wing model mentioned above, also can
generate the features in the perturbation field observed by Cassini.
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Fig. 8 A cartoon reproduced from Dougherty et al. (2006) showing Enceladus’ water plume located near the
south pole and its interaction with Saturn’s magnetosphere

Data from the second flyby confirmed that Enceladus acts as an obstacle to the ambient
flow but also presented some surprising features about the nature of the mass-loading region.
This pass was also an upstream pass but the spacecraft passed south of Enceladus at an
altitude of ∼500 km (≈2 REn ). The magnetometer observed features in the perturbation field
similar to those observed during the first flyby. This was quite surprising because the neutral
source was expected to peak near the moon’s equatorial plane and the magnetic perturbations
of the components transverse to the background field were expected to be antisymmetric
about the equator as they are in Fig. 1. Instead, the perturbations are consistent with the
picture (Fig. 8) in which the dominant mass-loading region is located somewhere below
Enceladus.
In order to confirm the interpretation based on the magnetometer measurements and to
further identify the nature of the possible neutral source, the third flyby was designed to
approach Enceladus’ south pole at the much lower altitude of ∼173 km. Multiple in-situ
measurements and remote sensing observations from this flyby established the presence of a
water plume, whose dimensions are on the order of the moon’s size, located near Enceladus’
south pole. This established that Enceladus is the dominant source of the material forming
Saturn’s E-ring. Based on the Cassini observations (Hansen et al. 2006) and subsequent
modeling work (Burger et al. 2007), the H2 O escape rate from Enceladus is estimated as
150–350 kg/s.
Of particular interest here is the total production rate of pickup ions, which gives insight into the strength of the plasma-neutral interaction and its consequences for Saturn’s
magnetosphere (Kivelson 2006). The total mass loading rate has been inferred by several
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means, which result in significantly different values. Pontius and Hill (2006) used an analytic model of the electrodynamic coupling between Enceladus and Saturn’s ionosphere
to model the perturbations in plasma velocity at relatively large distances (beyond 10 REn )
measured by the Cassini Plasma Spectrometer during the third flyby (Tokar et al. 2006).
They inferred that a total mass loading rate >100 kg/s is required to explain the flow perturbations over an extended region of ∼30 REn . Khurana et al. (2007) applied a current wire
model to interpret the magnetic field perturbations for all three flybys and found that the
plume exhibited considerable variability on time scales of months in terms of its location
and the total production rate, which is related to the total current required to interpret the
field observations. They obtained a total mass-loading rate between 1 and 3 kg/s. The dramatic difference (almost two orders of magnitude) in the total mass-loading rate estimated
using different approaches probably results from the assumptions regarding the spatial distribution of the neutral cloud and the plasma properties in the vicinity of Enceladus. More
observations on the nature of the neutral cloud together with global numerical simulations
of plasma interactions, which can self-consistently take into account the non-linear process
of ion pickup, are needed to fully understand the plasma and field environment at Enceladus.
Interior models based on the recent Cassini observations suggest that Enceladus is most
likely to be differentiated, with a rock-metal core with radius greater than half of the moon’s
radius surrounded by a water-ice shell (Schubert et al. 2007). If there is liquid water beneath
the surface, a time-varying external field could drive magnetic induction as at Europa and
Callisto (see Sect. 3). However, the symmetry of Saturn’s field, which dominates the field in
Saturn’s inner magnetosphere, makes the approach of using magnetic induction to diagnose
the moon’s interior structure challenging.
4.3 Titan
As the largest (1 RT = 2575.5 km) satellite of Saturn and the second largest satellite in the
solar system, Titan is a unique object because of its extensive atmosphere mainly composed
of molecular nitrogen with a substantial contribution of methane (Tyler et al. 1981; Hunten
et al. 1984). Before spacecraft measurements became available, Titan’s large size suggested
that it might have an intrinsic magnetic field. However, in-situ observations of Titan from
both Voyager (Ness et al. 1982) and Cassini (Backes et al. 2005; Neubauer et al. 2006) found
no evidence of any appreciable internal magnetic field. Voyager 1 observations gave an upper
bound of ∼4 nT for the equatorial surface strength of an intrinsic magnetic field (Neubauer
et al. 1984).
Because of the absence of an appreciable internal field, the magnetic field and plasma
environment at Titan are governed predominantly by the plasma interaction with the dense
atmosphere that creates what has been called an induced magnetosphere (Ness et al. 1982).
Such a magnetosphere is similar to that produced by the solar wind interaction with Venus
and comets except that no bow shock forms in front of Titan (Ness et al. 1981) because
the ambient flow typically is sub-magnetosonic (Mms < 1) (Hartle et al. 1982). Both Titan’s ionosphere and its exosphere appear as obstacles to the flowing plasma. As the flux
tubes carrying the incident plasma approach Titan, they first slow down upstream owing to
the extraction of momentum by pickup ions created mainly by photoionization and electron
impact ionization of Titan’s exosphere (hydrogen and nitrogen corona). As the flux tubes
continue to move towards Titan, they are further slowed down by the forces exerted by the
pressure gradient and the induced currents in the ionosphere. Magnetic flux can, to a good
approximation, be considered frozen into the plasma except at low-altitudes (<1000 km,
below the typical altitude of the peak ionospheric density ∼1200 km) where the transport
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of magnetic flux is governed mainly by magnetic diffusion. The perturbations caused by the
slowing of the flow near Titan generate Alfvén waves propagating away from Titan along
the magnetic field lines and cause the flow at large distances from Titan to slow. As a result,
those field lines are bent and draped around Titan. This is the same picture as the Alfvén
wing model discussed in the previous sections. However, the super-Alfvénic (MA > 1) condition of the typical ambient flow (Hartle et al. 1982) suggests that the Alfvén wing must
have a large bendback angle compared to the case of the Galilean satellites (except perhaps
Callisto) where the ambient flows are typically sub-Alfvénic (MA < 1). This interaction
eventually leads to the formation of an induced magnetotail with a central neutral sheet on
the downstream side separating oppositely oriented magnetic fields (Ness et al. 1982). It is
generally believed that those draped field lines divert around Titan as they move downstream
and eventually are detached from the tail and accelerated back to the ambient flow velocity
by the tension force arising from the highly kinked field geometry (Neubauer et al. 1984).
Another mechanism that involves magnetic reconnection may contribute to the evolution of
the tail structure. During its passage through the tail, the Voyager magnetometer detected a
region in which the projection of the magnetic fields onto the ambient field was negative.
This was considered by Kivelson and Russell (1983) as an indication of the plasma flowing
towards the tail current sheet, which could possibly lead to tail reconnection and subsequent
release of plasma and magnetic flux down tail.
The global configuration of Titan’s induced magnetosphere depends on the properties of
both its ionosphere and the incoming magnetospheric plasma. The day-side ionosphere is
produced predominantly by solar radiation with some contribution from the impact of the
magnetospheric electrons, whereas the night-side ionosphere is mainly created by the magnetospheric electrons. The imposed day-night asymmetry in the ionosphere has important
consequences for the configuration of the interaction region observed during the Voyager 1
encounter (Ness et al. 1982; Hartle et al. 1982). On the other hand, the ram direction plays
a significant role in controlling the global configuration of the induced magnetosphere. Titan is orbiting around Saturn in the outer region of the Kronian magnetosphere at ∼20 RS ,
which is near the nominal standoff distance of Saturn’s magnetosphere. Therefore, Titan
spends most of its orbital time inside Saturn’s magnetosphere but may occasionally (especially near Saturn’s local noon sector) find itself outside of Saturn’s magnetosphere embedded either in the magnetosheath or even in the solar wind depending on the incident solar
wind conditions. Even inside of Saturn’s magnetosphere, Saturn’s magnetospheric plasma
and field conditions at Titan’s orbit may contain variations depending on Titan’s local time.
Therefore, unlike the relatively steady ambient conditions at the Galilean satellites, which
are always inside the Jovian magnetosphere, the background plasma and field conditions at
Titan may vary dramatically with the location of the moon within (or outside of) Saturn’s
magnetosphere. The ambient flow typically is transonic and trans-Alfvénic; however, its direction is somewhat variable and may sometimes deviate from the nominal corotation direction even when Titan is inside the magnetosphere because Saturn’s magnetosphere expands
and contracts in response to solar wind disturbances. Deviations in the tail configuration
from the symmetry expected for the nominal corotation direction were observed during the
Voyager encounter (Ness et al. 1982). It was found that the ambient flow at Voyager’s encounter deviated from the corotation direction with an aberration of ∼ 20◦ radially inward
towards Saturn as measured by the plasma instrument (Hartle et al. 1982) and inferred from
the magnetic field observations by invoking the symmetry of the tail around the incident
flow direction (Kivelson and Russell 1983).
All of the factors mentioned above lead to a complex interaction that depends strongly
on Titan’s orbital phase. The ongoing Cassini mission has been designed to include numerous close encounters optimized to collect data on Titan and its near environment. Through
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2008, Cassini completed more than 40 close flybys of Titan that covered different regions of
the Titan system under a wide range of the ambient field and plasma conditions. Although
many features of the Cassini field and plasma observations can be interpreted reasonably
well in the framework of an induced magnetosphere based on the Voyager 1 observations
(Backes et al. 2005; Neubauer et al. 2006; Ma et al. 2006), many new aspects of the Titan
system have been revealed by Cassini. In particular, Titan’s atmosphere appears to be both
a source of and a sink for the ambient flowing plasma. A recent review by Ma et al. (2008a)
discusses consequences for plasma transport, a key to our understanding of Titan’s plasma
environment and hence the evolution of the atmosphere. In addition, radio occultation measurements (Kliore et al. 2008) showed that well below the nominal altitude (near 1200 km)
of the main density peak of the ionosphere there is a second peak of electron density at the
altitude of about 500 km, suggesting that Titan’s ionosphere may be more complicated than
anticipated on the basis of the previous observations and modeling.
One new aspect of the Cassini magnetic field observations is the detection of “fossil”
fields in Titan’s ionosphere (Bertucci et al. 2008). Cassini happened to catch Titan outside
Saturn’s magnetosphere in the magnetosheath during the T32 flyby. Earlier Voyager 1 and
all 31 Cassini close flybys had occurred when Titan was inside Saturn’s magnetosphere. On
T32, at high altitudes, the Cassini magnetometer observed layers of draped magnetic fields
consistent with the orientation of the ambient magnetosheath field surrounding Titan. However, deep in the ionosphere (between 1200 and 1600 km), the magnetometer observed fields
of opposite orientation. These have been interpreted as fossil Saturnian magnetospheric
fields deposited in the ionosphere before Titan entered the magnetosheath. Nearly opposite
orientations between the fossil fields and the ambient field strongly imply that reconnection
may be responsible for replacing the fossil fields in the ionosphere (Bertucci et al. 2008;
Ma et al. 2008b). The memory of previous environments captured by Titan’s ionosphere
adds another ingredient that further complicates the Titan interaction.
Knowledge of Titan’s inductive response to time-varying external field can provide important clues to our understanding of the moon’s interior structure. It is likely that Titan,
which is intermediate between Ganymede and Callisto in bulk properties (e.g., radius and
mean density), is differentiated into a rocky and metallic core with an outer water-ice layer
as suggested by interior models (Grasset et al. 2000; Sohl et al. 2003). The presence of even
a small amount of volatile material, such as ammonia, in the ice makes the existence of a
water layer more likely. In principle, induced currents can be driven in a hypothetical interior
ocean by any time-varying external fields sensed along Titan’s orbit. The amplitude of possible induced fields at Titan, however, is likely to be at most comparable to the perturbation
field arising from plasma interactions and, therefore, hard to detect. The presence of Titan’s
thick atmosphere precludes low altitude (<950 km) orbits for Cassini. It seems unlikely that
Cassini measurements will be able to provide clear evidence of either a possible inductive
response or a weak intrinsic field from the measurements dominated by contributions from
Titan’s ionosphere and plasma interactions.

5 A Satellite with an Intrinsic Magnetic Field: Ganymede
Ganymede, with a radius (RG ) of ∼2631 km, is the largest satellite in the solar system, even
larger than the planet Mercury. It earns its unique place among the planetary satellites not
only because of its great size but also because it is the only satellite in our solar system
known to possess an intrinsic magnetic field. In addition, like its neighboring moons Europa
and Callisto, Ganymede appears to possess a subsurface ocean that generates an inductive
response to the external Jovian field.
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Fig. 9 (a) Plot of latitude versus
longitude of the six Galileo
trajectories (color-coded) in
Ganymede-centered spherical
coordinates. Longitude is
measured from the Jupiter-facing
meridian in a right-handed sense
and latitude is measured from
Ganymede’s equator. The solid
traces represent the intervals
when the radial distance of the
spacecraft was within 2 RG ,
beyond which the internal field
strength becomes less than the
external field strength. (b) A
schematic showing Ganymede’s
location relative to Jupiter’s
magnetospheric current sheet
during Galileo’s six flybys. The
G1, G2 and G29 flybys occurred
well above the current sheet
while the G7 and G28 flybys
occurred well below the current
sheet. The G8 pass is the only
one that occurred near the central
current sheet

It was not anticipated that Ganymede would have a strong intrinsic field before the arrival of the Galileo spacecraft in Jupiter’s system, although Neubauer (1978) speculated that
the moon might have a relatively weak dynamo field (with an equatorial surface strength
of ∼200 nT). Kivelson et al. (1979) recognized that the proposed field could carve out a
magnetosphere within Jupiter’s plasmas. However, during the first two Galileo flybys (G1
and G2), the measured magnetic field increased dramatically near Ganymede (Kivelson et
al. 1996). In particular, during the pass (G2) over the north pole at a closest approach altitude of ∼260 km, the field increased above the ambient field (∼110 nT) by about an order
of magnitude, varying with distance as required for an intrinsic magnetic field. The intrinsic field is sufficiently strong to shield the moon from direct impact of the incident flow of
Jupiter’s magnetospheric plasma. A mini-magnetosphere embedded in Jupiter’s giant magnetosphere forms around the moon (Kivelson et al. 1996). Evidence for the existence of
a magnetosphere associated with Ganymede was also clearly present in observations from
other instruments, such as the plasma wave system (Gurnett et al. 1996b; Kurth et al. 1997)
and the particle measurements (Frank et al. 1997a, 1997b; Williams et al. 1997b). In addition to the in-situ observations, the Hubble Space Telescope observed oxygen (OI) airglow
features at Ganymede (Hall et al. 1998; Feldman et al. 2000) associated with a Ganymede
aurora.
In order to understand the observed magnetic fields obtained from the first two passes,
Kivelson et al. (1996) first developed a vacuum-superposition model in which the internal
field of Ganymede was represented by a fixed dipole field. The modeled internal dipole,
which reproduces the field observations near Ganymede reasonably well, has an equatorial
field strength of ∼750 nT and a tilt angle of about 170◦ from the rotational axis (Kivelson et al. 1996). Four additional passes were completed during the Galileo mission. The
distribution of all the six flyby trajectories in Ganymede-centered spherical coordinates is
shown in Fig. 9(a). The six passes took place at significantly different locations relative to
the moon, with four passes in the downstream region covering a wide latitude range and
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two low-latitude passes on the upstream side, providing us with a comprehensive sampling
of Ganymede’s magnetospheric system. Moreover, the six close encounters occurred at different locations relative to Jupiter’s dipole equator (shown in Fig. 9(b)), with three passes
above, two passes below and one pass near Jupiter’s central current sheet. Therefore, the
Galileo data were acquired in Ganymede’s magnetosphere under various external particle
and field conditions, including distinctly different polarities in the radial component of the
external field. Given the discoveries of induced fields at Europa and Callisto, it is of special
interest to find out if an induced field is driven in Ganymede in response to Jupiter’s timevarying external field. Even if present, an induced field could not be the dominant source of
Ganymede’s internal field because of the substantial difference in field strength between the
inferred internal field and the ambient field.
In their continuing studies, Kivelson et al. (2002) used magnetic field data acquired during multiple passes to refine the evaluation of the internal moments by looking for a solution
consistent with measurements on multiple passes and also allowing for a time variable inductive component. Three of the six flybys (G1, G2 and G28) were considered to be relevant
to the determination of the internal field while the other three (G7, G8 and G29) flybys were
excluded from the analysis because the flyby data were obtained either too far from the surface (G7) or too close to the magnetospheric boundary where strong localized currents are
flowing (G8), or did not add meaningful information for the analysis of Ganymede’s internal
magnetic field (G29). The fitting procedure used to invert the internal moments was based on
the basic principle of separating internal and external magnetic field contributions, which is
discussed at length by Olsen et al. (2009) in another chapter in this issue. Different combinations of a permanent dipole, a permanent quadrupole and an induced dipole were considered
and carefully examined in comparison with the data. Kivelson et al. (2002) concluded that
the available observations of Ganymede’s internal field are most likely to be the signatures
of a permanent dipole plus an induced dipole. A combination of an intrinsic dipole and a
quadrupole also reproduced the observations reasonably well. Unfortunately, the available
flyby data does not contain adequate information to distinguish between an inductive response and fixed quadrupole moments. However, the model with magnetic induction was
favored because it provides equally satisfactory fits to the data but requires fewer free parameters (five for the quadrupole model and only one for the induction model). The inferred
permanent dipole has an equatorial surface strength of 719 nT, slightly smaller than the initially proposed value, and a tilt angle of ∼176◦ with respect to the rotational axis (Kivelson
et al. 2002). The inductive response efficiency was inferred to be slightly smaller than that
from a perfect conductor of the moon’s size. This result can be well accounted for if a layer
of liquid water containing dissolved electrolytes is buried at a depth of the order of 150 km.
The source of the permanent internal field could be magneto-convection, remanent magnetization or dynamo action. Magneto-convection, in which convective motions of a conducting fluid modify an imposed external magnetic field, is expected to generate perturbation
fields roughly of the same order of magnitude as the external field. However, the significant
difference between Ganymede’s internal field strength and the ambient Jovian field strength
leads us to reject this proposal (Schubert et al. 1996). Crary and Bagenal (1998) have considered the possibility of remanent magnetization and concluded that the present internal
field could be produced by remanent magnetization of a strong ancient dynamo under rather
favorable assumptions about the magnetic properties of the rocky materials. Although this
possibility cannot be ruled out entirely, an extant self-sustained dynamo action, in which the
convective motion of a conducting fluid generates a magnetic field, is more likely to be the
source of Ganymede’s strong intrinsic field. One possible region that contains electrically
conducting fluid that could generate the field is the internal ocean mentioned above. However, the unrealistically large convective speed (>1 m/s) of the ocean required makes the
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scenario of an internal ocean being the dominant source of the internal field unlikely (Schubert et al. 1996). Therefore, a core dynamo in a liquid metallic core is the most probable
source for generating Ganymede’s intrinsic magnetic field. Schubert et al. (1996) pointed
out that Ganymede’s dynamo may be fundamentally different from the geodynamo because
the ambient field of Jupiter may establish the orientation of the moon’s dipole moment. The
existence of a core dynamo has important implications for the moon’s interior structure. The
Galileo gravity measurements alone could be satisfied if Ganymede were differentiated into
a core and a mantle (Anderson et al. 1996). However, the clues provided by the magnetic
field measurements make it likely that Ganymede’s interior contains a metallic core and a
silicate mantle surrounded by an icy shell (Schubert et al. 1996).
A key issue in determining the nature of the internal field is how well the field perturbations resulting from the external currents can be separated from the total observed field.
Therefore, an accurate determination of the internal field depends on our knowledge of the
external sources, which are dominated by the plasma currents arising from magnetospheric
interactions. Such currents are evidenced by the sharp rotations in the observed magnetic
field when the spacecraft crossed the magnetospheric boundaries (Kivelson et al. 1996).
Because of the field bendback caused by the field-aligned currents, the observed field at
high latitudes includes a negative perturbation in the unperturbed flow direction. The inversion analysis (Kivelson et al. 2002) assumed that the field perturbations contributed by the
external magnetospheric currents are locally spatially uniform along the spacecraft trajectory near closest approach. Such an assumption is not an unreasonable one. However, it is a
simplification that introduces uncertainties in characterizing Ganymede’s internal magnetic
properties.
A more accurate description of the magnetospheric currents can be provided by numerical simulations of the global magnetosphere, which can self-consistently take into account the interaction of flowing plasma with a magnetized obstacle bounded by a tenuous
ionosphere. Ganymede’s magnetosphere has been simulated by using single-fluid resistive
MHD simulations (Kopp and Ip 2002; Ip and Kopp 2002; Jia et al. 2008) and multi-fluid
MHD simulations (Paty and Winglee 2006; Paty et al. 2008). Among these, only the model
of Jia et al. (2008) includes the moon’s interior in the simulation domain. This approach has
the advantage of including the magnetic diffusion effects in the moon’s mantle. Furthermore,
a high-resolution numerical grid, which is crucial for resolving the fine structure of the magnetospheric boundaries, was used in their model to produce the plasma currents consistent
with the observations in both amplitude and location. In a subsequent work, Jia et al. (2009)
improved their MHD model by self-consistently taking into account the coupling between
the magnetosphere and the moon’s ionosphere with a finite Pedersen conductance. The modified conductance is probably more realistic than the high ionospheric conductance used in
the earlier model. They found that the simulated magnetosphere in the improved model is
in extremely good agreement with the observations on multiple passes. The work therefore
suggested that an MHD model can consistently describe the external plasma currents that
contribute to the magnetic field measurements in the near-Ganymede environment. The new
work also illustrated the sensitivity of global simulations to internal boundary conditions.
Using results (shown in Fig. 10) extracted from an MHD simulation by Jia et al. (2009),
we briefly describe the global form of Ganymede’s magnetosphere. Consider first the G8
flyby when Ganymede was located very close to Jupiter’s central plasma sheet. As shown
in Fig. 10(a), the whole magnetosphere forms a roughly cylindrical shape differing from the
bullet-like shape of planetary magnetospheres. This is because the sub-Alfvénic (MA < 1)
and low plasma β conditions of the typical flow at Ganymede’s orbit (∼ 15RJ ) imply that the
total external pressure is dominated by magnetic pressure which exerts force perpendicular
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Fig. 10 (a) Flows and the projection of field lines (white solid lines) in the XZ plane at Y = 0. Color
represents the Vx contours and unit flow vectors in yellow show the flow direction. Results are shown in
a Ganymede-centered cartesian coordinates (referred to as “GphiO”) in which X̂ is along the incident flow
direction, Ŷ is along the Ganymede-Jupiter vector, positive towards Jupiter, and Ẑ is parallel to Jupiter’s spin
axis. Predicted Alfvén characteristics (orange dashed lines) are shown for reference. The projection of the
ionospheric flow also is shown as color contours on a circular disk of r = 1.08 RG in the center. Flows shown
as red are return flows from downstream to upstream via closed field lines. (b) Same as (a) but in the Y Z
plane at X = 0. Flows in red are return flows on closed field lines at low latitudes. The figure is adapted
from Jia et al. (2009)

to Ganymede’s spin axis, whereas planetary magnetospheres are confined by the dynamic
pressure of the super-Alfvénic (MA > 1) and supersonic (Ms > 1) solar wind flow on the
upstream side and by magnetic and thermal pressure on the downstream side. The magnetosphere contains a small closed field line region near the equator and a large polar cap
consisting of field lines that link to Jupiter. Those open field lines in the polar cap are tilted
with respect to the background field direction in both hemispheres, forming Alfvén wings
that mediate the interaction of Ganymede with the plasma and the ionosphere of Jupiter.
The front across which the field bends significantly from the unperturbed background field
can be described by Alfvén characteristics tilted with respect to the background magnetic
v
). The magnetosphere has a length of about 8 to
field at an angle given by θ = arctan( fvlow
A
10 RG in the incident flow direction, whereas the width of the magnetosphere transverse
to the flow and the background field is approximately 6 RG (see Fig. 10(b)). Another feature of Ganymede’s magnetosphere differing from planetary magnetospheres is the absence
of a bow shock in front of the magnetosphere because the ambient flow normally is submagnetosonic (Mms < 1). Nonetheless, as the incident plasma flow approaches Ganymede’s
magnetosphere, it is slowed by its interaction with compressional magnetosonic waves that
propagate upstream (see Fig. 10(a)). Some of the incident flow diverts around the magnetosphere and is accelerated on the flank side (Fig. 10(b)). The ambient plasma has only
limited access into the magnetosphere mainly through magnetic reconnection between oppositely oriented magnetic fields on the two sides of Ganymede’s low-latitude magnetopause.
Plasma that enters the Alfvén wing as a result of reconnection is convected across the polar
cap towards the downstream region. Tail reconnection eventually returns part of the flow
back towards the moon and ejects the rest down the tail. Within the Alfvén wing, the plasma
flow is significantly decelerated because the footprints of the open flux tubes in Ganymede’s
ionosphere move at a much slower speed than does the background flow. The disturbances
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Fig. 11 Magnetic field comparisons between the simulation results and the Galileo observations for the G8
flyby. The magnetic field data are shown in the GphiO coordinate system, which is defined in the figure
caption of Fig. 10. Black solid lines are the spacecraft measurements while red traces are results extracted
from a global MHD simulation run using upstream boundary conditions characteristic of the G8 flyby conditions. The marked intervals show large amplitude magnetic fluctuations as observed during both inbound and
outbound magnetopause crossings. The figure is reproduced from Jia et al. (2009)

propagate along the magnetic field line carried by Alfvén waves. In the downstream region,
the flow is accelerated gradually to the background flow speed by the magnetic tension
force exerted on the plasma. Furthermore, a thin current sheet extends several Ganymede
radii from the moon’s surface in the downstream region, separating magnetic field lines
with opposite polarities.
Results of numerical simulations must be taken with caution and must be validated by
comparing directly with the measurements before being applied to interpret the observations. A crucial pass for validating the simulation model is the G8 flyby because during this
flyby the Galileo spacecraft flew through the upstream region very close to the cusp and
the magnetic field and Energetic Particle Detector (EPD) measurements within the magnetosphere provide critical constraints on the magnetospheric configuration (Kivelson et al.
1998; Williams et al. 1997a). In comparison with the observations (shown in Fig. 11), the
MHD simulation results accord extremely well with the Galileo magnetometer measurements. The simulation also predicts that near closest approach, Galileo flew into a region
of closed field lines inside the magnetosphere, which is consistent with the magnetometer
and EPD observations. Also shown in Fig. 11 are large amplitude magnetic field fluctuations present both prior to the entry and after the exit from the magnetosphere. Careful
examination of the time evolution of the simulated magnetosphere suggests that boundary
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fluctuations can be caused by bursty magnetic reconnection at the magnetopause (Jia et al.
2009). Thus it is probable that the fluctuations of the measurements in the vicinity of the
boundary arise from bursty reconnection. Ganymede’s magnetosphere provides us with an
opportunity to investigate the reconnection process in a relatively stable external environment because the plasma at Ganymede’s orbit imposes external field and plasma conditions
that vary slowly (with the nearly 10.5 hour synodic period of Jupiter’s rotation) and the magnetic field remains in a favorable orientation (southward in this case) for reconnection. This
is in contrast to the highly fluctuating solar wind that imposes unpredictable variations in
plasma and magnetic field on the magnetospheres of the planets it encounters. Combining
the observations and the MHD simulation suggests that even under steady external conditions, reconnection appears to be intermittent rather than steady.
The MHD model developed for the G8 pass also reproduces the Galileo observations
on other passes for relevant external conditions and the same inner boundary conditions.
Because the model can produce a global magnetosphere that matches the observations so
faithfully, it can be used to improve the internal field model by providing a realistic description of the external magnetospheric fields. One can assume that the differences between the
simulated and the observed magnetic fields can be attributed mainly to the inaccuracy in
the internal field model of Kivelson et al. (2002) adopted in the simulation. A correction
to the initial field model can be obtained by fitting the residuals between the modeled and
the observed fields. The next step would be to iterate by running the simulation with the
improved internal field without varying other parameters. The procedure should converge
if the assumption of the origin of the model discrepancy is correct and should improve the
determination of Ganymede’s internal field.
Although refinement of the present internal field model (Kivelson et al. 2002) may, in
the future, be achieved with the aid of a good global MHD model, it does not seem possible
to establish the presence of either the inductive response or the quadrupole moments unambiguously based on the present observations because of the limitations of available data.
For example, a magnetic anomaly in the high-latitude southern hemisphere could have been
missed because of the lack of coverage (Fig. 9(a)). Future missions to Ganymede should be
designed to obtain the data necessary to distinguish between permanent internal quadrupole
moments and an induced dipole moment and to cover the unexplored regions, especially
the southern high-latitude region. As in the situation of Europa, long-term (several months
or so) continuous magnetic field observations at Ganymede will allow for probing magnetic
induction by using multi-frequency signals, including the low frequency signal arising from
the moon’s orbital eccentricity. Self-consistent global simulations of Ganymede’s magnetosphere will have to play a key role in interpreting the observations and fully characterizing
the magnetic properties of Ganymede.

6 Moons for which the Situation is Unclear: Dione and Iapetus
6.1 Dione
Dione, with a radius of 561.7 km, orbits Saturn in the inner region of Saturn’s magnetosphere
at a mean radial distance of ∼6.3 RS . This moon is believed to be composed mainly of water
ice, however, its relatively high density (1.48 g/cm3 ) implies that the moon’s interior must
contain a significant fraction of dense material like silicate rock. Cassini flew by Dione in
2005 at a distance of ∼500 km from its surface. At closest approach, the spacecraft was
upstream of Dione and observed only a weak (∼0.5 nT) magnetic field signature suggesting that Dione does not possess any measurable intrinsic field. The observed magnetic field
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signature is consistent with weak field-line draping around Dione. The origin of field-line
draping is not yet clear as either extremely weak plasma loading from a tenuous atmosphere
or even the inductive response arising from the low conductivity of ice could explain the
draping signature. A downstream flyby is planned for April 2010 which should help discriminate between the two models.
6.2 Iapetus
Similar to Rhea in size, Iapetus is the outermost regular satellite of Saturn, orbiting the
planet at a distance of about 60 RS . The most striking feature of Iapetus is the high contrast
in brightness between the leading and trailing hemispheres (Ostro et al. 2006). Cassini made
a single relatively close encounter with Iapetus in 2007, flying from the downstream to the
flank side at a closest approach altitude of ∼2.2 RI (RI , radius of Iapetus = 735.6 km).
During the flyby, magnetic field perturbations were detected (Leisner et al. 2008). However,
because Iapetus was embedded in the solar wind, the observed field perturbations could
have been structures in the solar wind only fortuitously observed near the moon. Future
close flybys to Iapetus are needed to establish the moon’s magnetic properties.

7 Summary
The satellites of Jupiter and Saturn generate magnetic fields in many different ways. Near
the moons, magnetic perturbations ubiquitously arise from the interaction between the ambient plasma flow and the moons themselves and/or their atmospheres or ionospheres. Among
the moons that have been investigated to this time, Io, Enceladus and Titan serve as substantial sources of neutrals and/or ionized particles that mass-load the background plasma
and thus create significant magnetic field perturbations over volumes large compared with
their sizes. Moons also generate magnetic fields inductively in response to time-varying
external fields provided that they contain extended regions of high electrical conductivity.
Periodically varying external conditions are present at the orbits of the Galilean satellites
of Jupiter. Indeed, the icy satellites Europa and Callisto have been clearly found to respond
inductively to variations at the synodic periods of Jupiter, consistent with the existence of
internal oceans. Most of the icy satellites of Saturn, to a good approximation, appear to be
magnetically inert although the absence of clear time-varying signals in the ambient field
precludes detection of inductive responses on a small number of passes. Magnetic perturbations associated with Saturn’s moons are localized mainly in their wake regions where
the ambient plasma flow is shadowed by their presence. Ganymede is unique in having a
strong intrinsic magnetic field, which most likely originates from a self-sustained dynamo.
The internal field forms a mini-magnetosphere in the sub-magnetosonic flow of Jupiter’s
plasma. Ganymede’s magnetosphere shares many features with planetary magnetospheres
but differs in ways that reflect its unusual plasma environment. The existence of an internal
field has important implications for the structure of Ganymede’s interior and yet it seems
that little is known about the mechanism responsible for generating the field.
Future missions to Jupiter’s system, especially to Europa and Ganymede, are eagerly anticipated. They will acquire more definitive information on properties of the internal oceans
and of Ganymede’s self-generated magnetic field. In the interim, the ongoing Cassini mission undoubtedly will continue to provide us with surprises and to enrich our knowledge of
the satellites of Saturn.
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