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Data from the Galileo orbiter suggest that two of Jupiter’s moons, lo and Ganymede, have
intrinsic magnetic fields. The magnetic field of Jupiter alters the nature of the magne-
tohydrodynamic processes generating these intrinsic fields. Such an imposed field
allows appreciable internal fields to be generated in cases where convection cannot
otherwise maintain a dynamo. The dipole moment of the internal field can then become
aligned with the background field, as is observed for lo and Ganymede. lo might not have
a self-sustained intrinsic field in the absence of the ambient jovian field; Ganymede is
almost certainly operating as a dynamo in its own right.

Magnetometer data from the Galileo ot-
biter indicated that two of Jupiter’s
moons, lo and Ganymede, have signifi-
cant magnetic fields of internal origin (-
3). The most feasible source for these
fields is some form of magnetohydrody-
namic (MHD) process occurring in elec-
trically conducting liquid cores, similar to
the mechanism thought to be responsible
for the magnetic fields of Earth and other
terrestrial planets (4). Indeed, the recent
detection of intrinsic fields is one of the
strongest indicators that these satellites
have the molten Fe-rich cores necessary
for such processes (4-6). The MHD pro-
cesses occurring in lo and Ganymede may
differ from those responsible for other
known planetary magnetic fields, howev-
er, in that they take place within the
magnetic field of Jupiter. This ambient
field imposes a preferred sense of axial
direction on the systems, which are oth-
erwise invariant under reflection in the
equator, and may also help to initiate
convection through the interaction of
Lorentz {magnetic) and Coriolis (rota-
tional) forces, resulting in the possibility
of magnetic field generation in bodies in-
capable of self-excited dynamo action (4,
7). The abstracted physical problem there-
fore contains elements of the magnetocon-
vection problem—where convection is in-
fluenced by, and may rearrange, an im-
posed magnetic field—as well as elements
of the conventional dynamo problem—
where the magnetic field is entirely self-
excited (8).

The ambient magnetic field that the
jovian moons experience has contributions
from Jupiter’s intrinsic field and from the
field of a plasma sheet in the jovian mag-
netosphere (9). Although the jovian mag-
netic field is nonaxisymmetric, it corotates
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with the planet on a time scale much faster
than that of the internal MHD processes,
and so the relevant contribution to the
ambient field is the jovian field time-aver-
aged over a Jupiter rotation. At the orbits of
the moons, this field can be approximated
by a constant local field, essentially that
produced by a simple axial dipole. The av-
erage contribution from the plasma sheet is
also uniform, and so the net-averaged am-
bient field is essentially constant and is
aligned in the direction of the rotational
axis (9). The intrinsic magnetic fields of the
two moons have been fitted by dipole mod-
els (I-3). Both dipoles are approximately
axial and have moments opposite in sense
to Jupiter’s axial dipole.

lo and Ganymede have dipole moments
of about equal strength; they lie, however,
in ambient fields of different strength (Ta-
ble 1). At the surface of lo, the internally
produced magnetic field is of the same order
as the ambient field at this distance from
Jupiter. Because an Fe-rich core (of eutectic
composition) would account for about one-
half the surface radius of Io (5), and because
the internally generated field must decay at
least as v~ with radius r, outside this con-
ducting core (the silicate mantle being, to a
first approximation, insulating), the intrin-
sic field in the core must be several times
stronger than the imposed field. As the
surface magnetic field of Ganymede is larger
than the ambient field at its more distant
orbit and the core of Ganymede is thought
to be only one-quarter of its surface radius
(6), the intrinsic field must be several hun-
dred times stronger than the ambient field
in the core.

It is possible that both lo and
Ganymede generate magnetic fields by
“true” dynamo processes, with the ambient
field of secondary, or negligible, impor-
tance. The presence of the ambient field
admits a second possibility, however: that
the differing strengths of this imposed
field and the differing ratios of imposed
field to intrinsic field are significant, and

that the two moons operate in quite dif-
ferent MHD regimes. Magnetoconvection
processes, dominated by the ambient field,
may be important in the case of lo (4). For
Ganymede, it is difficult to see how mag-
netoconvection could produce an intrinsic
field so much stronger than the local am-
bient field, and so a genuine dynamo is
more likely. The ambient field might still
play a role in such a dynamo, however; in
particular, it might determine the sense of
the generated magnetic field.

Here we report calculations of MHD
processes in the presence of an ambient
field, to evaluate the possibility that such a
field could be significant to the magnetic
states of lo and Ganymede. We impose
fields of varying strengths and attempt to
produce intrinsic fields of varying strengths,
across a range of convective regimes. We
refer to the models as “magnetoconvection
dynamos” to cover the range of MHD ac-
tivity possible.

We make use of a mean-field dynamo
model originally set up to model the geo-
dynamo (10). To this model we impose a
uniform background field B, Bee.,
where e, is a unit vector in the axial (2)
direction. As a first approximation, we
model the moons’ cores as bodies of con-
stant conductivity surrounded by electri-
cally insulating mantles. Because little is
known of the true states of the cores, our
model of Earth’s core, incorporating a
small solid inner core (of radius one-third
of the core radius), is retained for simplic-
ity (I1). We also retain a buoyancy-driven

Table 1. Estimates of some physical parameters
of the two moons. The quantity e, is a unit vector
in the axial direction. The core densities quoted
assume a eutectic Fe-FeS composition. The
core radii, also dependent on this assumption,
are rather poorly constrained; the values given
here are somewhat representative. For both
moons, the rotation period is identical to the
orbital period. In the absence of reliable esti-
mates, the magnetic diffusivity ny of both moons
has simply been taken as that of Earth, 1 m2s~'
(21). The magnetic permeability . is taken to be
that of free space, .

Parameter lo Gany-
mede
Dipole moment 8*(1) 141 (3)
(10" T m?3) .
Intrinsic field (NT) 1300 (1) 750 (3)
at equator, on
surface
Ambient field B, 1800 (1) 100 (3)
(nT)
Radius (km) 1821 (5) 2634 (6)
Core radius (km) 950 (5) 660 (6)
Rotation Q) (1078 4.11 1.01
s™
Density p (kg m™%) 5150 (5) 5150 (6)

“Along —e,. t10° from —e,.
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source of convection appropriate to an
internally heated core. Although lo is
strongly heated by varying tidal forces aris-
ing from orbital interactions with the oth-
er Galilean satellites (12—14), so that our
buoyancy model is clearly not ideal for this
moon [tidal heating of Ganymede is at
present negligible (12)], this source re-
mains a reasonable starting point for in-
vestigations. For numerical convenience,
the model also retains viscosity (15).

The presence of an imposed magnetic
field increases the instability of the sys-
tems to MHD disturbances, so that a
smaller buoyancy force is required to ini-
tiate convective instabilities. To obtain
the relatively large field strengths (in rel-
atively weak ambient fields) required from
the preceding dimensional arguments,
however, we need to look at systems far
from this linear onset state, where more
complex, finite-amplitude flows and mag-
netic fields interact nonlinearly. In terms
of our numerical model, this unfortunately
means we cannot obtain values of the
viscosity or thermal diffusivity small
enough to accurately model the moons’
cores (16), complex nonlinear calcula-
tions being more computationally de-
manding at small values of these parame-
ters. Nevertheless, numerical solutions ca-
pable of modeling the pertinent features of
the observed data can be obtained.

For an ambient field of strength appro-
priate for lo (Table 1), we find that an
intrinsic field of the observed strength can
be obtained with a relatively weak im-
posed buoyancy force (16). The total field
in this calculation is strengthened from
the ambient level along the rotational axis
but weakened in the equatorial (ecliptic)
plane (Fig. 1). This net field, external to
the moon, agrees with observational mod-
els (1).

The intrinsic field produced, although
considerably larger within the core than
the ambient field, nevertheless decays if
the ambient field is withdrawn, causing
the system to revert to a state of nonmag-
netic convection. This model is thus de-
pendent on magnetoconvective-type pro-
cesses, rather than acting as a true self-
sustaining dynamo. That such a relatively
weak imposed field should help toward the
generation of magnetic fields can be un-
derstood if we consider the traditional
mean-field dynamo problem. Toroidal
(zonal) magnetic fields are generated rel-
atively easily from poloidal (meridional)
fields by the simple shearing action of
fluid in differential rotation (the so-called
“w effect” in dynamo theory). The diffi-
culty in obtaining self-excited dynamo ac-
tion comes in “completing the loop” and
generating a poloidal field from a toroidal
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field; three-dimensional fluid motions of
low symmetry are required for this step
(17). In the present case, however, the
ambient field constitutes an existing
poloidal field, and so this difficulty is cir-
cumvented (18).

The imposed magnetic field also im-
parts a preferred sense of direction to the
system, unlike the general case, where B
and —B may be interchanged (7). Thus,
the sense of magnetic field shown above is
significant; solutions of the opposite sign
are unstable and soon revert to the above
case. The sense of dipole moment is there-
fore fixed and is antialigned with the jo-
vian dipole moment (1-3).

An internally produced field of the
strength required for Ganymede, in its
relatively weak ambient field, could not be
obtained by such magnetoconvective pro-
cesses. A stronger buoyancy driving force

. REPORTS

is required (16), and the resultant solution
essentially operates by a “pure” dynamo
process, with the imposed magnetic field
effectively negligible (Fig. 2). The sense of
dipole moment for this model is not
uniquely determined by the imposed field;
the corresponding solution with intrinsic
field of opposite sign is also stable. In this
case, the antialignment of Ganymede’s
and Jupiter’s dipoles might be coinciden-
tal; there is clearly a 50% possibility of a
dipole being aligned in either direction. In
the initial stages of magnetic field gener-
ation, however, when the internally pro-
duced field was still weak, it is possible
that the ambient “seed” field was suffi-
cient to influence the sense of field pre-
ferred. As this solution does not reverse
polarity, this sense of dipole might then
have been retained, even when the inter-
nally produced field grew sufficiently to
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Fig. 1. The axisymmetric meridional field in the model for lo. Using the parameter estimates given in
Table 1, we find that the ambient field scales to B, = 2000 nT, and the internally generated field at the
equator on the surface, to 1300 nT. The interior (orange) region represents the core, and the exterior
(yellow) region, the surrounding (insulating) mantle, in which the magnetic field is a purely potential field
(as it is in the surrounding space). The core radius is one-half of the surface radius. (A) Internally
produced field only. (B) Total {internal plus ambient) field.

Fig. 2. The axisymmetric meridional field in the model for Ganymede. The ambient field scales to B, =
100 nT, and the surface equatorial intrinsic field, to 650 nT. An Fe-rich core (orange) of one-quarter the
surface radius is assumed. (A) Internally produced field only. (B) Total (internal plus ambient) field.
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make the imposed field negligible; the an-
tialignment of Ganymede’s dipole-mo-
ment with Jupiter’s could then still be
consistently explained with this model.

lo, being physically broadly similar to
Ganymede and having a similar dipole
moment, could also be modeled by a sim-
ilar solution. The earlier model, however,
has shown that a magnetoconvective
state, as suggested by Schubert et al. (4),
remains a viable alternative in the case of
lo. If o is indeed operating by a magne-
toconvection-type mechanism, in quite a
different MHD regime from Ganymede,
this difference must be explained by the
different convective states of the two
moons. lo is tidally heated (19) by orbital
interactions with the other Galilean sat-
ellites (12—14). This tidal interaction
heats [o’s mantle and inhibits the transfer
of heat from the interior, which cannot
attain a state of vigorous convection (20).
In contrast, tidal heating of Ganymede is
minimal (12), and so a cooler mantle, and
a more strongly convecting core, is quite
plausible (4). The faster rotation rate of lo
(Table 1) might also inhibit convection to
some degree. The present calculations sug-
gest, in any event, that an intrinsic mag-
netic field of the strength observed for
Ganymede can only be generated by a true
dynamo mechanism, requiring vigorous
convection.

The magnetoconvective model for Io
accounts for the sense of the observed
dipole. In contrast, the more vigorously
convecting dynamo models are rather in-
sensitive to the sense of the imposed
fields, and we must resort to rather spec-
ulative arguments to maintain that the
antialignment of their intrinsic dipoles
with the background jovian dipole is sig-
nificant. To some extent, this difficulty
may be due to limitations in our model.
We have, for example, restricted our mod-
el to only the equatorially antisymmetric
magnetic fields consistent with a dipole
symmetry (10) and obtained solutions of
constant polarity. The complementary
equatorially symmetric field may ultimate-
ly prove to be important, as is thought to
be the case for the geodynamo, whose
dipole field reverses polarity irregularly.
The amount of bias required from a back-
ground field to suppress reversals and
maintain one polarity is clearly bound up
with the nature of the reversal process
itself. Until we have a reliable model of
this process, the importance of an ambient
field in this context and the significance
of the current observed polarities of lo’s
and Ganymede’s fields must remain open
to question.
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