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Multi-frequency Electromagnetic Sounding of the
Galilean Moons

Mario Seufert™?*, Joachim Saur?®, Fritz M. Neubauer®

*University of Cologne, Institute of Geophysics and Meteorology, Zuelpicher Str. 49a
D-50923 Cologne, Germany

Abstract

Induced magnetic fields provide the unique possibility to sound the con-
ductive interior of planetary bodies. Such fields are caused by external
time-variable magnetic fields. We investigate temporal variations of the
Jovian magnetospheric field at multiple frequencies at the positions of the
Galilean moons and analyze possible responses due to electromagnetic in-
duction within multi-layered interior models of all four satellites. At the
Jovian satellites the magnetic field varies with the synodic rotation period
of Jupiter’s internal field (about 10 hours), fractions of this period (e.g., 1/2
and 1/3) due to higher order harmonics of the internal field, the orbital peri-
ods of thesatellites (~40 hours at Io to ~400 hours at Callisto) and the solar
rotation period (about 640 hours) and its harmonics due to variabilities of
the magnetopause field. To analyze these field variations, we use a magne-
tospheric model that includes the Jovian internal field, the current sheet field

and fields due to the magnetopause boundary currents. With this model we
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calculate magnetic amplitude spectra for each satellite orbit. These spectra
provide the strengths of the inducing signals at the different frequencies for
all magnetic components. The magnetic fields induced in the interiors of the
satellites are then determined from response functions computed for. differ-
ent multi-layer interior models including conductive cores and ocean layers
of various conductivities and thicknesses. Based on these results we discuss
what information about the ocean and core layers can be deduced from the
analysis of induction signals at multiple frequencies. Even moderately thick
and conductive oceans produce measurable signal strengths at several fre-
quencies for all satellites. The conductive cores cause signals which will be
hardly detectable. Our results show that mutual induction occurs between
the core and the ocean. We briefly address this effect and its implications
for the analysis of induced field data.. We further note that close polar orbits
are preferable for future Jupiter system missions to investigate the satellites

interiors.

Key words:  Jupiter, satellites, Magnetic fields, Interiors, Magnetosphere

1. Introduction

Jupiter’'s'major satellites harbor a unique variety of scientific treasures
which can be investigated through electromagnetic induction signals. There
is, for example, substantial evidence for the existence of a liquid water ocean
beneath the surface of Europa (e.g., Khurana et al., 1998, Neubauer, 1998b,
Kivelson et al., 2000, Zimmer et al., 2000, Schilling et al., 2007, Anderson
et al., 1998, Spohn and Schubert, 2003). Several separate lines of scientific

evidence led to this conclusion. One indicator were surface features inter-
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preted as cracks of a layer of ice above a layer of liquid water (Carr et al.,
1998, Pappalardo et al., 1999). Radio Doppler measurements suggest a differ-
entiated interior of Europa with a top icy layer of about 80 to 170 kilometers
thickness (Anderson et al., 1998). According to several thermal models this
layer might be at least partially molten (e.g., Schubert et al., 1986, Spohn
and Schubert, 2003). These facts are, however, only indirect evidence for
the existence of an ocean. The strongest indicator for the present-day ex-
istence of subsurface oceans was provided by magnetometer measurements
of the Galileo spacecraft. These measurements showed signatures of a mag-
netic field induced inside the satellite which could only be explained by the
existence of a conductive subsurface ocean but not by less conductive ice
(Khurana et al., 1998, Neubauer, 1998a, Kivelson et al., 2000, Zimmer et al.,
2000, Volwerk et al., 2007). Similar observations have been made at Callisto
(Khurana et al., 1998, Neubauer, 1998a, Kivelson et al., 1999, Zimmer et al.,
2000) making it another eandidate for harboring liquid water. Yet another
subsurface water ocean might be located inside Ganymede, the largest of
the Galilean moons (Kivelson et al., 2002). Additionally, Ganymede is the
only known satellite in our solar system which possesses an intrinsic mag-
netic field (Kivelson et al., 1996, Jia et al., 2009). Therefore, information
about its highly likely conductive core would be of great value. For Io some
authors proposed the existence of an at least partially molten magma ocean
(Keszthelyi et al., 1999). Khurana et al. (2009) recently suggested that mag-
netic measurements at lo may also include signatures of fields induced in this
ocean. All of the features mentioned above present subsurface layers of en-

hanced conductivity. Information about these layers can therefore be gained
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through studies of the electromagnetic induction at the Galilean moons.

The theoretical base for the analysis of induced fields and the determina-
tion of the interior electrical conductivity of a planetary body was developed
for scientific problems at the earth (e.g., Parkinson, 1983, Schmucker, 1985,
Olsen, 1999). In principle any conductive body exposed to a time-variable
external magnetic field gives rise to an induced field. For a stratified body
the amplitude and phase of the induced field (secondary field) relative to the
inducing field (primary field) depend on the conductivity and thicknesses of
the interior layers (Parkinson, 1983). Generally an infinite set of internal
structures may explain the same secondary field signal at one particular fre-
quency. However, by a combined analysis of signals caused by a primary
field varying at multiple frequencies it is possible to reduce the set of valid
conductivities and shell thicknesses (IKKhurana et al., 2002, Saur et al., 2010).
Low frequencies are of special interest here as they penetrate deeper into
conductive layers (Parkinson, 1983, Saur et al., 2010).

At the Galilean'moons the time-variable primary field is provided by the
Jovian magnetosphere (e.g., Neubauer, 1999, Saur et al., 2010). In the satel-
lites” vicinity magnetic field measurements additionally include contributions
from the induced fields and fields caused by the interaction of the satellite
with the surrounding magnetospheric plasma (Schilling et al., 2008, Saur
et-al., 2010) . The main uncertainty for the interpretation of the total field
comes from the plasma interaction. Extensive numerical modeling is nec-
essary to determine the contribution from this field (Schilling et al., 2007).
A detailed description of the plasma interaction is beyond the scope of this

paper. However, we briefly address the role of the plasma interaction fields in
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section 4.3. In the following we focus on a prediction of the magnetospheric
background field and the secondary fields caused by its temporal variations.

Previous studies of the inductive response of the Galilean moons (e.g.,
Zimmer et al., 2000, Khurana et al., 2002, Schilling et al., 2007) predomi-
nantly consider the rotation period of Jupiter with some smaller discussion
of the orbital periods. We present the first systematic search for available
frequencies and the corresponding amplitudes of the Jovian-magnetospheric
field at the position of all Galilean moons (sections 2 to 4). ‘We determine low
frequency fluctuations suitable for deep sounding of the satellites’ interiors.
In the second part of our analysis (sections 5 to 6) we examine the induc-
tive response of the satellites on the basis of several interior models. Instead
of the simple one or two layer models used by other authors (e.g., Zimmer
et al., 2000, Schilling et al., 2007) we apply realistic multi-layer models to
determine the response functions. We investigate whether secondary fields of
the satellites’ oceans or conductive cores will be measurable for some of the
available frequencies. In the presence of multiple conductive layers the sec-
ondary field of-one of these layers may in turn induce another magnetic field.
We discuss this mutual induction effect and its implication for the analysis
of magnetic field measurements in section 6.5. In section 7 we determine
preferable flyby conditions for the measurement of induced fields at future
Jovian system missions. We start with a short description of the sources of

frequencies of the magnetospheric field available for induction studies.



81

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

2. Available frequencies

There are several physical processes which lead to different periodicities
of the magnetospheric field at the Galilean moons. Most of the magnetic
fluctuations are not caused by changes of the field itself, but by underlying
movements of the field structure relative to the satellites due to celestial
mechanics. In this section we discuss their origin and separate them regarding

the corresponding celestial period.

2.1. Jupiter’s rotation period

The major magnetic field variability at the Galilean moons originates from
the 9.6° tilt of the internal field of Jupiter with respect to the Jovian spin
axis. As Jupiter and its field rotate faster (every 10 hours) than the satellites
orbital period (about 40 to 400 h), the satellites are alternately positioned
above and below the Jovian magnetic equator. This change of position in
the field causes magnetic ' variations at the satellites’ positions. The period
of these fluctuations is the synodic rotation period of Jupiter in the rest
frame of the satellite. Additionally, temporal variations with the same period
are caused by the rotation of the current sheet magnetic field. The current
sheet in theinner magnetosphere is roughly aligned with the Jovian magnetic
equator and mainly corotates with the internal field. The distance of the
satellites to the center of the sheet changes periodically as well. This results in
magnetic fluctuations with the synodic rotation period of Jupiter which add
to the internal field fluctuations. Additionally, higher order harmonics of the
internal field and the current sheet field lead to fluctuations at whole-number

fractions of the synodic rotation period. The Jovian rotation therefore causes
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a variety of inducing magnetic variations with periods of slightly above 10 h,

5 h, 3.3 h etc.

2.2. The orbital periods of the satellites

Another set of periodicities has its origin in the movement of thesatellites
themselves. The inclination and eccentricity of the satellites” orbits lead
to a periodic change of latitude and distance with respeet to the internal
field. The corresponding magnetic fluctuations encountered by the satellite
have the period of its rotation (from about 40 h at Io to 400 h at Callisto).
The satellites’” motions relative to the magnetopause structure also cause
temporal variations with the rotational periods of the satellites. At the day
side of the magnetosphere the satellites are much closer to the source region
of the magnetopause field than on the night side. The difference between the
closest approach and the maximum distance to the magnetopause determines

the amplitude of the resulting magnetic fluctuation.

2.3. The solar rotation period

The magnetospheric field and the magnetopause structure constantly
change dueto the highly variable solar wind pressure. Periodic variations of
the solar wind ram pressure, which are sufficiently slow to allow a contrac-
tion or expansion of the magnetosphere, lead to reactions which resemble a
“breathing” of the whole magnetospheric structure.

This movement of the magnetopause field’s source region leads to mag-
netic fluctuations at the satellites. One such periodicity of the solar wind
strength is the solar rotation period (about 640 h) and harmonics of this
period.
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2.4. Other periodicities

There are possibly several additional fluctuations to the ones described
above. A temporal variability of the volcanism of o, for example, would
influence the strength of the current sheet field. Such changes in the activ-
ity of Io’s volcanism have been reported recently by Rathbun and Spencer
(2010). It is, however, not clear to what extend these fluctuations influence
the magnetospheric field of the Jovian system. It may also be possible to use
aperiodic variations of the magnetospheric field for induction studies. For
example, the variation of the magnetopause field during a solar storm could
provide a suitable excitation, especially at Callisto. Long term variabilities
of the solar wind, for example due to the 11-year solar cycle, may also lead to
inducing fields arising from the magnetopause. Finally, slow changes of the
orbital elements like the drift of the argument of the perihelion or changes
of the eccentricity or inclination can lead to minor magnetic field fluctua-
tions over very long periods.. To detect such weak, very low frequency signals
is, however, rather unrealistic, as it would be necessary to perform measure-
ments over a period of several decades. All periods mentioned above are long
enough to sound deep into the satellites’” interiors. Periodicities with much
shorter periods could, however, still be used to examine the regional or even
local crustal structures within a few kilometers below the surface if the cho-
sen conductivities are realistic. For unexpectedly low electric conductivities
such short periods may even be necessary to probe the deep interiors. This
may be the case at Ganymede, where the magnitude of the induction signa-
ture is not quite clear. The most important source for such signals could be

magnetospheric, i.e. the Jovian counterpart of ULF waves or pulsations in
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the nomenclature of geomagnetism (e.g. Krupp et al., 2004, Glassmeier et al.,
2004). These waves are triggered for example by the Kelvin-Helmholtz insta-
bility, the drift-mirror instability or ion cyclotron instabilities towards shorter
periods. For example, long periods of 40 minutes (Wilson and Dougherty,
2000, e.g.) have been observed in large regions of the Jovian magnetosphere
as well as periods of 800 s and 1200 s associated with the Io torus (Glassmeier

et al., 1989).

3. Magnetosphere Model

The Jovian magnetosphere is a complex system controlled by many phys-
ical effects which are addressed by different models. In our simulations we
include models for the Jovian internal field, the magnetospheric current sheet
and the magnetopause field. By analyzing the resulting field of each model
separately we can determine the inducing fields of each part of the magne-
tosphere. The total magnetospheric field can be gained from a superposition

of the separate model results.

3.1. Jupiter’s internal field
The field generated by the internal dynamo of Jupiter Byt can be de-

scribed by a scalar potential Uyt of the form (e.g., Chapman and Bartels,
1940):

%) +1 1
Ut = Ry Z (%) Z P"(cos ) [g;" cos(mP) + b sin(m®)]. (1)
=1

m=0
In this expression R; is the radius of Jupiter (71,398 km), P/™ are the

Schmidt-normalized Legendre functions of degree [ and order m and g;" and

9
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hj™ are the Schmidt coefficients of the field. The coordinate system is defined
by the radial distance to Jupiter r, the colatitude 6 and the longitude ®. The

internal magnetic field follows from:

BINT = _VUINT' (2)

Several authors have analyzed data from various spacecraft to determine the
magnetic field coefficients g;/* and h]" of Jupiter. In this-study we use the
VIP4 model by Connerney et al. (1998). The coefficients of this model were
fit to Pioneer and Voyager data and observations for the location of Io’s
footprint in the Jovian auroral oval. We include coefficients up to m, [ = 3 in
our analysis. Higher order coefficients are neglected as they are too uncertain
and too weak at the satellites positions. Therefore, this study only considers

the dipole, quadrupole and octopole parts of the field.

3.2. The current sheet field

The second contribution to the magnetospheric field, which we take into
account is the field arising from the magnetospheric current sheet. This
sheet of plasma is located near the magnetic equator and bends toward the
rotational equator with increasing distance to Jupiter. The plasma particles
drift due to the internal field of Jupiter and the centrifugal force and generate
an-additional magnetic field. This current sheet field Bcg has been modeled
by Khurana (1997). They used an Euler potential description in cylindrical

coordinates (p, ¢ and z) relative to the dipole equator of the following form:

BCS = Vf(pv ¢7 Z) X VQ(pa ¢7 Z)) (3)

10
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with

f=-Cip [tanh (%)}al In cosh (Z Z)fcs)

ool (Z)] w0 ()] )y

g=¢+p{1+qtanh2 (%:CS)} p. (5)

and

Here z., represents the current sheet’s distance from"themagnetic equator

defined as:

Zes = ptan(9.6°) {@ tanh (i) cos(d=— 3) — cos(¢ — w)} , (6)

T Zo

with

d=m— Lrhg In cosh (£> : (7)

Vo £0

The parameters C to Cyyaq to as, D1, Ds, 101, po, Po2, Po3, To, ¢ and p of these
expressions were fit to various spacecraft data to reproduce the structure of
the sheet. We used the so called common model given by Khurana (1997)
which presents the best fit to multiple data sets. The calculated current sheet
field needs to.be transformed from the cylindrical coordinate system to the

same coordinates used for the other models.

3.8. The magnetopause field

The third part of the magnetospheric field which we consider is the mag-
netic source region of the magnetopause. The magnetopause field is generated
by Chapman-Ferraro currents (see Chapman and Ferraro, 1930) flowing in

the boundary layer given by the pressure equilibrium between the solar wind

11
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pressure and the sum of the magnetic pressure and plasma pressure of the
magnetosphere. A global model for this field was derived by Engle (1992).
We chose this model over others (e.g. by Alexeev and Belenkaya, 2005).as
it is easy to implement and can be used to describe a time-variable magne-
topause structure. Following the approach of Engle and Beard (1980), Engle
(1992) calculated the surface of the boundary layer from the pressure balance
of a magnetosphere model with the solar wind. Their magnetospheric field
included the current sheet model of Connerney et al. (1981) and a simple
dipole field. The surface calculations were used to fit coefficients of a scalar

potential Uyp which we use to describe the magnetopause field Byp:

BMP(T’, 0, CD) = —CnVUMP(T7 0, CD)> (8)

Imas I
Ump = Z (Rr ) Z G P"(cos 6) cos(m®). 9)
SS m=0

=1

Here R, is the magnetopause subsolar point distance and C, a normaliza-
tion constant which'is defined by the magnetospheric field strength (internal
field and current sheet field) at this distance. By adjusting C,, it is possible
to scale the model to different locations for Ry, representing changing solar
wind conditions. As Engle (1992) explicitly used the Connerney et al. (1981)
model to describe the current sheet, we also applied this model instead of
the Khurana (1997) model to determine C,, in order to follow their approach
as closely as possible. Please note, that the intention of this paper is to give
a realistic estimate for the strength of the primary field at each frequency.
Therefore, we use the more realistic description of Khurana (1997) to deter-

mine the contributions by the current sheet, while the model by Connerney

12
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et al. (1981) is used to determine the field at Ry, in the context of the mag-
netopause model. Because each of the model results are analyzed separately
there is no inconsistency in using different models here. We chose a default
subsolar point distance of 60 R;.

Engle (1992) gave coefficients GJ* for three different orientations of the
magnetic axis of Jupiter, & = 0° (tilted toward the Sun), a/= 180° (tilted
away from the Sun) and o = 90° (no tilt). Bode (1994) additionally derived
a functional expression of these coefficients for arbitrary tilt configurations.
Our analysis was carried out for each of these models. There were, however,
only negligible differences in the calculated inducing fields. We therefore only
present results for the @ = 90° model in this paper.

Figure 1 illustrates the field lines of the models used in this paper. Figure
1A shows the confined structure of the current sheet of the Khurana (1997)
model combined with the VIP4 model. The vertical sweep back of the field
lines can easily be noticed. As the magnetopause model is not consistent with
the Khurana (1997) model, it is displayed separately in combination with the
Connerney et al. (1981) current sheet field (figure 1B) and the VIP4 model.

The magnetopause boundary is clearly visible around 60 R ;.

3.4« Variability of the magnetopause

The position of the magnetopause is controlled by the highly variable
solar wind. As mentioned in section 2, periodicities in the solar wind can
lead to fluctuations of the magnetopause which in turn give rise to temporally
varying inducing fields in the Jovian system.

To simulate this effect we make use of the possibility to scale the Engle

(1992) model to various magnetopause distances. Based on a study of Voy-
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ager data by Huddleston et al. (1998), Alexeev and Belenkaya (2005) gave an
empirical fit of the magnetopause position R, with respect to the pressure

of the solar wind py,,:

 355R,
* p2[nPa)

(10)
This relationship can be used to compute a time series of subsolar point
distances from solar wind data. The Engle (1992) model ¢an then be scaled
using this time series to simulate the variability due to the solar wind.

For our simulation, we used solar wind data collected by the Ulysses
spacecraft which were provided by the Planetary Data System. The solar
wind ram pressure can be calculated from the velocity and density of the
plasma. Ulysses did not monitor the actual plasma conditions right outside
the Jovian magnetosphere. However, these data sets which were recorded
near Jupiter’s orbit at 5.0°AU to 5.5 AU over a longer period of time. Since
the absolute timing of the solar wind fluctuations is irrelevant for our analysis,
we did not extrapolate the data spatially to the exact position of Jupiter.
Our data processing included an averaging of the data over 2 h. We analyzed
Ulysses data sets of the years 1992, 1997 to 1999 and 2003 to 2005. The
strongest variations were encountered during the second half of 1992. In this
paper we therefore present results of magnetic fluctuations predicted for this
time series.

The velocity time series (Figure 2A) clearly show variations with the
solar rotation period (= 27 days). It is harder to see this periodicity in
the resulting values for R, calculated from equation 10. The reason for

this is the density which does not show such a clear periodicity but varies
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over a much greater range. Figure 2B shows the computed magnetopause
subsolar point distances which span between 40 and 100 Jovian radii with
an average of about 70 R;. These values lie in the typical range for R,s.at
Jupiter (Huddleston et al., 1998). The short-lived peaks exceeding distances
of 100 R; might be unrealistic but have no significance for our analysis. They
only cause a slight decrease of the already rather weak magnetopause field

at the satellites for these R,y distances.

3.5. Analysis procedure

To distinguish the influence of different magnetospheric and orbital as-
pects at the Galilean moons we performed a series of simulations with dif-
ferent setups. Our model results were computed using time series for the
satellites’ positions in System III coordinates for simple circular orbits at the
satellites” mean distance to Jupiter and orbits which include the satellites’
inclination and eccentricity, respectively (values given in table 1). Addition-
ally, different internal field and magnetopause configurations were considered.
The internal field was determined for coefficients of degree and order 1, 2 or
3, respectively, to distinguish the contributions of the different magnetic mo-
ments. < The magnetopause field was simulated for a fixed value of R, =
60 R ;. For all of these simulations we used time series with a length of 1000
Jovian rotations, sampled with 50,000 data points. Additionally, to simulate
the magnetopause variability the Engle (1992) model was dynamically scaled
to the varying subsolar point distances. For this part of the analysis we had to
use a limited length of our time series which follows from the suitable Ulysses
data. It covers about 517 rotations with 41,000 data points. The results of

these simulations are time series for all magnetic field components. A Fast
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Fourier Transform (FFT) analysis of the results provides us with amplitude
spectra for the inducing fields at all the satellites. As these spectra mainly
consist of delta peaks it was necessary to suppress spectral leakage in order
to obtain sufficiently precise amplitude values. We did this for each result-
ing delta peak separately, by repeating the analysis with a slightly different
length of our generic time series until we obtained a maximum amplitude
value. The resulting amplitudes and underlying frequencies for the models
presented in this section and for a time-variable magnetopause are discussed

in section 4.

4. Results for the Primary Field

4.1. The magnetospheric field at the Galilean moons

The models presented in section 3 can be used to compute the magnetic
fields along the orbits of Io, Europa, Ganymede and Callisto. Figure 3 shows
the variations of B, and Bg (in System III coordinates) at each satellite
during a simulation time of 1000 Jovian rotations. The field is elliptically
polarized with one cycle representing one synodical rotation of Jupiter with
respect to the satellite. At Callisto this polarization becomes nearly lin-
ear.~The strength of the temporal field variations decreases from (B,, Bg)
= (650 nT, 370 nT) at Io to about (B,, Bg) = (40 nT, 10 nT) at Callisto.
These are the amplitudes of the major inducing signals at the synodic Jov-
ian rotation period. The orbital eccentricities and inclinations lead to some
broadening of the lines in figure 3, especially for Europa where these values
are highest (see table 1). Compared to the strong variations of the other

field components By is almost constant. There are, however, several minor
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temporal variations which affect the By component. The spectral analysis
presented in the section 4.2 discusses the temporal variations of all compo-

nents in greater detail.

4.2. Periods and amplitudes of the inducing field

We analyzed amplitude spectra of the magnetic field time series for the
periods discussed in section 2. The spectra of a superposition of the mag-
netic fields of all our models, for inclined and eccentric.orbits and for a
time-variable magnetopause are shown in figure 4. Table 2 lists all signifi-
cant (arbitrarily defined as > 0.2 nT) peak amplitudes and periods. These
values have been derived from separate spectra for each magnetospheric con-
tribution and magnetic component. The associated sources are indicated in
the last column of the table. Small discrepancies between the amplitudes
shown in figure 4 and the more accurate values in table 2 can be caused by

spectral leakage at some peaks in the total spectrum.

4.2.1. Inducing fields with Jupiter’s rotational period

The major spectral peaks in figure 4 can be found in the B, and Bg
components. at the synodical rotation period of Jupiter with respect to the
satellites. The exact periods are 12.95 h for To, 11.23 h for Europa, 10.53 h
for Ganymede and 10.18 h for Callisto. The B, amplitudes are quite large
for all of the satellites. They reach up to 750 nT at Io, 215 nT at Europa and
about 85 nT at Ganymede. Even at Callisto, were the dipole field is already
quite weak but the current sheet variability becomes more important, we
predict amplitudes of about 40 nT. The Bg component provides additional
inducing signals of 370 n'T at Io, 105 nT at Europa, 30 nT at Ganymede and
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10 nT at Callisto. The inducing fields in By at this period are caused by the
quadrupole moments. With values of 100 nT at Io, 16 nT at Europa, 2.5 n'T
at Ganymede and only 0.3 nT at Callisto they are much weaker.

The spectra in figure 4 further show inducing fields with short periods
(1/2 and 1/3 of the synodic Jovian rotation) evident both in B, and Bg. The
corresponding amplitudes of B, drop rapidly from 108 nT and 16 nT at Io
to about 17 nT and 2.8 nT at Europa and 2.6 nT and 3.3 n'T-at Ganymede.
At Callisto the only significant short period contribution‘of 6 nT is caused
by the current sheet structure. Some rather weak inducing fields of 1/2 of
the synodic Jovian rotation period can also be found in By.

According to our simulation results, every magnetic component provides
at least two short period (< 13 h) induecing signals for each satellite. If the
interior of the satellites is sufficiently conductive the amplitude of most of
these signals should be large enough to provide measurable induced signals

at multiple frequencies:

4.2.2. Inducing fields with the satellites’ orbital periods

The inclinations and eccentricities of the satellites’ orbits and their changes
in distance with respect to the magnetopause field cause inducing signals at
thessatellites’ orbital period. The corresponding periods are: 42.45 h for o,
85.22°h for Europa, 171.70 h for Ganymede and 400.55 h for Callisto. The
orbital inclination causes inducing signals predominantly in the B, compo-
nent. Except for 10 nT at Europa these signals are rather weak (2.9 n'T at lo,
1.7 nT at Ganymede and only 0.7 nT at Callisto). However, the eccentricity
of the orbits and the magnetopause field cause additional periodic signals

in the By component. The amplitudes of these contributions add up to a
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maximum of 27 nT at lo 17 nT at Europa and about 2.5 nT at Ganymede.
At Callisto the amplitude of this signal is almost entirely determined by the
position of the magnetopause. For a magnetopause standoff distance of Ry¢=
60 R; we predict a signal of about 3 nT. The strength of this magnetopause
field By peak depends on the strength of the solar wind. Figure 5'shows the
dependency of the peak value on the subsolar point standoff distance in the
magnetopause model. Strong solar wind conditions (Rg ~40 R;) lead to
increased amplitudes of about 6 nT for Callisto and 4 nT“at Ganymede.
These long period inducing signals are of special interest as they penetrate
deeper into the satellites” bodies. For Callisto and Ganymede we predict only
weak long period signals which pose a challenge to magnetometer measure-

ments on future Jupiter system missions.

4.2.3. Inducing fields with the solar rotation period

The temporal variability of the magnetopause gives rise to a third set of
field periodicities. The spectra in figure 4 show peaks arising at the solar
rotation period of 641.9 h. At Callisto and Ganymede this feature is clearly
visible with an amplitude of 1.2 nT. For Io and Europa the peaks are of about
the same strength but small relative to other features in By. The reason for
thesimilar strength at all satellites is that the solar rotation period is longer
than their orbital period. Averaged over multiple orbits all satellites can
be assumed to be approximately at the location of Jupiter. They therefore
experience roughly the same variations regardless of their orbital distance.

These very long period inducing signals are again quite weak and will be
rather difficult to measure. However, they pose the opportunity to sound

very deeply into the satellites’ interiors.
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4.3. Plasma interaction fields

The main factors reducing the detectability of the signals presented above
are the plasma interaction fields which occur in the vicinities of the satellites.
In the last row of table 2 we give an estimate of the maximum interaction
fields near the satellites. The maximum total current in both Alfvén wings
due to the interaction is given after Neubauer (1980, 1998b) and Saur (2004)

as:

«
——
Xp

I =8vgByRsyi>p ———=
Vo Do tAZP+2EA

(11)
where we assume the plasma velocity vy to be perpendicular to the magnetic
field. The values in table 2 are calculated for the maximum current I,,,., i.e.
in the limit of an infinite ionospherie Pedersen conductance ¥p (v = 1) and
for maximum values of the velocity vo, the background magnetic field By and
the Alfvén conductance 3,4 given by Kivelson et al. (2004). The magnetic
field due to the plasma interaction, By, follows from the current flowing

through the satellites” ionospheres (with an assumed ionospheric extension

of 300 km):

I
Bydz = piolyas = B, = maz . 12
]! POt = Ho = MO (Ryw + 300km) (12)

The values for the interaction given in table 2 should be taken as a crude
estimate of the maximum possible plasma fields occurring in addition to the
induced fields examined in this paper. Examples for field perturbations of
this strength (700 n'T at Io and 300 nT for Europa) are the 10 (Kivelson et al.,
1996b) and the E12 (Kivelson et al., 2000) flybys of the Galileo spacecraft.
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Most of the time, however, the plasma interaction is much weaker. While
the values in table 2 (as well as the 10 and E12 flybys) correspond to situa-
tions when the satellites are in the center of the current sheet, the interaction
strength significantly diminishes as the satellites move away from this center.
For example during the Europa E14 and Callisto C3 encounters ‘of Galileo
discussed by Zimmer et al. (2000) the field perturbations were as low as 20 nT
and 5 n'T, respectively. One reason for this dependence is‘the Alfvén conduc-
tance which decreases by a factor of up to 1/2 for Io, 1/5 for Europa, 1/10
for Ganymede and 1/250 for Callisto (Kivelson<et al; 2004) with distance
from the sheet’s center. The plasma interaction field Bp decreases accord-
ingly. Additionally, the factor « in equation (11) generally decreases as the
ionospheric conductance X p weakens with distance to the current sheet. The
reason for this is that Xp depends on the ionospheric plasma density, which
is controlled by the density of the magnetospheric plasma. Lower values for
> p due to variations of the distance from the center of the current sheet can
weaken the interaction strength « in some cases about the same degree given
above for the Alfvén conductance. Therefore, the analysis of induced fields
in the satellites’ vicinities is much easier in situations when the distance to
the current sheet center is large. Another factor that supports the separation
of interaction fields and induced fields is the different temporal dependency
ofinduced fields and interaction fields. While the induced fields periodically
change their sign, the steady flow of plasma within the magnetosphere leads
to interaction fields which only change in strength but usually not in sign. In
summary, it is important to consider the plasma interaction effects for induc-

tion studies at all satellites. Strategies which consider induction and plasma
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interaction self-consistently are already established and were successfully ap-
plied to Europa by Schilling et al. (2007, 2008). Using such strategies it is
still realistic to distinguish even weak contributions of the induction within
the magnetic signals, at least when the satellites are far away from the center

of the current sheet.

5. Induction Model

In the following parts of this paper we will examine the inductive response
of the interiors of the Galilean moons to some of the inducing signals pre-
sented above. In the theoretical description of this response we assume the
satellites to be differentiated spheres. The conductivities of each of the shells
can be different, but they are assumed to be constant within each layer. To
describe the effects of electromagnetic induction in such a conductive sphere
we follow the theoretical approach of Parkinson (1983). We start with the
diffusion equation which ¢an be derived from Ohm’s, Faraday’s and Ampere’s

law and V-B =0

%_]?:_vx(g—lu(vXB)), (13)

where B is the magnetic field diffusing into a medium with an electrical
conductivity of o. For regions of spatially constant conductivity this equation
simplifies to

0B

1
— = —AB. 14
ot ou (14)

The displacement currents in Ampere’s law are neglected here as the conduc-
tion currents are substantially larger for the relevant materials and appro-

priate time scales for the induction at the Galilean moons (e.g., Saur et al.,
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2010). We also neglect the implications of tidal motions inside the liquid
or semi-liquid layers of the Galilean moons and assume that all conductive
materials are at rest. In the following we take u to equal the permeability
of the vacuum . This is justified for diamagnetic and paramagnetic ma-
terials discussed for the interiors of the Galilean moons with p, =1 (Saur
et al., 2010). Let us assume the presence of a time-variable primary field B,,;
which includes contributions from N different frequencies w,, with amplitudes
B,,. Since equation (14) is linear in B, the time-dependent component of its

solution can be expressed as a Fourier decomposition of the form:

B, = » Be “ (15)

We can now search for solutions of (14) for each periodicity of the field (for
each n) separately.

The fields inside and outside the satellite need to be treated using different
approaches. If we neglect the plasma currents outside the satellite, we can
describe the magnetic field in this region by using a scalar potential of the
form B.,; = —VU,. This potential includes complex coefficients of both

the primary field B,,; and the induced secondary field Bie.:

Ueat(r, 0, @) = R S (0, @)e™". (16)

B () e (B)

Here R is the satellite’s radius and [ and m the degree and order of the

spherical harmonics S;" characterizing the potential. To describe the field
inside the conducting sphere (where j # 0) it is useful to use the vector

potential A,,; with V x A,,; = B,,:. This potential can be separated in a
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toroidal part T and a poloidal part P:

A, =Tr+ VP xr. (17)

We can neglect T as it has no radial component and therefore can neither be
induced by external fields nor be detected outside the sphere (see.Parkinson,
1983). When we assume a spherically symmetric conductivity distribution

(0 = o(r)) we can write P as:

P = yF(r)S]"(6, ®)e "™, (18)

Here F is a function of r, and v an additional constant both of which need
to be determined. As the magnetic field B;,;, which follows from A;,;, has
to solve the diffusion equation (14)it can be shown that F(r) obeys the

modified spherical Bessel equation which has two independent solutions:

Ei(r, k) = |5 I (1), (19)

7

Fy(r, k) = Ea

KIJF%(?“]C). (20)

These are the spherical modified Bessel functions of the first and second kind
(e.g. Parkinson, 1983, Abramowitz and Stegun, 1964, Riley et al., 2006).
They depend on r and on the complex wave number k = /—iwpeo. Let
us now consider the case of a sphere consisting of J different shells with
conductivities and radii as shown in figure 6.

Instead of explicitly deriving a solution for B we can formulate a response
function which gives the amplitude ratio of the primary and secondary field

outside the surface. We do this by solving a system of equations that follows
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so0 from applying continuous boundary conditions for B, and Bg at the boundary
s between the different shells. At the surface B, and Bg need to be equal to the
s2  corresponding values of B.,,. Fach of the field components of B;,; and B¢,
s03 depend on S"(0, @) and e, Therefore, these terms cancel each other. As
sos  Fy in (20) goes to infinity at r = 0, it is no suitable solution for the inmermost
sos shell. For all other shells with index j a linear combination C;F # D;F; is
soo the general solution. This gives rise to 2J — 1 constants to-be determined.

sov A solution is given by the following recursive formula:

F!(Rky) Dy_1 Fa(REy) | PARE
Bue | TR (l+1)+ Gy Btk ) [FQ(Rkj
o | 7
(

l+1)]
]

Fi(rj—1kj)  F{(rj—1kj—1)
Fi(rj—1k;)  Fi(rj—1kj—1)
Dj_1 Fa(rj—1kj—1) [F{(Tj—lkj)
Cj1 Fi(rj—1kj—1) " Fi(rj-1k;)
Fy(rj—1kj—1)

v Fy(rj4k;) Fz(rj—lkj—l)] (22)
C’_F( k) Flr: ks Flr: ks ’
J 2\Tj<1R; 1(rj—1kj—1) _ Fy(rj_1kj)
Fi(rj—1kj—1) Fo(rj—1kj)
Dj_1 Fo(rj—1k;— 1)[ (T] 1hj—1)
Cj—1 Fi(rj—1kj—1) LFa(rj—1kj—1)
_Fz'(rj—lkj)]
Fa(rj—1k;)

= (21)
B, 1+1 (R Dy 1 Fa(Rky) [ Fj(Rks
P F) (Rk + I+ Cye1 FA(Rkj) | Fo(REy

)
)
)
)

F’(le‘z)
Do o Fl(rlkg) Fi(rle) Fi riki)

i (

(
F - F k F/(lel) F’(T‘lkg)
2 2(“ 2> Fi(rlk'l) Fz(rlka)

r1ky1)

(23)

ss. Here (21) represents the boundary condition at the surface, (23) at the in-
soo- nermost shell and (22) at each shell in between. The ratio Bge./By is a

si0  complex expression which can be decomposed in:

BS@C o l

B, 1+1

——Ae'?, (24)
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where A is the relative amplitude of the secondary field with respect to the
primary field. The maximum possible amplitude is A = 1. In this case the
sphere acts as a perfect conductor. ¢ is the phase shift of the secondary
signal with respect to the primary field. | = 1 gives the case of a.dipole
shape field.

The inducing signal can be seen as a diffusion-wave which is damped by
the conductive media of the interior. The depth at which the amplitude of the
wave has decreased by a factor of e is called skin depth ¢. It depends on the

conductivity of each separate layer and on the frequency of the propagating

52\/5. (25)

With the amplitudes and the periods of the primary field determined in

wave:

section 4 we can now determine the corresponding secondary field by using

suitable interior conductivity structures for each satellite.

6. Results for the Secondary Field

We now analyze the secondary fields generated by the primary fields de-
rived in section 4.2. Three periods of the primary field are treated separately:
the synodic rotation period of Jupiter, the satellites’” orbital period and the
solar rotation period. For each period we apply the induction model given by
equations (21) to (24) to different interior models from the literature. Two
models were selected for each satellite. First we use models which explic-
itly assume the existence of an ocean. For lo we chose a model involving

a magma ocean by Keszthelyi et al. (1999). Models considering a subsur-
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face water ocean were given by Kuskov and Kronrod (2005) for Europa and
Callisto and by Kimura et al. (2009) for Ganymede. In preparation for this
paper we also analyzed results from other elaborated models such as Schu-
bert et al. (2009) for Europa and Schubert et al. (2004) or Sohl et al. (2002)
for Ganymede and Callisto. The differences in the overall model setup with
respect to the models presented here, mainly variations of the thicknesses of
the layers, are relatively subtle from the induction point of view. Therefore,
we do not provide discussion for these models. We do, however, discuss some
notable differences in sections 6.3 and 6.4. We include a second, rather sim-
ple set of three layer models (consisting of crust, mantle and core) by Zhang
(2003). Even though these models are less likely, they are useful to discuss
the effect different features, like a smaller ice shell thickness at Europa or a
larger depth of the ocean layer at Ganymede, have on the induction signals.
The Zhang (2003) models also give us the opportunity to compare our results
for the different satellites.~In order to test the implications of different ocean
configurations, we vary its thickness and conductivity over a certain range.
For lo, Callisterand the Kimura et al. (2009)-Ganymede model we keep the
outer crustal layer fixed and reduce the thickness of the mantle layer below
the ocean as we increase its extension to preserve the satellite’s radius. At
Europa and for the Zhang (2003)-Ganymede model the thickness of the crust
is reduced while the mantle thickness is kept fixed. The values for all other
layers including the thickness of the core are kept fixed.

We present the resulting amplitudes (in %) in contour plots covering
the plausible oceans thickness and conductivity ranges (figures 7, 9, 11 and

13). In the following discussions we denominate cases which lie near the
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lower right corner of these plots as strong ocean case and cases near the
upper right corner as weak ocean case. To determine the resolving power the
analysis method provides for the satellite’s core, we display the amplitude
difference (denoted AA in figures 7 to 13) between the present model and
the same model without a conductive core, i.e. with a core conductivity of
1072 S/m (not exactly zero for numerical reasons). This difference gives the
percentage of the core contribution to the total signal. The core influence is
represented by the color plots. Note the color scales for the core influence
and the isolines in black for the total induced amplitudes are two different
quantities independently plotted in figures 7 to 13. White and yellow colors
indicate negative values for the core influence or regions where the amplitude
decreases due to higher core conductivities. In addition to the amplitude we
analyzed the phase shift of the induced signal in a similar way (figures 8,
10, 12 and 14). The relative amplitudes of the induced fields resulting from
equation (24), can be multiplied with the inducing amplitudes derived in
section 4.2. This yields the predicted secondary field strength which would
be measurable-at the surface of the satellites. Please keep in mind that all
explicit values (in nT) given in this chapter should not be taken as the field
strength a spacecraft could measure at flybys or in orbit around the satellite.
Instead, a spacecraft at a distance r would encounter fields decreased by the
factor (r/R)? for a dipole field. This is the case for the locally homogeneous
inducing fields considered in our analysis.

One major uncertainty of our approach are the values for the conductiv-
ity of the materials involved. So far there is almost no scientific information

available about the electrical conductivities of materials under the physical
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conditions present inside the Galilean moons. We tried to estimate these
values based on various sources in the literature. The densities of the lay-
ers are used as a proxy for the state of the material. Other factors like
the temperature were not available for all models and were not included in
the estimation. We preferentially use values which have been given for the
interior of the earth. Table 3 lists the assumed materials, ‘the estimated

conductivities and the references.

6.1. Io
The interior of Io has been modeled by Keszthelyi et al. (1999, 2004) and

Zhang (2003). So far there is no direct evidence for a global magma ocean at
lo. However, Keszthelyi et al. (1999) state that due to very high temperature
silicate lavas discovered at the surface, ultramafic volcanism seems to be a
common property of To. They argue that this discovery is inconsistent with
a largely solid interior of To. Instead Keszthelyi et al. (1999) suggest that the
existence of a mushy magma ocean could be an explanation for the observed
surface features. "We adapted the four layer model of Keszthelyi et al. (1999)
which includes a FeS core of medium conductivity, a relatively conductive
partially molten mantle and a up to 250 km thick magma ocean beneath a
thin crust (see table 4). The second model is given by Zhang (2003). We
extended this three layer model by substituting the upper part of the mantle
with a magma ocean layer (table 5). This extension may not be consistent
with the results of Zhang (2003), especially for thick magma ocean layers.
Results for these cases should therefore not be taken as realistic predictions
but as a crude estimate for the induction at lo.

Figure 7 shows the resulting relative amplitudes at three periods of the
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primary field for both models. To assess the significance of these figures, it
is interesting to note that, for large conductivities and small thicknesses of
the magma ocean, the amplitude isolines become straight and follow lines of

constant magma ocean conductance (A o< oh).

6.1.1. Observability of the magma ocean

For both models the isolines in figure 7 show that at thesynodic rotation
period as well as the orbital period amplitudes near 90% are possible for the
strong magma ocean case (¢ > 1 S/m, h > 5 km). This is nearly the per-
fect conductor case. For the solar rotation period the maximum amplitude
is about 60%. For weaker magma oceans the conductivity of the partially
molten mantle prevents the amplitude to drop to 0%. To obtain the actual
contribution by the magma ocean to the total signal one needs to subtract
the signal remaining in the case of a weak magma ocean. This gives a contri-
bution by the magma ocean of about 65 to 80% depending on the period. At
Io the partially molten mantle contributes significally to the total signal. We
determine the seécondary signal for mantle conductivities of 10~ S/m and
1072 S/m and find an increase of up to 20% to 25% for a period of 12.95 h
for both'medels. It should be noted that at 1072 S/m the conductivity of the
magma ocean drops below that of the mantle beneath. In figure 7 this causes
a convergence of the isolines at 1072 S/m and a reversal in the direction of
the lines for smaller conductivities. The Zhang (2003) model gives ampli-
tudes which are about 7% weaker than those obtained with the Keszthelyi
et al. (1999) model. This is a result of the higher crustal thickness in this
model. An increased distance to the conducting layer results in a significant

decrease of the measurable signal. Due to the strong primary signals at Io
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even a relatively weak magma ocean configuration produces significant sig-
nals at the surface of Io in the orbital and synodical frequency range. For
the strong magma ocean case (0 > 1 S/m, h > 5 km) we predict signals-of
up to 210 nT at a period of 12.95 h and 14 nT at 42.95 h occurring at the
surface of Io. The amplitude for the solar rotation period will be quite weak
(up to 0.4 nT). The strong plasma interaction field at o will, however, make
it very difficult to extract even the strongest induction signals from single

flyby measurements (e.g., Kivelson et al., 2001, Saur et al:; 2002).

6.1.2. Observability of the core

The amplitude difference between the original model and a model with
a nearly non-conductive core is indicated by the color plot in figure 7. It is
intriguing why this difference becomes negative (white and yellow areas in
figure 7). This is possible due to mutual induction occurring between the
core and the magma ocean. This effect will be discussed in greater detail in
section 6.5. The core influence for both models of Io at all periods is about
—1.8% to 2.5%. If we combine these values with the primary field for a period
of 12.95 h (section 4.2) we get a prediction for the core field strength at the
surface of 1o of about 5 nT. For the 42.95 h period the signal strength would
be only 0.2 nT. A conductive core is detectable only for certain magma ocean
configurations. A strong magma ocean will almost completely shield the core
from the primary field. The maximum difference can be seen for weak magma
oceans and for the solar rotation period. The primary field for this period is,
however, very weak (< 0.01 nT). Mutual induction may in some cases (dark
yellow in figure 7) allow for some contribution of a conductive core to the

total signal even in the presence of a rather strong magma ocean.
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6.1.3. Phase information

The phase shift of the secondary field with respect to the primary field
yields additional information for induction studies. A comparison of the pan-
els of figure 7 and figure 8 shows, that while the amplitude rises monotonously
toward the lower right corner of the displayed parameter space, the values for
the phase shift reach a maximum value somewhere between the strong ocean
case and the weak ocean case. Not so obvious but equally important are
the different gradients of the isolines in some parts of the parameter space of
figure 7 and figure 8. Therefore, two different internal configurations showing
exactly the same amplitude of the induced field (lying on the same isoline in
figure 7) may lead to different phase shifts and may be distinguished. Figure
8 shows that strong magma ocean configurations (¢ > 1 S/m, h > 5 km)
suppress the phase shift almost completely. However, weaker magma oceans
yield a significant phase shift of up to 70°. The timing of the observed induc-
tion signal is therefore another indicator for the conductivity of the satellite.
The differences for the phase again show that a strong magma ocean shields
the core. The maximum phase difference occurs for weak magma oceans and

is only significant (> 10°) for the orbital and solar rotation periods.

6.2: Furopa

Europa’s ocean is thought to lie beneath a relatively thin layer of ice (e.g.
Pappalardo et al., 1999). The ocean is expected to be directly connected to
the rocky mantle which may be one source of heat to keep it liquid (see e.g.
Schubert et al., 2009). We use Europa models from Kuskov and Kronrod
(2005) and again Zhang (2003). Both are four layer models including a FeS-

or Fe-core, a silicate mantle and a liquid ocean beneath an icy crust. The
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model parameters including our estimated conductivities are given in tables
6 and 7.

We display the amplitude as a function of ocean conductivity and thick-
ness and the amplitude differences compared to the same model with a non-

conductive core in figure 9.

6.2.1. Observability of the ocean

Both interior models show that a distinct ocean (g.>1.S/m, h > 10 km)
induces signals which almost reach the primary field strength (80% to 90%)
for all periods. According to our results of seetion 4.2 such an ocean would
produce signals at Europa’s surface of 80 nl at 11.23 h, 6 nT at 85.22 h
and 0.5 nT at a period of 641.9 h. The results for both models are almost
indistinguishable. Obviously the slightly smaller ice shell thickness and the
larger core conductivity of the’Zhang (2003) model have no major influence.
The nearly unconductive mantle layer does not affect the strength of the
total signal. Up to amantle conductivity of about 1073 S/m its influence lies
beneath 1% of the primary signal. Our model predicts, however, significant
signals of about 50% even for moderate ocean parameters of h ~ 1 km and
o ~ 5 8/m. Like other authors before (e.g. Zimmer et al., 2000, Schilling
et al., 2007) we conclude that the large induction signals observed at Europa
might very well be the result of a liquid ocean.

There are still many unknown parameters of the ocean like its depth, its
extension, its salinity and so on. This information may be gained by ob-
taining magnetic field data of sufficient accuracy to be analyzed for multiple
inducing frequencies. The measured amplitude for a single frequency can be

explained by models with various ocean thicknesses h and conductivities o
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(represented by isolines in figure 9). The amplitudes depend non-linearly on
the interior conductivity parameters. Therefore, with amplitude information
for multiple frequencies, all interior models which can not explain these val-
ues simultaneously can be ruled out. Information for each single frequency
therefore narrows the valid parameter range for o and h. Our results show
that multi-frequency measurements at Europa should be possible at all three

presented frequencies.

6.2.2. Observability of the core

In the absence of a conductive ocean (0 <1 S/m, h < 1 km) the sec-
ondary field strength drops to about 5% of the primary field for the Zhang
(2003) model and 1.4% to 4% (depending on the frequency) for the Kuskov
and Kronrod (2005) model. The'residuals are signals induced in the core.
Although their relative valuestare larger than at lo, the lower primary field
amplitudes give rise to about the same secondary field strength at the surface
of 5 nT at a period.of 11.23 h. For a period of 85.22 h the signal strength
is about 0.4 nT.“The major limiting factor for the detection of these signals
is the strong damping by Furopa’s ocean. There is, however, a certain pa-
rameter range of ¢ and h (yellow in figure 9) where the mutual induction
effect allows for a core signal of 1% to 2% in the presence of the ocean. If
an ocean is clearly visible in the signal for multiple frequencies but one fre-
quency lacks these 1% to 2% of the predicted signal strength this could be
interpreted as the contribution of a conductive core due to mutual induction.
This fact could be exploited to detect the core in future measurements. For
example, with an iron core like in the Zhang (2003) model a contribution of

about 2 nT to the total signal at a period of 11.23 h is reached for ocean
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parameters inside the yellow colored region of figure 9 (lower panel). We
therefore conclude that it might be possible to detect a conductive core at
Europa with the induction method though the signal will likely be rather

small.

6.2.3. Phase information

The phase shift for strong ocean cases at Europa (o > 1.S/myh > 10 km)
is small for the synodical and orbital inducing frequencies (see figure 10). It
is, however, about 10° to 20° larger for the solar rotation period. When we
compare both interior models we see that the higher core conductivity of
the Zhang (2003) model leads to a much smaller phase shift for weak oceans
(0 < 1S/m, h <1km). The difference in the phase shift in the case of a
non-conductive core is also large in the absence of a conductive ocean (see

color contours at the top left-corners in all panels of figure 10).

6.3. Ganymede

Ganymede is not only another candidate for a subsurface liquid ocean,
but also possesses the only known dynamo field of a moon in the solar sys-
tem. Information about Ganymede’s ocean and core are therefore of great
scientific value. In order to analyze the secondary field at Ganymede we
adapt models by Kimura et al. (2009) and Zhang (2003). The parameters
used to adapt these models are given in the tables 8 and 9. The model of
Kimura et al. (2009) consists of five layers with an ocean located between
the crust and a lower mantle ice layer. Basis of this model are numerical
simulations of the thermal history of Ganymede. Several additional models

based on calculations of the temperature, pressure and density with depth
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profiles constrained by gravity measurements by the Galileo spacecraft were
presented by Sohl et al. (2002). The outermost layer for those models in-
cludes a phase transition from ice I to ice III, ice V and ice VI through the
first 900 km of the satellite. The thicknesses of the silicate layer below the
ice and the innermost core layer vary between 900 km to 1100 km and 834
km to 634 km respectively, depending on the density of the core. Except
for weaker signals from the core layer due to the smaller core radius, the
Sohl et al. (2002) models show results for the induced signals which are very
similar to those we infer for the Kimura et al. (2009) model. Therefore, only
notable differences in the induced fields for these models are discussed here.
The second model we present in greater detail was given by Zhang (2003).
Although this four layer model is probably too simple to realistically describe
Ganymede’s interior we present it here to give the possibility to compare our
results for Ganymede with those for the other satellites. The model consists
of an iron core, a rocky mantle and an icy crust at the bottom of which we
include Ganymede’s ocean. Please note that the assumption that the ocean
lies deep inside the interior and has contact to the rocky mantle is not very
realistic. Still, we use this setup to investigate at which depth the ocean
produces a significant signal. Also the presented range for the thickness of

the ocean may be greatly exaggerated.

6:8.1. Observability of the ocean

The amplitude structures for both Ganymede models look quite different
(isolines in figure 11). For the Kimura et al. (2009) model the top of the ocean
is relatively close to the surface. This causes large induced amplitudes of

about 80% even for average values for the oceans conductivity (o > 0.1 S/m)
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and thickness (A > 0.1 km). The mantle contributes less than 1% to these
signals for conductivities lower than 107® S/m. The corresponding secondary
field at Ganymede’s surface which follows from the results of section 4.2 has
a strength of about 32 nT for 10.53 h, 0.6 nT for 171.7 h and 0.5 aT" for
a period of 641.9 h. For the Zhang (2003) model the relative amplitudes
are considerably smaller (up to about 50% less), except for large values of
h (> 100 km). The reason for this is that the upper boundary of the ocean
lies deep inside the satellite for thin ocean layers. As the lower boundary is
kept fixed, the ocean is close to the surface only«for large ocean thicknesses.
We conclude that an ocean which lies deep in the interior of Ganymede will
produce significantly weaker induction signals. For realistic ocean depths of
about 150 km (e.g. Spohn and Schubert; 2003) this effect should be rather
small. One should, however, keep in mind that the detectability of all oceans

presented in this study depeéends on the depth of its upper boundary.

6.3.2. Observability.of the core

The internal dynamo field discovered at Ganymede (Kivelson et al., 1996a)
indicates the existence of a layer of molten iron in the core region of the satel-
lite. Additional information about Ganymede’s core, might be gained from
induction caused by different periods of the time varying external magnetic
field. " The core’s contribution to the total field induced by the primary field
(neglecting Ganymede’s internal field) in absence of an ocean on Ganymede is
about 5% of the primary field for the Kimura et al. (2009) model and about
2% for the Zhang (2003) model, where the core radius is about 300 km
smaller. The Ganymede model given by Schubert et al. (2004), whose re-

sults are otherwise similar to the Kimura et al. (2009) model, also shows less
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distinct core signals of about 2.7% due to its smaller core radius. Without a
conductive ocean the resulting secondary field at the surface has a strength
of about 2 nT at a period of 10.53 h for the Kimura et al. (2009) model. The
signal induced in the core easily becomes obscured by the overlying ocean.
The mutual induction effect gives rise to core signals of up to 0.8 nT"in some
cases (yellow regions in figure 11). This signal strength is, however, very
likely too small to allow for a reliable detection of the core especially in the

presence of plasma interaction fields.

6.3.3. Phase information

The phase information gives a similar pieture for both models (figure 12).
A strong ocean configuration (o > 10.S/m, ~ > 10 km) suppresses the phase
shift. The same applies for the case of weak ocean configurations where the
remaining signal represents theiinfluence of the core. Therefore, a weak signal
with little phase shift could bednterpreted as a signal of the core alone while
a strong signal without phase lag indicates a significant contribution of an
ocean. The parameter regime with the biggest phase shift seems to coincide
with the regime where mutual induction plays a role. In summary it seems

promising to include the phase information in analysis of real data.

6.4. Callisto

Similar to Europa, Callisto is considered to be a candidate for a subsurface
liquid water ocean due to its interior magnetic field that was interpreted as
an induction signal from a conductive layer (Khurana et al., 1998, Neubauer,
1998a, Kivelson et al., 1999, Zimmer et al., 2000). Callisto has a moderate

normalized moment of inertia of C/MR* = 0.35 suggesting its interior is
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only partially differentiated (Anderson et al., 2001). We address this fact
by adapting the model of Kuskov and Kronrod (2005) as a six layer repre-
sentation (table 10) with larger conductivities toward the center. The ocean
is assumed to lie beneath an icy crust and above a mantle divided in three
sub layers. Callisto does not possess a core with a significant amount of iron
in this model so that its conductivity is rather low. Sohl et al. (2002) pre-
sented several additional multilayer models of Callisto’s interior constrained
by Galileo gravity measurements. The authors present two models assum-
ing different core compositions and densities (pure olivine-type rock with
3300 kg m™2 and a mixture of 50 wt% iron and 50 wt% olivine). In these
models the outermost icy shell with a thickness of 660 km includes a phase
transition from ice I to ice VI. The layer beneath consists of hydrated sil-
icates or a rock-ice mixture with a shell thickness of 1150 km to 1300 km
depending on the core density. The results we infer using the Sohl et al.
(2002) models are quite similar to the ones presented for the Kuskov and
Kronrod (2005) model in this section. The only notable difference comes
from a slightly larger crust, i.e. ice I layer thickness (we adopt a value of
180 km). Therefore, instead of explicitly discussing the results for the Sohl
et al. (2002) models we present results for a model by Zhang (2003) (table
11). This model consists of four layers with a larger crustal thickness and a
larger core density than the Kuskov and Kronrod (2005) model. We adapt
this larger density by increasing the core conductivity. As already mentioned
for Ganymede, the Zhang (2003) model with an ocean located deep in the
interior in direct contact to the mantle and with such a large range of thick-

nesses is hardly realistic. It should therefore not be used as a stand alone
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case, but only for comparison with the more realistic model by Kuskov and
Kronrod (2005) and with the models given by Zhang (2003) for the other

Galilean moons. The results are shown in figure 13 and 14.

6.4.1. Observability of the ocean

Both models show a distinct signal of up to 80% for the synodic rotation
period even for average values of the conductivity (> 1 S/m) and thickness
(> 1 km). The model from Sohl et al. (2002) gives results similar to the
ones shown for Kuskov and Kronrod (2005) in figure 13. Only for strong
ocean configurations (lower right corner of the figure) the amplitude is about
2 to 4 % smaller due to the larger crustal thickness. The contribution of the
mantle layers to these values is less than 1% as long as their conductivities
are lower than 107 S/m. Takinginte account the results of section 4.2, the
strength of the secondary field for the 10.18 h period is 16 n'T at the surface of
Callisto. The rotation period of Callisto is comparable to the solar rotation
period. For both frequencies a signal of 70% to 80% can be expected for
strong ocean cases (¢ > 10 S/m, h > 10 km). The corresponding secondary
field strengths are 0.9 n'T for 400.55 h and 0.4 n'T for a period of 641.9 h. To
apply the multi-frequency approach at Callisto it is necessary to measure the
magnetic field in the vicinity of the satellite very precisely and to determine

the contribution from the plasma interaction.

6.4.2. Observability of the core

We chose a low conductivity for the core in the Kuskov and Kronrod
(2005) model. Such a core has almost no influence on the total induction sig-

nal and will certainly not be detectable. The situation looks somewhat better
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for the Zhang (2003) model. However, contributions of 1% (with mutual in-
duction, yellow regions in figure 13) to 2% (without a conductive ocean) only
yield a secondary field strength at the surface of 0.2 nT to 0.4 nT at a period
of 10.18 h. We conclude that it will not be possible to gain information.about

Callisto’s core from induction measurements at any frequency.

6.4.3. Phase information

The model results for Callisto show that a strong ogean (o> 10 S/m, h >
10 km) suppresses a phase shift of the signal. For amon-conductive ocean the
weak overall conductivity of the Kuskov and Krenrod (2005) model leads to
a phase lag of nearly 90°. The larger core conductivity of the Zhang (2003)
model on the other hand suppresses the phase shift to some degree. There-
fore, if there were no ocean on Callisto one could possibly gain information

about the core from the phase shift.

6.5. Mutual induction

Throughout this section we repeatedly mentioned the effect of mutual
induction. When we subtract the amplitude results of models with a weak
core conductivity from our original models we get negative values for certain
ocean-thicknesses and conductivities. This means that a less conductive
core can lead to a larger induction signal than a highly conductive core if
a _conductive ocean is present. The reason for this is as follows. The time-
variable primary field ((1) in figure 15) induces a field inside the satellite’s
core ((3) in fig. 15). This field in turn is part of the total field the conductive
ocean (blue layer in fig. 15) experiences. However, the field induced in the

core tries to act against the primary field and therefore has an opposite sign.
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It induces a magnetic field inside the ocean which leads to a decrease of the
total induction signal outside the satellite ((4) and (4’) in fig. 15). This
mutual induction between the core and the ocean is completely included
in the theoretical description of section 5. It is only significant when the
ocean layer is not conductive enough or too thin to completely ‘shield the
underlying material from the primary field. On the other hand it needs to be
conductive enough to allow for induction from the core signal. That is why
we see this effect in an intermediate parameter region in the plots of section
6.1 to 6.4 (white and yellow regions in the amplitude results of figure 7 to
13). Generally all fields induced at the satellites in turn induce magnetic

fields in all conductive layers.

7. Induction Studies by Spacecraft Missions

Magnetometer data ofthe Galileo spacecraft are so far the only sources
for induction measurements.at the Galilean moons. Only a few flybys exist
which provide measurements in the vicinity of the satellites for a short pe-
riod of time. It is also very difficult to adequately separate magnetic fields
from plasma interaction effects in these data. Therefore, those measure-
ments-are not well suited for multi-frequency induction analysis. Additional
magnetometer measurements by future Jupiter system missions are therefore
necessary to apply the multi-frequency induction method.

For multi-frequency induction studies it is preferable to use magnetome-
ter data from a spacecraft orbiting the satellite rather then just flyby data.
An orbiter could perform continuous measurements over a time of several

excitation periods and thus provide an excellent temporal coverage. The op-
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timal geometry for such orbits would be a low polar orbit. A coverage of
the whole satellite surface can be achieved by the rotation of the orbit in the
east-west direction. As the secondary field strength decreases by =3 with
distance to the surface, it is crucial to keep the orbits as low as possible. In
addition, the internal field “seen” from a low polar orbit will contain only
small plasma magnetic fields from the thin shell between the orbital envelope
and the surface. To gain information about the secondary field contributions
at Ganymede it is necessary to determine the moments of the internal field.
As the internal field is expected to be temporally constant throughout the
orbiting phase, it should be relatively straightforward to obtain its strength.

When the data is acquired during flybys the best geometry for the mea-
surements also is low polar flyby. In this case it is more difficult to filter
out the plasma interaction field. Precise modeling of each flyby is necessary
to apply induction techniques. Finally it is of course necessary to obtain a
good absolute accuracy aswell as good long term stability of the magnetome-
ter. The challenge for the magnetometer and mission engineers will therefore
be to enable measurements with suitable precision (About 0.1 nT to 1 nT
according to the results in this paper).

The Europa Jupiter System Mission (EJSM/Laplace) under considera-
tion by NASA and ESA might be the next opportunity to perform these
measurements. At the current stage of planning, EJSM/Laplace includes
two spacecraft. While Io and Callisto will presumably be encountered dur-
ing several targeted flybys only the two spacecraft will later in the mission

go into orbit around Europa and Ganymede, respectively.
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8. Conclusions

We analyze fluctuations of the primary magnetic field at the Galilean
moons for three different classes of periods: The synodic Jovian rotation pe-
riod with respect to the satellites and fractions of these periods, the satellites’
orbital periods and the solar rotation period. The strongest field variations
occur at the synodic rotation period in the B, and By component. Dur-
ing one orbit of the satellites the fields of these two components are nearly
elliptically polarized. By remains relatively constant but harbors most of
the signals with the longer orbital and solar rotation periods. These sig-
nals originate in the eccentricity of the satellites orbits and the field caused
by the Chapman-Ferraro currents in _the magnetopause. Strong solar wind
conditions therefore lead to stronger-inducing long period inducing fields.

We analyzed the inductive response for various internal models of all
Galilean moons. According to our results ocean layers at all of the satellites
can easily produce secondary fields of about 70% to 90% of the primary
field strength for-all periods. A conductive core contributes up to 2% to the
total signal for To and 4% to 5% at Europa and Ganymede for the synodic
rotation period. However, the core will be shielded from the primary field
in the presence of an ocean. However, the mutual induction between the
core-and the ocean might decrease the amplitude for one of the inducing
frequencies, which allows for a small core contribution to the total signal
under certain circumstances. At Callisto it will probably not be possible to
detect signals from the core. Additional information about both the cores
and the oceans of all satellites is provided by information about the phase

shift of the secondary signals.
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To apply a multi-frequency approach using real magnetic data suitable
measurements are necessary. To obtain a sufficient secondary signal strength,
it would be preferable to perform precise magnetic measurements with a
spacecraft on a low polar orbit. Such measurements would also help to
determine the contribution from plasma interaction fields which“otherwise
obscure the signals at all satellites. The potential scientific ‘'value of these
data is significant. The confirmation of liquid water and the characterization
of the corresponding reservoirs at one of the Galilean moons as well as the
possible implications regarding the origin of life. and the formation of our
solar system make it worthwhile to take all necessary efforts to gather the

required data.
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Europa 9.38  85.22 0.469 0.0094

a[Ry] T[h] ildeg] e
lo 5.80 4245 0.036 0.0041 &

Callisto ~ 26.33 400.56 0.187 0.0074

Ganymede 14.97 171.72 0.170 0.0011 ?\

Table 1: Semi-major axis (a), orbital period (T), inclination (i) and ecce@ (e) of the

Galilean moons, used in this work.
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Io Europa Ganymede Callisto
Source
T;h] A;[nT] Tglh] Ag[nT] Tglh] AgnT] Telh]  AgnT]
3.74 1.2 3.51 3.3 3.39 5.9 Current sheet
4.32 16.1 3.74 1.6 Octopole
6.48 107.9 5.62 16.8 5.27 2.6 5.09 0.3 Quadrupole
12.95 698.9 11.23 170.8 10.53 41.9 10.18 7.7 Dipole
b 12.95 50.9 11.23 45.8 10.53 43.9 1018  36.1  Current sheet
42.45 2.9 85.22 10.5 171.70 1.7 400.55 0.7 Inclination
4.32 12.1 3.74 1.2 Octopole
6.48 71.9 5.62 11.2 5.27 1.7 5.09 0.2 Quadrupole
b 12.95 3449 11.23 85.4 10.53 20.9 10.18 3.9 Dipole
12.95 32.5 11.23 19.1 10.53 9.7 10.18 6.9 Current sheet
6.48 13.0 5.62 1.3 Octopole
6.48 0.9 5.62 2.2 5.27 3.0 5.09 1.9 Current sheet
12.95 103.1 11.23 16.0 10.53 2.5 10.18 0.3 Quadrupole
By  42.45 26.1 85.22 15.8 171.70 1.0 400.55 0.5 Eccentricity
42.45 0.6 85.22 0.9 171.70 1.5 400.55 2.5 Magnetopause
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Table 2: Major inducing signal amplitudes A (in nT) and
periods T (in h) for the Galilean moons for all magnetic
components (System III coordinates). The underlying
source of the contribution is indicated in the last column.
The major inducing signals can be found in the B.and Beg
components at the synodic Jovian rotation period. Long
period signals mainly occur in the By component which
has the weakest fluctuations. The bettom row shows the

maximal plasma interaction fields for comparison.
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Ref. p(g/ecm3®) o (S/m) Analogue Source
Silicate
(1) 2.8 1073 -107° dry silicate Beblo et al. (1985)
(2) 2.9 1073 - 15 dry magma Waff and Weill (1975);Beblo et al. (1985)
(3) 3.1 1072 partially molten gabbro Maumus et al. (2005)
(8) 3537 107*-1071° chondrites Parthasarathy and Sharma (2004)
(10)  3.2-34  107*-1078 chondrites Parthasarathy and Sharma (2004)
Iron rich material
(4) 5.15 2-8 lower earth mantle Dobson and Brodholt (2000)
(5) 10 3 x 10° outer earth core Stacey (1992)
(9) 5 5 lower earth mantle Stacey (1992)
Ice and water
(6) 1 1076 H,0 ice Beblo et al. (1985)
(7) 1 0.01 - 100 saline water Beblo et al. (1985)
(11) 2-3 107 -107% silicate + 41 % water ice Grimm et al. (2007)
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Table 3: Sources of literature for the conductivity of the

materials assumed in the adapted interior models of the &
Galilean moons. The index given in the first column

refers to the indexes in the tables for the interior models \Q
(tables 4 to 11). Column 4 denotes the material from

the literature which we use as an analog for the pre0

material. E
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h (km) o (S/m) p (g/cm3) Ref.

Crust 25 10~ 28 (1) &
Magma  0-250 107%-15 29  (2) Q
Mantle 996 - 1246 102 3.1 (3) \

FeS core 550.6 5 5.15 (4) G

Table 4: To model adapted from Keszthelyi et al. (1999). The last co&enotes the
references for the sources of literature for the conductivity (see tz@The thicknesses

of the magma ocean and the mantle are varied, respectively. >
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h (km) o (S/m) p (g/cm3) Ref.
Crust 120 10~ 2.8 (1)
Magma 0-500 1073-15 29  (2)
Mantle 636-1136 102 366 (3)
Fe core 565.6 10° 8 (5)

A
&

Table 5: To model adapted from Zhang (2003). References corresponda literature

given in table 3. The thicknesses of the magma ocean and the m

tively.

61
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h (km) o (S/m) p (g/cm3) Ref.
Crust  150-0 2.1 x 1076 1 (6) &
Ocean  0-150 0.01 - 100 1 (7) Q
Mantle 855 1076 3.6 (8) \
FeS core 560 5 4.7 9) G

Table 6: Europa model adapted from Kuskov and Kronrod (2005). Refe@orrespond
to the literature given in table 3. The thicknesses of the ocean a@rust are varied,

respectively. )
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h (km) o (S/m) p (g/cm3) Ref.
Crust  100-0  10°° 1 (6) &

Ocean 0-100 0.01 - 100 1 (7) Q

Mantle 865 1075 3.13 (10) \

Fe core 596 10° 8 (5) G
Table 7: Europa model adapted from Zhang (2003). References correspOthe litera-

ture given in table 3. The thicknesses of the ocean and the crust d, respectively.
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h (km) o (S/m) p (g/cm3) Ref.
Crust 150 10" 1 (6) &
Ocean  500-0 0.01-100 1 (7) \Q

Icy mantle 350-850  107° 1.8 (11)
Mantle 650 107 35  (8) Q B

Core 981.2 10° 8 (

Table 8: Ganymede model adapted from Kimura et al. (2009). s correspond to

the literature given in table 3. The thicknesses of the ocean and icy mantle are varied,

respectively. E
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h (km) o (S/m) p(g/cm?) Ref.
Crust 7850 10~ 1 (6) &
Ocean  0-785  0.01-100 1 (7) Q
Mantle 1136 1075 31 (10) \
Core 7102  10° 8 (5) G
Table 9: Ganymede model adapted from Zhang (2003). References correr the liter-

ature given in table 3. The thicknesses of the ocean and the crust ed, respectively.
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h (km) o (S/m) p (g/cm®) Ref.

Crust 150 1076 1 (6)
Ocean 0 -450 0.01-100 | (7)
Mantle 1 450-0 1076 2 (11)
Mantle 2 300 107 215 (1)
Mantle 3 910 10~ 243 (11)
Core 600.3 1072 3.15 (3)

Table 10: Callisto model adapted from Kuskov and Kronrod (2005). References correspond
to the literature given in table 3. The thicknesses of the ocean and the mantle are varied,

respectively.
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h (km) o (S/m) p (g/cm?®) Ref.
Crust 200 1076 1 (6) &
Ocean ~ 0-1000  0.01-100 1 (7) Q
Mantle 1439430 107 215  (11) \
Core 771.3 5 4.5 (4) G
Table 11: Callisto model adapted from Zhang (2003). References correS[G the litera-

ture given in table 3. The thicknesses of the ocean and the mantle ed, respectively.
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Figure 1: Field lines for the superposition of (A) the VIP4 model and the Khurana (1997)
current sheet, (B) the VIP4, the Connerney et al. (1981) current sheet and the Engle &
(1992) no tilt magnetopause model for Rss = 60 Ry plotted at ® = 292° / 112° Sys

IIT longitude. The x-axis points sunwards, the z-axis north. \
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Figure 2: Data for (A) the velocity and (B) the magnetopause distance Rss calculated from
Ulysses data from the second half of the year 1992. The velocity shows a clear periodicity

of about 27 days. The values of Ry, lie in a realistic range for Rss with an averag

about 70 R; (dashed line). \
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tioned in section 3. The field is elliptically polarized. Eccentricity and inclination of the

orbits lead to a broadening of the lines. Q

"90

Figure 3: B, vs. Bg along the satellites’ orbits from a superposition of the models men- ‘
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Figure 4: Total amplitude spectra for Io, Europa, Ganymede and Callisto. Arrows indicate
the synodical period, the orbital period and the solar rotation period, respectively. Note

that the scale of the y-axis varies from panel to panel. The displayed amplitudes

differ from the more precise values given in table 2 due to losses by spectral leakageﬁ
length of the analyzed time series is 5,100 h sampled by 41,000 data points.

60

?

71



ACCEPTED MANUSCRIPT

Figure 5: Peak amplitude of the magnetopause field’s By component at the orbital period
as a function of the subsolar point distance Ry for all Galilean moons.
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Figure 6: Concept of a spherical conductivity distribution for J shells. ‘
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Figure 7: Amplitudes of the induced field for the Io-Keszthelyi et al. (1999) model (upper
panel) and the To-Zhang (2003) model (lower panel) for three primary field periods T and &
various magma ocean thicknesses and conductivities. Isolines: induced amplitude in %

the primary field strength. Color encoded: differences of the induced amplitudes N

interior models with and without a conductive core in % of the primary fie

White and yellow areas indicate negative values caused by the mutual ir@ tween

9

ocean and core.
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Figure 8: Phase shift of the secondary field with respect to the primary field for the ITo-
Keszthelyi et al. (1999) model (upper panel) and the Io-Zhang (2003) model (lower panel)

for three primary field periods T and various magma ocean thicknesses and conductiviti
Isolines: phase shift relative to the primary field in degrees. Color encoded: differe\'\

the phase shifts A® of interior models with and without a conductive core in

60
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Figure 9: Amplitudes of the induced field for the Europa-Kuskov and Kronrod (2005)
model (upper panel) and the Europa-Zhang (2003) model (lower panel) for three primary
field periods T and various ocean thicknesses and conductivities. Isolines: induced am-
plitude in % of the primary field strength. Color encoded: differences of the induced
amplitudes AA of interior models with and without a conductive core in % of the primary
field strength. White and yellow areas indicate negative values caused by the mutual

induction between ocean and core.
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Figure 10: Phase shift of the secondary field with respect to the primary field for the
Europa-Kuskov and Kronrod (2005) model (upper panel) and the Europa-Zhang (2003)

model (lower panel) for three primary field periods T and various ocean thicknesses
conductivities. Isolines: phase shift relative to the primary field in degrees. Color enx
e

differences of the phase shifts A® of interior models with and without a con

in degrees. o
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Figure 11: Amplitudes of the induced field for the Ganymede-Kimura et al. (2009) model
(upper row) and the Ganymede-Zhang (2003) model (lower row) for three primary field &
periods T and various ocean thicknesses and conductivities. Isolines: induced amplitud

% of the primary field strength. Color encoded: differences of the induced amplitudx

of interior models with and without a conductive core in % of the primary fie

White and yellow areas indicate negative values caused by the mutual ir@ tween

9

ocean and core.

?
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Figure 12: Phase shift of the secondary field with respect to the primary field for the
Ganymede-Kimura et al. (2009) model (upper row) and the Ganymede-Zhang (2003) model

(lower row) for three primary field periods T and various ocean thicknesses and cond
tivities. Isolines: phase shift relative to the primary field in degrees. Color enx
e

differences of the phase shifts A® of interior models with and without a con

in degrees. o
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Figure 13: Amplitudes of the induced field for the Callisto-Kuskov and Kronrod (2005)
model (upper row) and the Callisto-Zhang (2003) model (lower row) for three primary field
periods T and various ocean thicknesses and conductivities. Isolines: induced amplitudein
% of the primary field strength. Color encoded: differences of the induced amplitudes AA
of interior models with and without a conductive core in % of the primary field strength.
White and yellow areas indicate negative values caused by the mutual induction between

ocean and core.
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Figure 14: Phase shift of the secondary field with respect to the primary field for the
Callisto-Kuskov and Kronrod (2005) model (upper row) and the Callisto-Zhang (2003)

model (lower row) for three primary field periods T and various ocean thicknesses
conductivities. Isolines: phase shift relative to the primary field in degrees. Color enx
e

differences of the phase shifts A® of interior models with and without a con

in degrees. o
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Figure 15: Concept of the mutual induction effect at a satellite with two conductive layers
(e.g. a conductive ocean o;_1 and core o1). Black arrow: Primary field (1), blue arrow:

secondary ocean field (2) induced by (1), red arrow: secondary core field (3) induced by
green arrow: ocean field (4) induced by (3). (2’), (3’) and (4’) represent the induced\
S

as they would be measured at the surface of the satellite. For suitable interna

(3’) becomes smaller than (4’) and the mutual induction reduces the tota@

9
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- We derive and discuss inducing magnetic field signals of various frequencies inside the Jovian
magnetosphere

- Inductive responses of the interiors of the Galilean satellites are discussed

- Signals originating from subsurface oceans should be detectable

- The core layers will be very hard to detect



