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Abstract
Europa is one of Jupiter’s Galilean moons, its interior is differentiated and consist of a
metallic core, a silicate mantle and an ice-liquid water shell. It is inside the Jupiter’s
inner magnetosphere and the magnetic field at Europa’s position is time varying with a
synodic period of 11.1 h. Moreover, there are time varying plasma currents surrounding
Europa, and as a result an induced magnetic field on Europa is generated. The Galileo
mission magnetometer measurements in flybys E4, E12, E14, E19 y E26 shown that the
best fit to the Europa’s magnetic field is mostly induced rather than intrinsic dipole; its
induction process can be related to a conducting layer beneath Europa’s ice crust. The
associated conductivity correspond to salt water. This results suggest that there are an
ocean in Europa which is still fluid and in movement.
We modeled Europa as a conducting spherical layer in the presence of an external time
varying magnetic field. We studied Europa’s induced magnetic field taking into account
the magnetic fields of Jupiter and the plasma currents neighboring Europa. We modified
and used the pseudo spectral code (MagIC) (Gómez-Pérez & Wicht (2010)), to solve the
induction problem in a spherical shell with finite conductivity in a time variable magnetic
field considering the plasma currents’ magnetic field, such that the imposed magnetic
field was taken as a superposition of Jupiter’s (Kivelson et al. (2000)) and the plasma
currents’ magnetic field (Schilling, Neubauer, & Saur (2007)). In order to characterize
the system we varied the imposed magnetic field, the frequency of the imposed field, the
shell thickness equivalent to 100, 125, 150 and 200 km and the electrical conductivity of
the ocean was varied through magnetic Prandtl with values of 0.2, 0.4, 0.6 and 0.8. And
finally we compare our results with Galileo measurements of magnetic field
We found that the response to the external field is multipolar, mainly quadrupolar and
octupolar. However, adding the plasma currents’ contribution to Jupiter’s field, the induced field has a lower dependence on higher orders. We establish a lower limit of 100 km
which is in agreement with (Anderson et al. (1998)). Nevertheless, We could not obtain
a limit for the conductivity.
Finally, we compared the induced magnetic field given by our model to Galileo measurements and we saw that our model does not match the measurements very well; even
so, it is an starting point to modeling the Europa induced field in the presence of plasma
currents, considering Europa as a conducting layer under the influence of an time varying
external field.
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Chapter 1
Introduction
Jupiter’s moons Europa, Io, Callisto and Ganymede were discovered in 1610 by the astronomer Galileo Galilei. Europa, the second nearest moon to Jupiter has its name in
honor of Phoenician princess who was abducted by Zeus, according to Greek mythology.
At present, there is a growing the expectation in the scientific community to find liquid
water beneath Europa’s ice surface. Liquid water is one of the main components for life
to arise in our planet. Likewise, if there is a layer of liquid water under Europa’s surface,
then there is a chance to find life outside the Earth. For this reason Europa is one of the
most interesting places in the Solar System.
The existence of liquid water is an idea that was based on the magnetic field measurements
made by the Galileo mission between 1996 and 2003. The measurements exhibit time
variability in a synodic period which is characteristic of induced magnetic field due to
an external time varying magnetic field in Europa conditions Kivelson et al. (1997). If
there is an induced magnetic field, it is due to moving charges inside an electric conductor
that generates a response field to the time varying external magnetic field. Furthermore,
measurements of magnetic field excluding Jupiter’s magnetic field at Europa position, have
a magnitude ∼ 20-250 nT Kivelson et al. (2000). Using geological studies, gravitationdensity models and other techniques the magnetic field magnitude can be related to salt
ocean conductivity. The layer’s characteristics are bounded by these models. Additionally,
the measured magnetic field can be thought of as an induced response generated by a layer
of poor conducting material in presence of external time varying magnetic field. The
external (or primary) field is composed by both Jupiter’s magnetic field and the magnetic
field produced by magnetospheric plasma currents along with ionospheric currents.
.
In this dissertation, we study the problem of Europa’s induced magnetic field considering Europa as an spherical layer with a fluid of finite conductivity in presence of an
external time varying magnetic field. We use the pseudo-spectral code Magnetic Inner
Core (MagIC) Gómez-Pérez & Wicht (2010) to solve the induction problem inside the
spherical layer. The external field is taken as the superposition of Jupiter’s magnetic field
which is named here ”background field” and the magnetic field of plasma currents. The
background field is derived from data presented by Kivelson et al. (2000). The field due
to plasma currents is taken from gauss coefficients given by Schilling et al. (2007).
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In order to understand the conditions of surrounding magnetic field of Europa we show
in chapter 2 the configuration of Jupiter’s magnetic field at Europa’s position in chapter.
We present in chapter 3 a brief explanation of Europa flybys of the Galileo mission. Some
aspects of Galilean moons and Europa’s characteristics are shown in chapter 4. In chapter
5 we present a discussion about the induction problem on Europa conditions. In chapter
6 we describe the model and its implementation. In chapter 7 we show the results and
discuss the contribution of magnetospheric currents on Europa’s magnetic field, as well
as the role of frequency of the imposed field. Moreover we discuss the dependence on the
thickness and conductivity of the ocean layer.
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Chapter 2
Magnetospheric dynamics of Jupiter
2.1

Jupiter’s magnetic field

Jupiter is the largest planet in our solar system with a mean radius of RJ = 69911 ± 6
km and a mass of MJ ∼ 1.8986 × 1027 kg. It has a sidereal period of ∼ 9.92425 hours.
Jupiter has the largest magnetic moment of ∼ 4.3 × 10−4 J/T with a tilt of i = 9.4◦ with
respect to the rotation axis.
Jupiter has one of the most interesting magnetospheres in the solar system because it is
one of the few that are principally energized by planetary rotation more than by solar
wind. It is influenced not only by external factors like solar wind but also by internal contributions such as Io mass loading. In figure (2.1) a sketch of the Jovian magnetosphere
is shown. The solar wind drags charged particles until reaching Jupiter’s magnetic field.
The magnetic pressure reduces the size of day-side magnetosphere to a range of 40-100
RJ , (Joy et al. (2002)). Where RJ = 71492 km is the Jupiter’s radius. The interaction
with solar wind generates a bow shock and forms a cavity with a low density of hot plasma
inside it. The plasmas from solar wind and magnetosphere are held apart by magnetic
confinement. The region in which they are separated is called the magnetopause. On this
boundary region strong surface currents circulate. To the night-side the magnetic field is
stretched generating a magnetotail with a length greater than 7000 RJ , which contains
radial currents. Also, there are azimuthal currents exceeding 160 MA in the equatorial
region confined to a thin current sheet with an average thickness of 2 RJ in the down
sector (Khurana et al. (2004)).
The Jovian magnetosphere may be divided into three regions: inner, middle and outer
magnetosphere. The inner magnetosphere (< 10RJ ), is a region of very high plasma
sources. Inside it, Jupiter’s magnetic field is mostly dipolar. On the other hand, Io is the
main source of plasma according to remote observations (Bagenal & Sullivan (1981)). Io
releases one tonne per second of plasma material and Io’s plasma torus contains several
million tons of plasma diffusing slowly outward (Kivelson et al. (1997)). The ratio of particle energy density to magnetic energy density (plasma β) is 0.2 due to low temperature
and strong magnetic field in this region. It implies that the magnetic field would not be
highly affected by the moving charges, but the distribution of particles is deeply affected
(Khurana et al. (2004)).
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The middle magnetosphere is a region in which the rotational effects have a more important role. The plasma β is greater than unity thus plasma pressure is comparable to
magnetic pressure (Tomás et al. (2004)). Due to the poor conductivity, the ionosphere
is not able to give enough angular momentum to the outflowing plasma, such that the
plasma corotation is gradually radially lost in this region (Khurana et al. (2004)). Further,
there are radial currents toward Jupiter, which accelerate and drags electrons generating
auroras on Jupiter’s ionosphere. Another very large current in this zone is the equatorial
current sheet which is centered co-located with Jupiter’s magnetic dipole (Behannon et al.
(1981)). The equatorial current sheet which is azimuthal, is responsible for magnetic disturbances with comparable magnitude to Jupiter’s internal magnetic field beyond a radial
distance of ∼ 20 RJ , (Khurana et al. (2004)). In this region, the magnetic field maintains
a strong plasma confinement. The magnetic field acts against the centrifugal force and
the thermal pressure, avoiding massive escape of plasma to the interplanetary regions.
Moreover, as the corotation is lost, there is a lag in the propagation of information from
inner to middle magnetosphere. Thus, the magnetic structure is highly influence by the
current sheet and it is delayed respect to the magnetic dipole equator. Observations from
Galileo spacecraft show non-axisymmetric currents which are time varying, suggesting a
convection system in the magnetosphere as at the Earth’s magnetosphere (Khurana et al.
(2004)).
In the outer magnetosphere there is an exchange of external and internal plasma contributions. The corotation lag is more sizable and the dayside is highly compressed. The
chapman-Ferraro magnetopause current system contributes to magnetic field in the day
side (Engle (1991)). In the nightside, the magnetotail contains a thin current sheet surrounded by lobes with low density. The field’s magnitude in the lobes decrease as a power
law with a negative exponent of −1.4. (,citebehannon1981jovian). The length of magnetotail reaches more than 7000 RJ . Figure (2.2) shows a sketch of the currents in the
magnetosphere.
Finally in order to have a better interpretation of magnetic data from space missions
in Europa, it is necessary to understand one of the most used frames of reference to
give Jupiter’s longitude properties: the left-handed Jupiter centered coordinate System
III λIII (S-III). In this frame, the z-axis is defined as Jupiter’s spin axis, the x-axis is
fixed on the Jovian prime meridian, and the y-axis is chosen such that it completes the
left hand system. The longitude increases clockwise from the prime meridian, i.e, the
longitude is measured clockwise from x-axis. In S-III the radial component is positive
in the outward direction, the azimuthal is along the Jupiter’s rotation direction and the
meridional component is positive southward (Kivelson et al. (1999)). Thus, the longitude
of Jupiter’s main meridian is tilted 200.1◦ in λIII and 159.9◦ degrees in λM with respect
to the prime meridian, where λM is a right-handed system which is given by subtracting
360 degrees to λIII . The λM reference system can be use when is preferable to have a
more familiar (right-handed) frame to analyze magnetic data.

4

Figure 2.1: Sketch of Jupiter’s magnetosphere in the non-midnight meridian (top) and a
equatorial cross section (bottom). (Khurana et al. (2004)).

5

Figure 2.2: Sketch of the radially directed current enforced by corotational flows in the
equatorial plane (Vasyliunas (1983)). (top). Sketch of the current systems in Jupiter’s
magnetosphere (Khurana (2001)). (bottom).

2.2

Jupiter’s magnetic field at Europa’s position.

Jupiter’s magnetic field inside the inner magnetosphere and at the outer edge of the
plasma torus is more likely quasidipolar. The dipole moment of Jupiter is tilted ∼ 10◦
from the spin axis, for that reason the magnetic equator sweeps up and down relative
to the Europa’s orbit equator with an interval of 11.1 h. This time is called the synodic
period. Within the region between the Jupiter’s magnetic equator and geographic equator there is a pick up of plasma density that contributes to the time variability of the
magnetic field experienced by Europa.
Jupiter’s magnetic dipole moment can be divided into two components, MJ,1 and MJ,2 , one
is aligned and the other is perpendicular to the rotation axis respectively, where MJ,2 is
called the rotating dipole moment. The synodic period is the time that the rotating dipole
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moment takes to return to the line sight Jupiter-Europa. A sketch from (F. M. Neubauer
(1999)) can be seen in figure (2.3). In coordinates EphiO, which is a Europa-centered
frame system with the x-axis along the corotation direction, the y-axis radially toward
Jupiter and the z-axis parallel to Europa’s spin axis, the component along the z axis
remains almost constant with an amplitude of ∼ 500 nT. The x and y components of
Jupiter’s magnetic field with amplitudes of ∼ 60 nT and ∼ 200 nT respectively, varies
cyclically with this period. Moreover, there is a z component of magnetic field at Europa’s
position with an amplitude of ∼ 20 nT that varies not only with the eccentricity, but also
with the orbital period of 8.52 h. One more contribution to the magnetic field comes from
the plasma-moon interaction that increases to a magnitude of 200 nT inside the plasma
current sheet of Jupiter and falls to 20 nt out of current sheet.

Figure 2.3: Sketch of Jupiter’s magnetic field at Europa position, (F. M. Neubauer (1999)).
The external magnetic field seen by Europa is a superposition of Jupiter’s magnetic field
(or background) and the magnetic field from plasma currents. The background field can
be obtained by making a fit to the magnetic data during a synodic period (Kivelson et al.
(2000)). This fit gives an expression for the equatorial components of background field
as function of the synodic period, equation (2.2.1). The background magnetic field has a
constant contribution of -410 nT in the z-direction and a time variable contribution of 12
nT which varies with Europa’s rotation period.

Bo = −84 sin(Ωs t)x̂ − 210 cos(Ωs t)ŷ

(2.2.1)

Here, Ωs t is the angle between the rotating dipole moment of Jupiter to the sight line
Jupiter-Europa and Ωs is the synodic frequency. On the other hand, (Schilling et al.
(2007)) considered the feedback between plasma currents and Europa’s induced magnetic
field in order to derive the gauss coefficients of induced contribution by plasma currents
as a function of synodic period. By fitting the (Schilling et al. (2007)) results, we can
obtain the magnetic contribution to the external field from plasma currents. The fit of
the gauss coefficients gl,m and hl,m can be taken as a superposition of n functions of time
like gl,m (t) = an sin(bn t + cn ), where l, m are the degree and order respectively. an , bn and
cn are the fit’s parameters. These are shown in appendix (A).
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Chapter 3
Galileo mission: Europa flybys
The Jovian system has been explored by at least seven spacecrafts Pioneer 10 (1973),
Pioneer 11 (1974), Voyager 1 (1979), Voyager 2 (1979), Ulysses (1992), Galileo (19962003) and Cassini (2000). At the moment, the Juno spacecraft is moving toward Jupiter.
It was launched in August 2011 and will arrive in 2016. The first five missions allowed
determine the structure of the Jovian magnetosphere and the extreme variability of the
magnetic field at the outer magnetosphere. Similarly, it was observed at a distance larger
than 25RJ , that there is a transition of magnetic field lines from vertical to horizontal
configuration. Likewise, it was detected that plasma flow in the magnetosphere at distances between 130 to 150 RJ corotate with Jupiter’s rotation direction. Unlike the first
five missions, Galileo was orbiting Jupiter at radial distances between 2.5 and 150 RJ ,
this allowed study more deeply the variability of magnetosphere. Cassini crossed the dusk
line allowing the only opportunity to make simultaneous observations with both Galileo
and ground-based observations in the near Jovian system.
During the Galileo mission, the spacecraft acquired magnetic data from different magneticplasma conditions inside the Jupiter’s magnetosphere. The spacecraft had a magnetometer (MAG) with two sets of triaxial magnetometers located on long booms at 11.03 m
and 6.87 m from spin axis. Each one has two different ranges of field strengths. There are
two kinds of data: The low-rate time-averaged, which sampled magnetic field every 24 s.
They were used to analyze larger variations in time of the magnetic field. The high-rate
was collected within the extended mission Galileo Europa Mission (GEM) with a data
rate of 0.33 s for each vector. It allows enough resolution to see variations due to ambient
plasma in which Jupiter’s moon are embedded (Kivelson et al. (1999)). The Galileo flybys
at Europa are labeled with a capital letter E. They are E4, E6, E11, E12, E14, E15, E17,
E19, and E26. In figure (3.1) are shown the trajectories of the flybys projected on the xy
and yz planes.
As previously stated, the flybys occurred at different conditions. E4, E6 and E14 happened in regions of relatively low plasma density, far from the plasma current sheet in the
northern magnetic hemisphere. E6’s magnetometer data were not acquired. For the E4
flyby which had the closest approach (688 km), (Kivelson et al. (1997)), the background
magnetic field at Europa pointed away from Jupiter. The E4 flyby occurred near to the
equatorial plane and far from the current sheet region, i.e, the plasma density was low
and the main contribution to the measured magnetic field was from Jupiter. For that
reason, this flyby was used to establish the background field from Jupiter. E12 occurred
8

near the center of the plasma sheet allowing complete a general view of magnetic field.
The components of magnetic field measured expressed in EPHIO coordinates for E4, E14
and E12 are shown in figure (3.2). The E14 pass trajectory occurred nearly parallel to
E12 trajectory, but at higher altitude from Europa and off its equator.
E12 and E19 encounters occurred when Europa was in the current plasma sheet region.
In this region the effect of an induced field had been obscured by the plasma perturbations.

9

Figure 3.1: Trajectories of Galileo passes E4, E11, E12, E14 and E15-E19 projected into the xy
and yz planes of Ephio coordinate system. To the left, flybys E4–E14. To the right, E15–E26.
None of the trajectories crossed over the polar regions (Kivelson et al. (1999)).
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Figure 3.2: Magnetic field components x, y, z and magnitude B in coordinates EPHIO for
flybies E04 (top), E14 (middle) y E12 (bottom). Data taken from UCLA, data set ID GO-JMAG-3-RDR-HIGHRES-V1.0
11

Moreover, the measurements of Jupiter’s magnetic dipole for flybys E4 and E14 had negative y direction i.e, it points away from Jupiter (Kivelson et al. (1997)). It can be seen
in the inner plot (elliptic-like) of the figure (3.3). The figure plots the y components of
measured dipole moment against the modeled dipole moment, where the dipole moment
is modeled as an Europa centric dipole moment. In order to solve which is the nature
of Europa magnetic field, the E26 flyby was planned. It had an altitude < 2000 km and
occurred in the southern hemisphere of the magnetosphere. Jupiter’s magnetic field during E26 was almost 180◦ out of phase with respect to the magnetic field during E4 and
E14. If Europa’s magnetic field were an intrinsic dipole, the y component of measured
magnetic dipole for E26 would have the same direction of E4 and E14 localizing it on the
gray triangle in figure (3.3). However, it has opposite direction in the y component of the
magnetic field with respect to E4 and E14 flybys. This implies that the most important
component of the Europa’s magnetic field arises from the induced field but not from the
intrinsic dipole. Nevertheless, (Schilling et al. (2004)) found that Europa’s magnetic field
has an intrinsic contribution of order 10 nT. The thick line representing the induced dipole
magnetic field model and the thin line is a least square fit to the data. Error bars gives
the error of fit for the best-fit dipole (Kivelson et al. (2000)).

Figure 3.3: Radial component of the equatorial dipole moment (y direction in Ephio coordinates,
positive towards Jupiter) fitted to measurements against modeled induced dipole moment during
five Galileo flybys. Dots show the observed value at closest approach to Europa. The estimate
contributions from plasma currents have not been removed. The y component of measured
magnetic field versus the x component for the closest approach to Europa (subplot). Adapted
from (Kivelson et al. (2000))
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Chapter 4
Galilean moons and Europa’s
features
4.1

Galilean moons

There are 67 confirmed satellites in the Jovian system. Four of them are Io, Europa,
Ganymede and Callisto which form the Galilean moons which were discovered by Galileo
in 1610. Europa is the object of interest of this work so its properties will be presented
after the other three Galilean moons.

4.1.1

Io

Io is 5.89 RJ from Jupiter with an eccentricity e = 0.0041, has a mean radius RI = 1821.6
km, a mass of 8.9 × 1022 kg and a period of 42.5 hours. Io present active volcanism on its
surface and as we mentioned above, it ejects one tonne per second of plasma particles. Its
heat flow is so high that remote sensing of the surface can be used to determine its temperatures. The tidal heating due to orbital resonance with Europa and Ganymede is the most
important source of heat. Io has an atmosphere of SO2 , S2 , SO, S, O, N a, K, N aCl, Cl,
(McGrath et al. (2004)). The distribution of volcanoes is mainly at low latitudes. It is
consistent with decreasing temperature towards the poles.

4.1.2

Ganymede

The distance of Ganymede from Jupiter is 14.94 RJ , its eccentricity is e = 0.0011, has
a mean radius RG = 3631.2 km, a mass of 1.5 × 1023 kg and its period is 171.7 hours.
Ganymede has a water-ice-rich surface. Its interior is modeled as a three layer structure,
a water ice shell, a rock mantle and a metallic core (Schubert et al. (2009)). Ganymede’s
gravity field has a contibution to hydrostatic response due to rotation (Schubert et al.
(2009)). Ganymede’s magnetic field has a contribution due to magnetic induction and an
intrinsic dipole. The induced field suggests a thin conducting layer of melted water behind
the ice surface. Ganymede’s atmosphere is predominantly O2 and the concentration of
Na is very low compared to Europa (McGrath et al. (2004)).
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4.1.3

Callisto

Callisto is the furthest Galilean moon from Jupiter. It is 26.33 RJ , has an eccentricity
e = 0.0074, a mean radius RC = 2410.3 km, a mass of 1.0763 × 1023 and a period of
400.6 hours. Callisto has size and density similar to Ganymede. Its early crated surface
suggests Callisto’s interior is undifferentiated. Galileo images shows no trace of ancient
geologic activity, even so, there is the possibility that Callisto be partially differentiated.
The overall crater density is lower than on the lunar highlands (Schubert et al. (2009)).
The magnetic field of Callisto is an induced one.

4.2

Europa

Europa is 9.38 RJ from Jupiter, inside the inner Jupiter’s magnetosphere and on the outer
edge of Io’s plasma torus. Europa has a low eccentricity of e = 0.0041 and its orbit is
likely circular. It has a mean radius RE = 1560.8 km. This is 0.75 smaller than Earth
radius. Its mass is 4.8 × 1022 kg and has an orbital period of 85.2 hours.

4.2.1

Europa’s composition and surface

The mass and gravitational quadrupole moments for Galilean moons had been determined using the Galileo spacecraft radio communication system by generating Doppler
data from stations of the Deep Space Network (DNS). Specially for Europa, analysis of
this data suggests that it is likely to be a differentiated satellite consisting of a metallic
core, mostly iron, a silicate mantle, and a water ice-liquid outer shell.
Even though the thickness of ice-liquid water shell cannot be exactly determined, (Anderson et al. (1997)) established a range of 80 km to 170 km for the shell’s thickness using
the non dimensional gravitational coefficient c22 = 131.5 ± 2.5 × 10−6 and average density
2989 ± 46 kg m−3 as constraints.
The ice surface of Europa seems to be geologically young. The structures formed over it,
called chaotic terrains (Soderlund et al. (2013)) are breakups of the surface into isolated
plates, possibly due to the warm convecting of either ice layer or liquid water layer beneath its ice surface. these are heated by nonsynchronous rotation and tidal resonance
with Io and Ganymede (Geissler et al. (1998)) and (Greenberg et al. (2000)). The salts
settlements formation holds the idea of a conductive material that was in motion in the
past, however the question remains whether these conditions are the same at present.
(Billings & Kattenhorn (2005)) and (Carr et al. (1998)) gave a minimum value of 1 km
to the ice surface and (Schenk (2002)) gave an upper bound of 20 km.

4.2.2

Europa’s atmosphere and ionosphere

The atmosphere of Europa was first detected by (Hall et al. (1995)) using the Goddard
High-Resolution spectrograph (GHRS) of the Hubble Space Telescope. They suggested
that ion impact dissociation and excitation are responsible for the dominant presence of
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molecular hydrogen and oxygen around Europa. Since hydrogen molecules H2 are lighter
than O2 , they scape leaving behind O2 as the principal component in the atmosphere.
This assertion has been motivated by detection of electron excited oxygen emission at
130.4 nm y 135.6 nm. (Hall et al. (1995)) gives a range for the molecular oxygen column
density of ∼ (2.4−14)×1014 cm−2 in Europa’s atmosphere. (Saur et al. (1998)) developed
an electrodynamic model of plasma interaction taking into account sources and sinks that
preserve a neutral atmosphere. They considered the contribution of sputter O2 from the
ice water surface by thermal ions and the sputtering process of energetic ions and electrons
that remove O2 from atmosphere. They calculated intensities of oxygen lines that agrees
measurements of GHRS. They established a maximum electron density value nearly to
104 cm−3 . This agrees the (Kliore et al. (1997)) results. Europa’s ionosphere was detected
by (Kliore et al. (1997)) from Galileo radio occultation measurements at Europa’s flybys.
Five of these measurements shows stronger detections of an existing ionosphere. Another
one, the measurement in flyby E26 did not shows detection of ionosphere.

4.2.3

Europa’s magnetic field

At Europa’s position the plasma corotates with the rotation velocity. Keplerian orbital
velocity of the moon is less than plasma velocity, for that reason the particles surpass
Europa. Conducting material in the Europa’s ionosphere removes angular momentum
from the flow and slows it. The plasma pickup from photoionization, electron impact
ionization and charge exchange between plasma and neutral Europa’s atmosphere also
extract momentum of the flow slowing it down. The plasma tries to accelerate the particles in the ionosphere but the magnetic field interacts with charged particles limiting
the plasma displacement around Europa. The plasma stays confined to the magnetic flux
tubes called Alfvèn wings. These structures connect the satellite’s environment to the
Jupiter’s hemispheres (F. M. Neubauer (1999)).
Europa’s magnetic field is the superposition of an intrinsic dipole field of order ∼10
nT and an induced field of order ∼100 nT (Schilling et al. (2004)). This assertion came
from Galileo measurements of passes E4, E14 and E26. The best fit to Galileo magnetic
measurements of Europa’s magnetic field is an induced equatorial magnetic dipole moment as a response to the time varying Jupiter’s magnetic field (Kivelson et al. (2000)).
The plasma currents contributes to the induced magnetic field which is ∼10 nT and the
plasma’s magnetic field is not only dipolar but multipolar (Schilling et al. (2007)).
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Chapter 5
Induced magnetic field in Europa
and induction problem
5.1

Induced magnetic field in Europa

The first model that can be used to study the induced magnetic field in Europa is taking Europa as a perfectly symmetric conducting spherical body of three layers following
(Zimmer et al. (2000) and Khurana (2001)). In this model the outer layer with radius rm
is the ice surface with rm = RE , the water ice is represented by a shell of radii ri and ro .
The governing equations of the induction process are the Faraday’s law, Ampere’s law
and the generalized Ohm’s law (5.1.3) from which can be inferred the diffusion equation
assuming that there are no spatial variations of conductivity and in absence of convection
into the conductor.

∇×E = −

∂B
∂t

∇ × B = µ0 J + µ0 0

(5.1.1)

∂B
∂t

(5.1.2)

J = σ [E + V × B]

(5.1.3)

∂B
1 2
=
∇B
∂t
σµ0

(5.1.4)

For a conducting sphere in a primary external time-vary magnetic field, by Lenz law,
there are eddy currents that induce a secondary field that acts against the external field
and removes the magnetic field from inland. If the primary field is dipolar the response
16

has a dipolar solution following equation (5.1.5), (Parkinson (1983)). This is true under
the limit of nearly infinite conductivity (δ/D)2 = π1 (T /Tdif f )2 << 1, where the skin depth
δ = (2/σµ0 ω)1/2 , the diffusion time Tdif f = σµ0 L2 . In this case L = D, because this is the
size of the object under induction with D the thickness for the conducting shell (Saur et al.
(2010)). The limit condition is satisfied if the conductivity (σ) as well as thickness (D) of
the conducting shell is large enough and the period T of the external field is small enough.

B∞
ind (t) =


µ0 
3(r · M(t))r − r2 M(t) /r5
4π

(5.1.5)

2π
B0 (t)r03
µ0

(5.1.6)

where

M(t) = −

If the conductivity is finite, the induced magnetic field is weaker than the primary field.
The factor that accounts for this is the response function (relative amplitude between the
primary and secondary field) A < 1. The secondary field also presents a phase lag and
inverse direction.
(Schilling et al. (2007)) proposed a more complete induction model. They take into
account the currents’ contributions to the magnetic field in the neighborhood of Europa
and the interaction feedback between the magnetic field and the currents in the Europa’s
ionosphere. They developed a self-consistent MHD interaction model including induction
from the ocean. To do this, they solved equation (5.1.4) inside a three conducting layer
system. They describe the external field as the superposition of terms like:

Uel,m



= RBe

r
R

l

Ylm (θ, φ)eiωt

(5.1.7)

where R is Europa’s radius, Be is a coefficient related to the external field magnitude,
ω is an external field frequency, l and m are the degree and order respectively of the
harmonic expansion and Ylm (θ, φ) are the spherical harmonics. They used an analytical
solution as initial condition to solve the induction problem by taking into account the
total magnetic (Btot ) field and a more general induction equation (5.1.8), where Btot =
B0 + Bp + Bind (B0 ) + Bind (jp ). B0 is the background field from Jupiter (removing
plasma contributions), Bp are the contributions given by plasma currents, Bind (B0 ) is
the induced magnetic field due to background field, Bind (jp ) is the induced magnetic field
due to plasma currents and λ is the magnetic diffusivity.
∂Btot
= ∇ × (u × Btot ) − ∇ × (λ∇ × Btot )
∂t

(5.1.8)

They found that the harmonic coefficients of the plasma induced magnetic fields during
Jupiter’s synodical period contributes to the magnetic field on the order of ∼10 nT and
established a lower boundary for the conductance (electrical conductivity × thickness)
≥ 50 S/mkm, i.e., conductance ≥ 5 × 104 S.
17

5.1.1

Induction by a potential field

Following (Parkinson (1983),Schmucker (1985a), Zimmer et al. (2000) and Saur et al.
(2010)), the solution of the induction equation in a spherical shell has two parts. First,
the external field can be taken as the negative gradient of a potential function U l,m when
there are no current sources. This can be applied when Europa is out of the current sheet.
The second case is considering the existence of current sources in the interest region, by
taking into account the contribution of plasma current surrounding Europa. In this case,
the external magnetic field cannot be taken as a potential field.
To solve the induction equation (5.1.4) in a spherical shell of internal and outer radius ri ,
ro respectively, the time dependent primary magnetic field Bo (x, t) can be decomposed as
a superposition of real parts of the magnetic fields with independent frequencies ω. This
is due to the linearity of the induction equation. For simplicity, we only show a single
term of the magnetic field but the total magnetic field is a superposition of terms like
this.

B(x, t) = B(x)eiωt

(5.1.9)
q

Replacing (5.1.9) into (5.1.4) and defining the complex wave number k = ±(1+i) µ0 σω/2
yields a classical diffusion equation

Bk 2 = ∇2 B(x)

(5.1.10)

If we suppose there are no current sources ∇ × B = µ0 J = 0.Such that the background
external field from Jupiter can be taken as a potential field Bo = −∇Uo . Moreover, if
the conductivity is a radially symmetric distribution function, then the primary field Bo
and the secondary field Bi have the same grade and order dependence, as well as, the
associated potential functions Uol,m and Uil,m (Parkinson (1983)).
In addition, the external potential associated with Jupiter’s magnetic field when r >> RE
(r is the distance from Europa center), can be taken as a superposition of:

U0l,m = ro Bo



r
ro

l

Ylm eiωt

(5.1.11)

Moreover, there are two regions of interest ri < r < ro , which we call internal and
r > ro that we call external. In the internal region, the magnetic field can be taken as a
poloidal (Parkinson (1983)). In the external region the total magnetic field comes from
superposition of magnetic potentials, i.e., the total potential Uel,m = U0l,m + Uil,m where
Uil,m is the internal potential. Then:

Uel,m =



ro Bo

r
ro

l



+ ro Bi
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ro
r

l+1 !

Ylm eiωt

(5.1.12)

These potential fields must satisfy the boundary conditions (5.1.14) and the magnetic
field from Uel,m must be asymptotically equal to the magnetic field from U0l,m

(Be − Bi ) · n̂ = 0
n̂ × (Be − Bi ) = 0

(5.1.13)
(5.1.14)

The internal field can be taken as poloidal and considering that the solution of the radial
π 1/2
part of diffusion equation is in terms of Bessel jl (kr) = ( 2kr
) Jl+1/2 (kr) see chapter
appendix A. The components of the internal field are:


C
(rk)−1/2 Jl+1/2 (rk) Ylm eiωt
r
 ∂Y m
C ∂ 
l
=
eiωt
r(rk)−1/2 Jl+1/2 (rk)
r ∂r
∂θ
 ∂Y m
C
∂ 
l
=
r(rk)−1/2 Jl+1/2 (rk)
eiωt
rsin(θ) ∂r
∂φ

Bi,r = l(l + 1)

(5.1.15)

Bi,θ

(5.1.16)

Bi,φ

(5.1.17)

Otherwise, for the external field the components are:

Be,r = −(lBo − (l + 1)Bi )Ylm eiωt
∂Y m
Be,θ = −(Bo + Bi ) l eiωt
∂θ
1 ∂Ylm iωt
Be,φ = −(Bo + Bi )
e
sin(θ) ∂φ

(5.1.18)
(5.1.19)
(5.1.20)

Imposing the boundary condition in r = ro , the system equation to solve is:


C
(rk)−1/2 J+ (rk) |r=ro = −(lBo − (l + 1)Bi )
r

C ∂ 
r(rk)−1/2 J+ (rk) |r=ro = −(Bo + Bi )
r ∂r

l(l + 1)

(5.1.21)
(5.1.22)

where J+ = Jl+1/2 . C is a factor determined in terms of Bo as well as Bi . Using the
identity (5.1.23) and eliminating C is obtain the equation (5.1.24), form this expression
can be obtained Bi and C in terms of Bo .

d
(r(rk)−1/2 J+ (ro k)) = r(rk)1/2 J− (ro k) − r(rk)−1/2 J+ (ro k)l
dr

(5.1.23)

lJl+3/2 (ro k)
Bi
= −
Bo
(l + 1)(ro k)Jl−1/2

(5.1.24)
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where the identity Jl+3/2 (ro k) = l(2l + 1)Jl+1/2 (ro k) − (ro k)Jl−1/2 (ro k) is used.
This is true for one shell. For a model of several layers with different conductivities a
more complex expression can be found. In this solution we do not consider the solution
for Jl−1/2 because when r → ∞ Jl−1/2 → 0

5.1.2

Induction by a non-potential field

For the case when we consider currents surrounding Europa, we need to take into account
the contribution of the non-potential magnetic field to the total field. In a most general
way, we have to consider the inducton due to plasma currents. To do this, we used the
(Schilling et al. (2007)) results. They take into account the momentum equation and
solved it at Europa plasma conditions on concentric shells obtaining the gauss coefficients
of the plasma currents magnetic field.
In order to put the contribution from electric currents in the Europa’s ionosphere using
the (Schilling et al. (2007)) results, we consider the contribution of currents’ magnetic
field as a non-potential toroidal field Bν following (Winch et al. (2005)), such that, the
non-potential magnetic field comes from the curl of a vector potential rUν as:

∇ × (rUν ) = −~r × ∇Uν

Bν (r, θ, φ) =

∂Uν
1 ∂Uν
θ̂ −
φ̂
sin(θ) ∂φ
∂θ

(5.1.25)

(5.1.26)

where, this magnetic field Bν is divergence-free and the potential Uν can be take as:

Uνlm



=

ro
r

l

Bν Ylm eiωt

(5.1.27)

Then, the components of magnetic field Bν are:

ro l
im
=
Bν Ylm eiωt
sin(θ) r
 l
ro
∂Y m
= −
Bν l eiωt
r
∂θ


Bν,θ
Bν,φ



(5.1.28)
(5.1.29)

The total magnetic field outside the spherical shell is a superposition of induced field
Bi , potential field Bo and the non-potential field Bν i.e., Be = Bi + Bo + Bν . Also, the
magnetic field has to satisfy the boundary conditions.Because of Europa’s surface is taken
as an insulating material there are no surface currents and the boundary conditions are
the same as equation (5.1.14). Considering the inner magnetic field as a poloidal field
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and applying equation (5.1.14) to the external and internal field we have the following
equation system:


C
(rk)−1/2 J+ (rk) |r=ro = −(lBo − (l + 1)Bi )
(5.1.30)
r
 ∂Y m
C ∂ 
∂Y m
Bν
l
|r=ro = −(Bo + Bi ) l +
imYlm (5.1.31)
r(rk)−1/2 J+ (rk)
r ∂r
∂θ
∂θ
sin(θ)


∂Ylm
C ∂
m
−1/2
m
(5.1.32)
r(rk)
J+ (rk) imYl |r=ro = −(Bo + Bi )imYl − Bν sin(θ)
r ∂r
∂θ

l(l + 1)

From (5.1.32) and (5.1.32) the above system is reduced to:


C
(rk)−1/2 J+ (rk) |r=ro = −(lBo − (l + 1)Bi )
r

C ∂ 
r(rk)−1/2 J+ (rk) |r=ro = −(Bo + Bi ± iBν )
r ∂r

l(l + 1)

(5.1.33)
(5.1.34)

From (5.1.34) we can be deduced that if the non-potential field is taken as a toroidal one,
then it does not contribute to the induced response and the relation between Bi and Bo
remains like (5.1.24). In other words, the contribution to the induced field from nonpotential field is not due to toroidal fields but poloidal fields. For that reason, we take
the contribution of currents to the external magnetic field and write the Gauss coefficient
in their respective form in terms of a poloidal field.
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Chapter 6
MagIC: the model and
implementation
6.1

Model

As we mentioned earlier, a standard model of Europa’s composition consists of three layers, a metallic core, a rock mantle and ice-water outer layer. However, for this project we
consider an insulating inner layer surrounded by a conducting ocean in order to determine
the contribution of the magnetic field due to the ocean layer. The outer most layer has
zero conductivity, thus separating the plasma in the atmosphere from the ocean beneath
the surface.
We use a modified version of the dynamo model MagIC, (Gómez-Pérez & Wicht (2010))
to solve the induction problem inside a spherical layer. The layer corresponding to the
ocean has finite electrical conductivity σ. It is bounded by two spherical shells the inner
layer and the outer layer, which have radii ri , ro respectively. The regions above and
below the ocean are assumed to be insulating. The thickness of the layer is defined as
D = ro − ri and the aspect ratio is χ = ri /ro . The shell rotates with angular velocity Ω
on the spin axis parallel to the unitary vector ẑ.
The non-dimensional equations from equation (6.1.1) to equation (6.1.5) are solved by the
model, where time is scaled by the viscous diffusion time τν = D2 ν −1 , ν is the kinematic
viscosity; velocity is scaled by νD−1 ; temperature by the temperature difference between
inner and outer shells, ∆T
√ ; pressure by ρνΩ, where ρ is the mass density of fluid, and the
magnetic induction by ρµ0 λΩ, where µ0 is the vacuum magnetic permeability and λ is
the magnetic diffusivity of the fluid.
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!

Ek

∂u
+ (u · ∇u) − ∇2 u + 2ẑ × u
∂t
1
+ (∇ × B) × B
Pm
∇·u
∇·B
∂T
+ u · ∇T
∂t
∂B
∂t

= −∇P +

Ra Ek g
r̂T
Pr g 0

= 0
= 0
1 2
=
∇T
Pr
= ∇ × (u × B) −

(6.1.1)

(6.1.2)
(6.1.3)
(6.1.4)
1
∇ × (∇ × B)(6.1.5)
Pm

These are the governing equations for a convective flow under Boussinesq approximation
equation (6.1.2). u and B are the velocity and magnetic field vectors respectively. This
magnetic field is called the induction vector but it is the total magnetic field not only
the induction response. T and P are the scalars temperature and pressure, ẑ is the unit
vector in z-direction; g is the radially dependent gravity and g0 is the gravity at the outer
boundary; r̂ is the radial unit vector.
These equations are expressed in terms of the following non-dimensional parameters: The
Rayleigh number (Ra ) is associated with the mechanism of heat transfer (convection or
conduction); the Ekman number (Ek ) is the ratio between the viscous forces and the
Coriolis force in the system; the Prandtl number (Pr ) is the ratio between the viscous and
thermal diffusivities and the magnetic Prandtl number Pm which is the ratio between the
viscous and magnetic diffusivities. These numbers are defined as:

αg0 ∆T D3
κν
ν
=
ΩD2
ν
=
κ
ν
=
λ

Ra =

(6.1.6)

Ek

(6.1.7)

Pr
Pm

(6.1.8)
(6.1.9)

where α is the thermal expansion coefficient and κ is the thermal diffusivity. In this
paper we consider the temperature as constant on the shells and performed a simulation
without convective flows (Ra = 0) such that an imposed field diffuses through the outer
core. Consequently equation (6.1.1) is:

!

Ek

∂u
1
+ (u · ∇u) − ∇2 u + 2ẑ × u = −∇P +
(∇ × B) × B
∂t
Pm

(6.1.10)

Since we need to calculate the proper non-dimensional numbers of the Europa’s ocean,
we take the thermal diffusivity of water at 0◦ C as 1.35 × 10−7 m2 /s, (James (1968)).
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Water’s kinematic viscosity is ∼ 1.788 × 10−6 m2 /s, (White (1999)). Conductivity of salt
water was proposed to be ∼ 10 S/m. This water conductivity is associated with magnetic
diffusivity λ since λ = 1/µ0 σ. Moreover, the Europa’s rotation rate is Ω ∼ 2 × 10−5 s−1
and the non-dimensional parameters taken was the following values:

Ek = 5.7 × 10−12
Pr = 13.24
Pm = 6.17 × 10−12

(6.1.11)
(6.1.12)
(6.1.13)

Nevertheless, for a realistic computing time, since the resolution of the simulation is not
high enough to resolve the equation with these parameters, we used the following nondimensional numbers

Ek = 1.0 × 10−4
Pr = 1.0
Pm = 0.2 − 1.0

(6.1.14)
(6.1.15)
(6.1.16)

Further, the condition of divergence-free magnetic field (6.1.4) and the Boussinesq approximation are imposed expressing magnetic field and velocity field in terms of poloidal
and toroidal fields (6.1.18) and (6.1.18).

B = ∇ × ∇ × r̂s + ∇ × r̂t
u = ∇ × ∇ × r̂v + ∇ × r̂w

(6.1.17)
(6.1.18)

Where s and t for the magnetic field as well as v and w for the velocity field are the
poloidal and toroidal potential respectively. The velocity boundary conditions at inner
and outer shells are both non-slip.
Angular dependence of velocity and magnetic field is expressed as an expansion of spherical
harmonics Ylm (θ, φ) = CPlm (θ)eimφ with degree l and order m. Plm (θ) are the associated
Legendre functions and C is a constant of full normalization. In radial direction the code
used a representation in Chebychev polynomials Tn (2r − ri /[ro − ri ] − 1) when radial
integrals or derivatives over radius have to be calculated. As example the magnetic
poloidal potential is expressed as:

s(r, θ, φ) =

n=N
X l=L
X m=l
X

r − ri
Y m (θ, φ)
2
ro − ri l



snlm Tn

n=0 l=0 m=−l



(6.1.19)

In this decomposed form of magnetic poloidal potential, the summations are truncated by
N which denote the maximum Chebychev degree and L is the maximum degree and order
of the surface harmonics. For this project all simulations are performed with N = 63 and
L = lmax = 288.
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All runs were performed with the following non-dimensional numbers: Ra = 0, Ek =
1 × 10−4 and Pr = 1. The external magnetic field imposed at Europa’s position is a
superposition of the external field from Jupiter B0 or background, the magnetic field due
to plasma currents Bp and the total induced magnetic field Bi . In order to determinate which are the most important contributions from the primary field to the induced
one, we performed several runs varying the imposed field. The background field Bo was
taken as (2.2.1). The inducing plasma current field Bp was adapted from (Schilling et al.
(2007)) making a fit to the gauss coefficients of the plasma induced field, this was made
considering that this field has the same degree and order dependence as the inducing
field, (Parkinson (1983)). Also, the frequency of the imposed field was varied in the range
ω ∼ 1 × 102 − 1 × 1010 in order to understand the role that it has in the induced field.
We varied the thickness (D) of the layer using χ for D = 200, 150, 125 and 100 km which
correspond to χ = 0.85, 0.89, 0.91 and 0.92 respectively. The conductivity of the water
was varied through the magnetic Prandtl number (Pm ) due to the proportionality between
Pm and σ. Magnetic Prandtl numbers were chosen in the range Pm = 0.2 − 0.8. This was
made in order to determinate which is the most favorable thickness and conductivity for
the expected induced field.
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Chapter 7
Results and Discussion
In this chapter we present the results of our numerical model. First, in section 7.1 we
show the effects due to the different imposed magnetic fields on the induced one and we
determined the most important contribution. In section 7.2 we study the influence of
the primary magnetic field frequency on the induced field and we find a characteristic
frequency from which the greater frequencies allow retarded polarity inversions for the
induced field with respect to the primary field. In section 7.3 we show the influence of
the shell thickness and the electric conductivity on the induced field and finally in section
7.4 we compare our model with Galileo data.

7.1

Dependence with the external imposed magnetic
field

The primary field on the spherical layer Be was separated into the background Bo and
plasma currents field Bp . The z component of the background field Bo,z has two parts,
one that is almost constant Bo,zc and other Bo,zv which vary with Europa’s rotation (85
hours), while x and y components, Bo,x and Bo,y respectively, vary with Europa’s synodical
period of 11 hours. For this section all runs were performed with Pm = 0.2 and χ = 0.91.
In order to determinate the degree of the induced field, we take the ratio between the
magnetic dipole energy and magnetic energy for each degree and each imposed field (table
7.1). For the case when we impose just the background field (B0 ) as primary field, the
response is constant and dipolar, this means that the constant part of Bo,zc , which is
axisymmetric, holds the dipole configurations over z axis. For that reason, the variations
due to the non-axisymmetric components are not appreciable. On the other hand, imposing just the time varying z component of the background field (Bo,zv ), there is a time
varying dipolar response on the z axis.
Imposing only the plasma currents’ field (Bo,x ), the induced one has a multipolar behavior,
where the greater contributions are quadrupolar, octupolar and hexadecapolar, this is due
to the multipolar nature of the plasma currents’ field. Moreover, imposing the total time
varying field (Btv = Bo + Bp ), the induced field still be multipolar but the contribution
of higher orders is comparable to the dipolar one. It Means that the effect of adding the
plasma currents’ field on the system reduces both the dependence of the response field
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with degree greater than dipolar (l = 1) and the strength at higher orders, although the
plasma magnetic field is multipolar (figure 7.1). This results disagrees with (Kivelson et
al. (2000)) model because they found that the best fit to data is considering a dipolar
equatorial induced magnetic field.
Bo
Bp
Btv

Em (l = 1)/Em (l = 2) Em (l = 1)/Em (l = 3) Em (l = 1)/Em (l = 4)
1.03
1.06
0.93
0.74
0.28
0.05
0.95
0.80
0.54
Table 7.1: Magnetic energy ratio per degree (l)

Figure 7.1: Magnetic energy at CMB as function of degree. Blue (Bo ), orange (Bp ) and
yellow (Btv )
In order to determine which is the role of each contribution, we can use the temporal
variation of non-dimensional parameters as Elsasser number (Λ) and magnetic Reynolds
number (Rm ), where the first is the balance between the Lorentz force and the Coriolis
force, and the second is the ratio magnetic advection-magnetic diffusion. These numbers
are defined as:
B2
Λ =
ρµ0 λΩ
Rm =
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uL
λ

(7.1.1)

(7.1.2)

Where u and L are the typical velocity scale and the length scale of the flow respectively.

(a)

Figure 7.2: Temporal variation of the Elssaser number in function of synodic period for
different imposed fields. Orange (Bo ), purple (Bp ) and green (Btv )
The temporal variation of Λ, figure (7.2), shows that imposing only Bp , the Coriolis force
is stronger than the Lorentz one and the fluid movement is governed by the rotation, even
so, there is a balance that allows to the system an exchange of electromagnetic induction
and fluid motion which keep the dynamo on. The same is true for the cases when we
impose Bo and Btv but the ratio is almost three magnitude orders greater than the
previous case (Bp ), it shows that the most important contribution in terms of magnetic
field strength is the Bo . On the other hand, we calculated the cross correlation between
the Elssaser number for Btv and Bp , as well as, Btv and Bo figure (7.3) due to the Λ’
temporal variation shows a possible correlation, but these cross correlations show that
there is not a straight relation between the response to the different imposed field, that
is because each run is independent.

28

(a)

(b)

Figure 7.3: Cross correlattion of the Elssaser number between (a) Btv -Bp and (b) Btv -Bo
For the magnetic Reynolds number, figure (7.4), the response for every imposed field
follows the same behavior in time. Indeed, the magnetic advection is dominant over the
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magnetic diffusion, even though there is a periodic balance between them which seems like
a pulse for the specific case when the aspect ratio is χ = 0.85. This will be discussed in
section 7.3. The magnetic Reynolds has the same dependence in time because the length
scale is the same because it depends of the conductivity and the layer’s thickness.

Figure 7.4: Temporal variation of magnetic Reynolds. Same color convention as 7.2.
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7.2

Dependence with frequency of the imposed field
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The skin-depth of the imposed magnetic field through the layer depends both on shell
conductivity and frequency. In this section we vary the non dimensional frequency of the
primary field by assigning values of 1.7 × 102 (omega2), 1.7 × 104 (omega4), 1.7 × 106
(omega6), 1.7 × 108 (omega8) and 1.7 × 1010 (omega10) in order to establish the role of
imposed field frequency on induced field. Looking for the dipole-latitude figure(7.5), if
the imposed field has a frequency ∼ 102 (top-left) or ∼ 104 (top-right) it penetrates the
layer such that the induced field is synchronous with the primary field, i.e, the dipolarity
inversions depends linearly of external field frequency.
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Figure 7.5: Temporal variations of dipole-pole latitude for different frequencies with Pm =
0.2 and performed with an aspect ratio of 0.91. (Top-left) ωi = 1 × 102 . (Top-right)
ωi = 1 × 104 . (Middle-left) ωi = 1 × 106 . (Middle-right) ωi = 1 × 108 . (Bottom)
ωi = 1 × 1010
For frequencies greater or equal than ∼ 106 we observe that the dipolarity remains during
intervals larger that the period associated to the frequency. This implies that for these
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frequencies the induced response is not immediate since the Coriolis force becomes stronger
and comparable to the Lorentz force as can be seen in the time series of Λ(τν ) in figure
7.6.

(a)

(b)

(c)

(d)

Figure 7.6: Sequence in alphabetic order of temporal variation of the Elssaser number in
function of synodic period for different frequencies with Pm = 0.2 and performed with an
aspect ratio of 0.91. Blue, ωi = 1 × 102 (omega2); orange, ωi = 1 × 104 (omega4); Yellow,
ωi = 1 × 106 (omega6); purple, ωi = 1 × 108 (omega8); green, ωi = 1 × 1010 (omega10).
Besides, the time series of Λ(τν ) shows that for omega2 the Lorentz force is stronger than
for other frequencies. Moreover, it has a slightly faster frequency than the imposed field.
In addition, Λ varies harmonically in the range of (0.3 − 2)×−3 . The same behavior is
observed for omega4. Furthermore, the Rm follows a similar behavior for each frequency,
which implies that the ratio magnetic advection-diffusion does not depends of the frequency. From figure (7.8) is observed that the spectral dependence of magnetic energy
changes as function of the imposed field frequency.
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Figure 7.7: Temporal variation of magnetic Reynolds. Same color convention as 7.6.

Figure 7.8: Magnetic energy at CMB as function of degree, same color convention as 7.6.
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7.3

Dependence of the induced field on ocean’s thickness and conductivity

Considering a skin depth on the shell defined by a constant conductivity and a given
frequency of the imposed field, the layer’s thickness determines the effect of the external
field on the fluid due to the primary field decays exponentially with depth. The eddy
currents inside the fluid are perpendicular to the imposed magnetic field and decay with
depth too, (Jackson & Jackson (1962)). If this skin depth is greater than layer’s thickness,
the imposed field penetrates the whole layer and the magnetic response will be stronger.
In contrast, for layer’s thickness longer than skin depth, the magnetic field penetrates just
a portion of the fluid and eddy currents will be produced because the time varying fields.

Figure 7.9: Temporal variation of the CMB dipolarity in function of the non dimensional
synodic period for different thickness expressed in terms of aspect ratio χ
The layer’s thickness has been changed using the aspect ratio χ = 0.92, 0.91, 0.89 and 0.85
which correspond to thickness of 100, 125, 150 and 200 km respectively. This run was
performed imposing Btv as primary field and a Pm = 0.2. From the temporal variation of
dipolarity figure (7.9), can be seen that smaller thickness has abrupt drops in dipolarity
to 1 × 10−2 . This implies that dependence on higher orders is more important for thinner
than for thicker layers.
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Figure 7.10: Temporal of the magnetic Reynolds in function of the non dimensional synodic period for different thickness expressed in terms of aspect ratio χ
Temporal variation of the magnetic Reynolds figure (7.10) shows that for an aspect ratio
χ = 0.85 the balance between magnetic advection-diffusion is almost periodic. Indeed,
this behavior seems as a pulse with period T = 0.2309τν which corresponds to a frequency
f = 4.33 1/τν . Nevertheless, this periodicity is lost for aspect ratio greater than χ = 0.89.
For χ = 0.92 the magnetic Reynolds has abrupt changes. It goes from 45 to 150 in a
short time. It implies that this system can be unstable and unphysical. For that reason,
we can establish χ = 0.92, which corresponds to a thickness of 100 km as lower layer for
the ocean’s thickness. It agrees with (Anderson et al. (1998)) results.
We also vary the conductivity of the ocean by means of the magnetic Prandtl number, taking Pm = 0.2, 0.4, 0.6 and 0.8. We imposed Btv as primary field and considering
a shell’s thickness of 125 km (χ = 0.91). From figure (7.11), temporal variation of the
Elsasser number (top) shows that a conducting layer of greater conductivity (Pm = 0.8)
is less affected by an external field because the skin depth is smaller, that layers with low
electrical conductivities, for that reason the Lorentz force becomes less important than the
Coriolis force for high conductivities. Moreover, looking the magnetic Reynolds number,
for the lower conductivity Pm = 0.2 the magnetic field diffuses through the shell allowing
a stable balance with the magnetic advection. In contrast, for higher conductivities the
peaks indicates possible instabilities. Finally, this analysis is not enough to determine an
appropriate value of conductivity for Europa.
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Figure 7.11: Temporal variation of the non-dimensional parameters (Top) Elssaser number, (bottom) Magnetic Reynolds for several magnetic Prandtl (Pm ) with aspect ratio of
0.91. Blue, 0.2; orange, 0.4; Yellow, 0.6; purple, 0.8.
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7.4

Comparison with Galileo data

In this section we calculate the Cartesian components of the magnetic field as a function of time and compare our results with the measurements from Galileo mission. As
we mentioned before, Europa flybys E4 and E14 occurred away from the plasma current
sheet and near Jupiter’s equatorial plane, such that the main contribution to the induced
field comes from Jupiter’s background field. In contrast, Europa flyby E12 occurred when
Europa was close to the center of the plasma sheet, in this moment the contributions due
to plasma currents surrounding Europa are more strong.

Figure 7.12: Observed and modeled normalized fields for the Europa flyby E4. Bx (top),
By (middle) and Bz (bottom), in Ephio coordinate system. The color dots (green (Bx ),
blue (By ) and red (Bz ) show the predicted field for Pm = 0.2, aspect ratio χ = 0.91 and
the imposed field was Btv . The black lines shows the measured field.
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Figure 7.13: The same as 7.12 for Europa flyby E14
In figure (7.13) are shown our results for flyby E14. It has several discontinuities due to
the spatial resolution. The meaning of these discontinuities is that the magnetic field for
the coordinates at E14 flyby varies strongly. Nevertheless, for Bx our model fits the data
and there is a phase lag in time of ∼ 10 minutes corresponding to φ = 16.5◦ . However,
for By and Bz the match to the data is reduced (figure (7.14)). The reason for these
poorly fits to E4 Bz component and E14 By and Bz components is that the background
field was stronger than currents contribution in these flybys and the primary field used
takes into account the contribution of the plasma currents. Considering that the closest
approach for E4 and E14 occurred at 6:53 and 13:21 hours respectively (Kivelson et al.
(1999)), the gap between data and model at starting and ending times indicates that the
modeled magnetic field decays with the distances to Europa’s center faster than measured
magnetic field.

38

Figure 7.14: Cross correlation between Galileo data and our model for Europa flyby E14
The discontinuity in green line (Bx ) at 6:48 hours can be due to the spatial resolution is
not enough to smooth the curve. In contrast, for By we have a similar trend but with
a positive phase lag (φ) such that the induced field is behind to the primary field. In
time, this phase lag is 10 minutes which corresponds to φ = 33◦ . It agrees with the range
0◦ < φ < 90◦ gives by (Zimmer et al. (2000)). For Bz the model does not fit the data,
even so, the peak’s time is in agreement with the data.
On the other hand, for Europa flyby E12 our model fits better the data for Bx and Bz
than for By (figure (7.15)), actually, for By there is an inverse cross correlation taking a
negative lag of 0.3. The discontinuities as before are due to spatial resolution. Bx shows
a good fit and no phase lag is observed. For Bz the model is slightly shifted with respect
to data. This shift is not a phase lag, a negative phase lag does not make sense, because
that means that the induced field determine the imposed field (Zimmer et al. (2000)).
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Figure 7.15: (Top) The same as 7.12 for Europa flyby E12. (Bottom) Cross correlation
between Galileo data and our model for Europa flyby E12
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7.5

Conclusions

In this chapter we have presented our results. Considering Europa as an ocean layer under
the influence of an imposed magnetic field, we find that the contribution to the induced
field from plasma currents in terms of strength is less important than the background field
(figure (7.2)). It agrees with the results of (Schilling et al. (2007)). Nevertheless, the effect
of adding the plasma currents’ field reduces the response field dependence with degree
greater than dipolar (l = 1) (figure 7.1). However, we found that the magnetic response
both to the plasma currents’ magnetic field and to the background field are multipolar,
(table 7.1). This disagrees with (Kivelson et al. (2000)) as their best fit only includes an
equatorial dipole.
We also found that there is a characteristic non dimensional frequency ∼ 1 × 106 (figure(7.5)). For smaller frequencies, the magnetic response shows a periodic balance between Lorentz force and Coriolis force, (figure (7.6)). However, there is no observational
evidence of an external magnetic field variation with this period acting on Europa.
Additionally, we found that the layer’s thickness has to be greater than 100 km in order
to have a system where the magnetic Reynolds does not present abrupt peaks, this value
is within the range given by (Anderson et al. (1998)), (section 7.3). The same analysis
can be done for the magnetic Prandtl numbers Pm = 0.8 and Pm = 0.6, there are peaks
where the magnetic advection is the dominant process inside the fluid. However, this is
not a valid criterion to determine the conductance of the system.
Comparing with Galileo data, we see that our model decays faster with distance than
suggested by Galileo measurements. We see phase lags of 15 ◦ and 33◦ in agreement with
(Zimmer et al. (2000)) (section 7.4).
Besides, for our model the best match to the data was for flyby E12 (section 7.4), because
in this flyby, the Europa position was within the current sheet, such that, the contribution
to the induced field from plasma current was stronger than background field, and in our
model we considered a total external field as the superposition of background and plasma
magnetic fields. However, for E4 and E14 our model does not fit well, because the plasma
currents field was not significant in this flybys.
In conclusion this model is not enough to reproduce the magnetic measurements properly.
Nevertheless, it is a progress to understand the induction process on planetary bodies, as
well as, modeling the Europa’s induced field starting from a conducting layer under the
influence of an external time varying field in presence of plasma currents.
For future work, this model has to be improved in order to have a smooth induced field for
the flybys coordinates. It will be useful to match the results with Galileo measurements.
Further, it can be applied to Ganymede considering it has an intrinsic magnetic field.
Finally, it can be tested again when we have more magnetic data from the future flybys
of the next missions to Europa.
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Appendix A
Solution to diffusion equation
The induction equation is a diffusion equation

∇2 B = k 2 B

(A.0.1)

where k is the complex wave number. To solve (A.0.1) in spherical coordinates we have

!

!

1
∂
∂B
1
∂ 2B
1 ∂
2 ∂B
r
+
sinθ
+
+ −k 2 B = 0
r2 ∂r
∂r
r2 sinθ ∂θ
∂θ
r2 sin2 θ ∂φ2

(A.0.2)

Suppose variable separation B(r, θ, φ) = R(r)Θ(θ)Φ(φ) replace in (A.0.2)

!

!

1
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1 d2 Φ
1 d
2 dR
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r
−k r R+
sinθ
+
= 0
R dr
dr
Θsinθ dθ
dθ
Φsin2 θ dφ2

(A.0.3)

1 d2 Φ
= −m2 ,
2
Φ dφ

(A.0.4)

For φ part

For Θ the solution of (A.0.4) is Φ = eimφ .

!

!

1 d
dΘ
m2
sinθ
+ l(l + 1) −
Θ = 0.
Θsinθ θ
dθ
sin2 θ
Making the variable change x = cosθ
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(A.0.5)

!

!

d
dΘ(x)
m2
(1 − x2 )
+ l(l + 1) −
Θ(x) = 0
dx
dx
1 − x2

(A.0.6)

Whose solution are the Legendre polynomials. Then, the solution for the angular part
are namely spherical harmonics Ylm (θ, φ).
Now, for the radial part

!

dR
d
(r2
− (k 2 r2 + l(l + 1))R = 0
dr
dr

(A.0.7)

Making the variable change R(r) = Z(r)/(kr)1/2

1
d2 Z
dZ
r2 2 + r
− k2 r2 + l +
dr
dr
2


2 !

Z = 0

(A.0.8)

As known (A.0.8) is the modified Bessel equation of order n = l + 1/2 whose solution are
the modified spherical Bessel functions of first and second kind Il+ 1 and Kl+ 1 respectively.
2
2
Then, the solution of R is

R(r) = cl jl (kr) + dl il (kr)

(A.0.9)

Where

π
In+ 1 (rk)
2
2rk
r
π
il (kr) =
K 1 (rk)
2rk n+ 2
r

jl (kr) =

(A.0.10)
(A.0.11)

Then, the general solution of the diffusion equation (A.0.1) is

B(r, θ, φ) =

∞ X
l
X

al,m jl (kr)Ylm (θ, φ)

(A.0.12)

l=0 m=−l

Where the coefficients al,m can be determinated by the problem’s boundary conditions.
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Appendix B
Fit’s parameter of Gauss coefficients
g10
g11
g20
a1
6.99 ± 0.01260
5.394 ± 0.05460
7.605 ± 0.01520
b1 0.03512 ± 0.00003 0.01703 ± 0.00025 0.01744 ± 0.00002
c1
1.454 ± 0.00700
-2.919 ± 0.04200
3.145 ± 0.00360
a2
1.27 ± 0.01960
3.528 ± 0.01120
1.517 ± 0.01560
b2 0.01685 ± 0.00042 0.0345 ± 0.00014
0.0522 ± 0.00009
c2 -2.897 ± 0.07400
-1.424 ± 0.02560 0.002515 ± 0.01745
a2 0.8685 ± 0.02350
1.767 ± 0.05300
b2 0.05149 ± 0.00040 0.05148 ± 0.00059
c2 0.2102 ± 0.06706 0.2025 ± 0.09406
a3
1.042 ± 0.01320
b3
0.06955 ± 0.00020
c3
1.611 ± 0.03540
Table B.1: Fit’s parameters to Gauss coefficients gl,m
The induced magnetic field on Europa has a contribution due to the plasma currents.
Expressing this field as a potential field, the scalar potential can be expanded in a base
given by terms like: gl,m Pl (cosθ)cos(mφ) + hl,m Pl (cosθ)sin(mφ), where gl,m and hl,m are
called Gauss coefficients and l, m are the degree and order respectively. Schilling et
al. (2007) found these coefficients as function of the synodic period. Making a fit like
fl,m (t) = an sin(bn t + cn ) to the coefficients we obtain the necessary parameters an , bn and
cn to implement this contribution to the external field. In tables (B.1 and B.2) are shown
the fit’s parameters to Gauss coefficients gl,m . The same is shown for hl,m in table(B.3).
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g21
g22
a1
11.7 ± 0.04200
2.011 ± 0.12880
b1 0.03525 ± 0.00005 0.01766 ± 0.00149
c1 -1.606 ± 0.00900 -0.02696 ± 0.26244
a2
1.2 ± 0.04380
1.855 ± 0.05660
b2 0.02346 ± 0.00028 0.03524 ± 0.00043
c2 -0.5554 ± 0.06396
1.546 ± 0.14780
a2 0.8821 ± 0.01912
2.225± 0.11560
b2 0.06778 ± 0.00028 0.05246 ± 0.00132
c2
1.606 ± 0.05360
3.047 ± 0.20460
a3
0.01861 ± 0.03888
b3
0.09321 ± 0.03892
c3
-2.417 ± 7.46600
a3
0.007215 ± 0.01396
b3
0.1195 ± 0.02964
c3
-1.801 ± 6.83600
a4
0.7142 ± 0.01840
b4
0.07009 ± 0.00179
c4
-1.691 ± 0.23040
Table B.2: Fit’s parameters to Gauss coefficients gl,m

h11
h21
h22
a1
4.947 ± 0.00760
1.39 ± 0.01060
3.135 ± 0.00980
b1 0.01737 ± 0.00002 0.03381 ± 0.00012 0.01781 ± 0.00003
c1 -1.298 ± 0.00340
3.231 ± 0.02480
-1.945 ± 0.00700
a2
2.191 ± 0.00700
0.18 ± 0.00910
0.3201 ± 0.01276
b2 0.05289 ± 0.00005 0.05895 ± 0.00068 0.04089 ± 0.00057
c2
1.464 ± 0.00980
1.353 ± 0.13740
0.79 ± 0.11990
a2 0.5138 ± 0.00758 0.1529 ± 0.00904 0.4042 ± 0.01388
b2 0.03442 ± 0.00019 0.01893 ± 0.00096 0.05609 ± 0.00035
c2 -2.576 ± 0.04000
0.8141 ± 0.23076 0.4801 ± 0.07582
Table B.3: MFit’s parameters to Gauss coefficients hl,m
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