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Abstract

The Swedish Institute of Space Physics in Uppsala has become the PI
institute for the Radio & Plasma Wave Investigation (RPWI) of the ESA
L-class mission Jupiter Icy Moons Explorer (JUICE). This involves build-
ing instrumentation until the launch in 2022 and an ongoing investigation
in the Jupiter system arriving in 2030. One of the goals is to investigate
the sub-surface oceans of the icy moons Ganymede and Europa. In this
project we are investigating the electrical currents that might flow as well
as the conductivities close to the surface of Ganymede to in turn be able
to in the future speculate over the sub-surface currents . This project will
therefore allow us to have a vaster and more transparent comprehension
of the full atmosphere of Ganymede, from the surface up to 500km, and
then from there to around 4000km(from previous Galileo fly-bys), and
allow future investigation into the oceans of Ganymede.

Part I

Introduction: Where we are
In this investigation we intend to learn more about the unknown atmosphere
of the far away moon of Jupiter, Ganymede, especially paying attention to the
lower altitudes of it.

Ganymede is one of Jupiter’s 67 recorded moons, and it is the biggest. It is
one of the four Galielan moons ( moons first observed by Galileo from his tele-
scope) and the one that poses most interest to us. This is because Ganymede
poses, out of many others, two special differences to most moons in the solar
system. For the first part, it’s the only moon to have it’s own magnetic field,
and secondly, it is speculated to have a 100km thick icy crust with a sub-surface
ocean. This is interesting to us, and to the whole general scope of the JUICE
project because, thanks to recent discoveries of the habitability and resistance
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of life in harsh environments, be it because of highly thermal resistant organ-
isms near Earth’s hydrothermal vents in its oceans, or high salinity resistant
organisms at the bottom of the Vostok lake in Antarctica, we can speculate, or
at least start an initial research on the possible habitability of this icy moon.

Part II

Objectives, what we want
The objective of the JUICE mission is to arrive to the Jovian system, leaving
Earth in 2022, arriving in 2030 and flying around the system for 3 years. But
what interests us is its trajectory around Ganymede. It will take many measure-
ments of magnetic fields, conductivities, and electrical fields, and through that
data it will be possible to find out about induced currents, magnetic fields and
conductivities in the sub.surface ocean. However, the objective of this project
will be a first approach, albeit first scheme of these near surface conductivi-
ties and electrical currents that we will infer through mathematical models and
calculations with the data that is already known from the anterior Galileo fly-
bys, without having to be there yet. Therefore this project can be of future
use for initial estimations and plans for the mission in addition to the possibil-
ity of being continued to calculate electrical currents and conductivities of the
sub-surface ocean.

Part III

Procedure, obtaining what we need
From earlier observations from the Galileo spacecraft and theoretical model-
ing of the Ganymede environment as well as using knowledge from Titan and
Enceladus from the Cassini spacecraft, we will calculate the electric conductiv-
ities in the ionosphere, and hope to in the future infer values of these in the
sub-surface ocean. From expected induced electric fields in the interaction be-
tween the highly variable magnetosphere of Jupiter with the magnetosphere of
Ganymede, we will infer the electric currents in the ionosphere ( having found
before the conductivities) and the inducted electric currents in the sub-surface
ocean.

In order to obtain the conductivities we are going to obtain or calculate all
the variables we need. From Rosenqvist et al. [1]
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As we can see here from the derived formulas of conductivity which we will
be able to apply to the lower atmosphere of Ganymede we are going to need : ⌦i

is the sumation of the gyrofrequencies of the hydrogen and water group ions,⌦e

is the gyrofrequency of electrons, ⌫i is the sumation of collision frequencies of
the hydrogen and water ion groups, ⌫eis the sumation of the collision frequencies
of electrons with neutrals and electrons with ions, e is the charge of the electron,
ne is the density of electrons in the atmosphere and B is the magnetic dipole
field of Ganymede. The distance from the surface we will be contemplating in
this srtudy is 0-600km where the most predominant species of molecules (sub
solar latitude 10 ,SSL10) are molecular hydrogen and water.

1 Neutral density

In order to find the neutral density we had to sift through many expressions,
like for instance :

nn = nn,0

✓
Rsat

r

◆2

exp

✓
Rsat � r

Hdeplete

◆
(1.1)

Wherenn,o is the neutral density at the surface, Rsat is the radius of the
moon in question and Hdeplete is the depletion length and it would in theory
model the density of neutral species down to the surface. This came from Saur-
Strobel et al [2] but it immediately became a problem as it calls for having the
neutral density at the surface level of the moon, which we do not have. Seeing
this problem we moved on to Marconi et al. [3] Using his kinematic model
interpretation of the atmosphere (from a Galileo flyby) we can retrieve a point
by point measurement of the neutral densities of H20 and H2 in the atmosphere
using a script in Matlab called “digitize2.mat” which allows us to retrieve the
values from a graphs(fig : 1.1 and 1.2).

Thus now we have Neutral densities of the both species that we consider to
be the most dominant and significant. It’s important to note that for generality
we will be using the data from the equatorial region and not the polar regions
(SSL 10) as will be revealed later on for Electric field calculations. The densities
of both were read from 0 to 600 km taking “approximately” equispaced measure-
ments to get “similar” distance (h) values for each correspondent density. The
same thing will later be done for Temperature measurements. The approximate
equispaced measurements are a necessity because all values that are calculated
forth on will all be dependent on a radius(h) and since we cannot have it for set
values (i.e. from 1 to 600 in steps of 10) because we empirically read this “data”
from a pdf picture of a graph (i.e. hand taking point by point), then each cor-
responding radius(h) for a density ( or temperature for that mater) are forced
on us, so we must use them. In that spirit, we will use one radius, that one
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for the measurement of density of H2O, but it doesn’t matter, therefore, every
time the distance r is mentioned from here on it will not be a set of equispaced
non-significant numbers but more an array (see code appendix: dh20).

Figure 1.1: Density in cc versus altitude from Marconi [3] Ganymede flyby
model where we get our densities

Figure 1.2: Our adaptation of the Marconi[3] values to Matlab. Density of ion
species vs altitude
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2 Electron density

In order to attain the electron density we part from the basis that we know
that electron density is a certain percentage of the density of the summation
of the ion species. Since hydrogen and water are the predominant species near
the surface we will use their neutral densities. Then, basing ourselves on the
Eviatar [3] graphs of electron density of Ganymede ( Galileo flyby) we can see
that he studies the atmosphere but the flyby was only able to get data up to
about 500-600Km. This is therefore not what we need, so we need to find a way
to extrapolate down to the surface.

Knowing that the electron densities are percentage of the summation of the
predominant ion species in the (lower) atmosphere, we were able to adapt our
model curve to the known values of electron density between where the Eviatar
data ends and our faithful approximation begins, around 400-600km area, by
introducing a multiplier of percentage to the summation of ion species. Thus
we were able to adapt a curve to that area of the Marconi [3] Graph and then
just extrapolated it down to the surface, where we found very acceptable results
for surface electron density. (eq :2.1;fig :2.1).

Now we can notice because of the summation of the two ion densities (fig:1.2)the
graph takes a steep curve at around 300 km, and electron density increases at
a much higher rate than before.

ne =
((

(nnh20+nnh2)
2 ) ⇤ 0.02)
100

(2.1)

Figure 2.1: Electron density in the atmosphere vs hight off the surface
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3 The magnetic field

We know the magnetic field to have a certain dependance on the polar angle. For
our research we decided that since we would be doing our calculations around
the equator and generalizing we could consider the angle contribution not to be
significant, thus we have

B(r) = Bo(
RG

r
)

3 (3.1)

Where RG is the radius of Ganymede ( 2634Km) and r is the distance from
the surface. We use that the surface B field on Ganymede is approximately
750nT. We know this to be true from the past Galileo flyby, where it was
discovered that Ganymede has a diplar magnetic field, and it’s surface B-field
was also measured.We see it in fig :3.1

Figure 3.1: Magnetic field of Ganymede near it’s surface and up to 600 km as
predicted by our model

4 Gyrofrequencies

We should differentiate in the fact that there will be gyrofrequencies for each
species of ion that we refer to in our calculations and for electrons as well. We
get the expressions for them from Rosenqvist [1]
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4.1 Gyrofrequencies for ions
In the following e is the charge of the electron, B is the magnetic field we
calculated prior to this and mi is the mass of whatever ion we are considering.
In our case we will study W+ water group ions ( 18mH) and H2+ ions (2mH)
which are the predominant ions in the atmosphere at the equatorial latitude we
are studying, R.Modolo[7], J-E.Wahlund[8]. (Fig : 4.1 and Fig: 4.2)

⌦i =
e ⇤B
mi

(4.1)

4.2 Gyrofrequency for electrons
We will be using the same formula, where me will be the mass of the electron.
Results in (fig: 5.4)

⌦e =
e ⇤B
me

(4.2)

Figure 4.3: Gyrofrequency of electrons near the surface of Ganymede

5 Collision frequencies

In this case we also have to differentiate between ions and electrons.
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Figure 4.1: Gyrofrequency for H_2+ ions

Figure 4.2: Gyrofrequency of Water group ions
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5.1 For W+ ( water group ions) and H2+
For ion collision frequencies we will use the formulas 5.1and 5.2 wich we get
from Schunk & Nagy, 2000:

⌫iH+
2
= 0.65 ⇤ 10�10 ⇤ nH2 (5.1)

⌫iW+
= 2.44 ⇤ 10�10 ⇤ nH2O (5.2)

Where n is the neutral density for each of the two species considered ( H2

and H2O ) which we have read previously from Marconi’s [3] graphs and gives
us the result (fig: 5.1)

Figure 5.1: Collision frequencies of W+ water group ions and H_2+ vs altitude

5.2 For electrons
We will use the expression for electron collision frequencies with neutrals from
Rosenqvist et al. [1]

⌫en = 5.4 ⇤ 10�10nnsqrt(Te) (5.3)

Where nn is the neutral density of the two species we are using
summed ( found before and read from Marconi [3]) and Te is the
temperature of the electrons in the plasma. This temperature is
obtained from Edberg 2010 [4] and specifically from fig :5.2. It’s
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from a study on Titan’s atmosphere, but for our approximations, it
will be usable for the moon Ganymede.

Figure 5.2: Electron density versus temperature ( from Edberg[4]). From here
we get the empirical formula to get temperatures.

From here we get empirical data :

log ne = �2 log(Te) + 0.6

working with this we get :

Te = sqrt{ (10
0.6

)

ne
} (5.4)

and from this we find our temperatures that we will use for the
collision frequency ( fig:5.3).
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Figure 5.3: Electron temperature versus altitude using the previous model.

And we can see how the temperature increases with altitude, as to
be expected.

Now we do the same for the electron-ion collision frequency

⌫ei = (

54.5 ⇤ ne

(Te
p
Te)

) (5.5)

And from now on we will use

⌫e = ⌫en + ⌫ei (5.6)

And now using this temperature in the collision frequency we get for the two
collision types( fig:5.4)
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Figure 5.4: Electron collisions with neutrals and electron collisions with ions

6 Conductivity

Now we have all the variables necessary to retrieve the conductivities from
Rosenqvist et al. 2009 [1]so we have:
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Where ⌦i will be the sumation of the gyrofrequencies of the hydrogen and
water group ions,⌦ewill be the gyrofrequency of electrons, ⌫i will be the suma-
tion of collision frequencies of the hydrogen and water ion groups and ⌫ewill be
the sumation of the collision frequencies of electrons with neutrals and electrons
with ions.

Thus obtaining fig : 6.1
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Figure 6.1: Pedersen, Hall and Parallel conductivities near the surface of
Ganymede

Part IV

Current
Now we want to obtain the current �!j near the surface which is one of our main
objectives.

E = v ⇥B (6.4)
We can start off from here. First of all we need the velocity of Ganymede

moving around it’s planet, Jupiter. We have this knowing the orbital period of
Ganymede around jupiter and the distance form one to another,and we know it
to be around v=150m/s.

With this now all we have to find out is the magnetic field of Jupiter, and
it’s a know fact that it is a dipole field.

B = B0

✓
Rj

r

◆3

(6.5)
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Where Bo is a known value of the magnetic field at Jupiter’s surface (0.000428
T), Rj is Jupiter’s radius (71492 Km) and r is the distance from the center of
Jupiter to the point in Ganymede that we are calculating. In order to do that
we say that r = djg �Rg �h ; So it’s the documented distance between Jupiter
and Ganymede ( core to core : 1070400 Km) minus the Radius of Ganymede
(2640 Km), that would put us on the surface, and now if we subtract our h
vector ( which is just going from 1 to 600 km) we will get the distance into the
atmosphere increasingly from close to the surface to 600 km up.

Now that we have the B field we can get the values for E. Once these are
attained the values are stored in an array. And used in the next and last step
to get �!

j .
We realize that in the rotation of Ganymede around Jupiter, if we consider

that every radius value has the same E ( just because in our case B only depends
on radius) this means that at any given point in the rotation of the moon around
it’s planet the Velocity of movement will be perpendicular to the magnetic
field ( near the equator), thus this allows the electrical field to only have one
component, let’s say Ex = E which will be directed in only one direction.

Therefore, in the next step when we have to multiply the conductivity Tensor
by the E-field vector it’s going to be much easier since the latter will now only

have one component

0

@
Ex

0

0

1

A instead of

0

@
Ex

Ey

Ez

1

A.

Now we will apply �!
j =

�!� ⇧ E (6.6)

We must note that this sigma is now a matrix of all the anterior conductiv-
ities that we have attained, therefore they look something like this:
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Thus this will give us two components of the electrical current �!
j which is

now mapped from 600km all the way down to the surface. (Fig: 6.2)
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Figure 6.2: Found electrical current j near the surface of Ganymede
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Part V

Conclusion
Now we have the electric currents near the surface of Ganymede. This was the
objective of this thesis and it puts us in a very interesting position. We estimated
the electron density, the conductivity, the gyrofrequency, the collision frequency
and the electric current all the way down to the surface. This allows us to now
have a comprehensive understanding of most of Ganymede’s atmosphere and
through this we will be able to pursue many more objectives in the research
of this moon’s atmosphere and electric and magnetic fields. This will allow us
to, upon JUICE’s arrival to Ganymede, and with the pertinent measurements,
calculate the B-field, electrical current and conductivities under the estimated
100km of ice on the surface of Ganymede, putting us in it’s sub-ice ocean.

Once the JUICE satellite arrives we will be able to measure B-fields near
the surface, as well as E-field, electron density and others. With this data we
can calculate electrical currents near the surface or even conductivities. With
these newly acquired values a, one could roughly extract the B-field and �!

j from
under the ice sheet. The first approximation could be done by simply applying
Ampère’s law. Where we know that if there is an electrical current underneath
the ice, in the ocean moving with the flow of water ( tied in because the water
has a certain salinity to it) it will create a B-field. In turn, after evaluating the
properties of the approximate 100km of ice this B-field will have an effect on the
surface. Therefore by comparing the predicted values from this paper, and the
obtained values from JUICE we will extrapolate the induced magnetic field and
therefore the underwater electrical current �!

j . In this same fashion we could
also obtain the salinity of the water. Seeing as the modeled values do not take
into account a body of conductive water, therefore the difference between what
is predicted and what is measured would also lead us to salinity.

These are all very approximate ideas and they all they all need to take into
account a certain error propagation that comes from using very estimated values
and many studies from other sources.

However, this project starts us off on the path of knowledge , as well as
being a good starting point for future investigations and models of the sub-
surface ocean, giving us and idea of what is to be expected and how to asses it
when JUICE arrives to Ganymede.

In conclusion these results will give us a little bit more information about
the unknown Ganymede, and therefore allow us to, in accordance to the bigger
picture of Project JUICE, speculate on the suitability and possibility of life-
forms on Jupiter’s biggest Icy moon without having arrived there yet.

This research, the general research of JUICE and a future mission to land
on the satellite could therefore be groundbreaking in the field of natural science
if the habitability of the icy moon is proved to be positive or even if life forms
are discovered.
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