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Abstract
We have used Cassini measurements of electron density from Saturn’s magnetosphere to search
for a plasma tail behind the moon Titan. Such a plasma tail would consist of plasma that
manage to escape Titan’s gravitational pull and leave Titan’s ionosphere to contribute to the
plasma distribution in the Saturn system.
The Cassini spacecraft was in orbit around Saturn for 13 years and performed 127 close
flybys of Titan as well as many passes through Titan’s orbit within the planets plasma-filled
magnetosphere. We have used measurements of electron density from the Langmuir probe
instrument, built by the Swedish Institute of Space Physics in Uppsala to search for such a
tail. The data was analyzed in terms of looking at the spatial distribution of plasma around
Titan and Saturn by examining the plasma density in Titan’s orbit in comparison to the rest
of system, as well as comparisons of plasma density in front of Titan and behind Titan. The
analysis provided no evidence of an extended plasma tail or torus.
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Sammanfattning
Vi har använt Cassini-mätningar av elektrondensitet från Saturns magnetosfär för att söka efter en
plasmasvans bakom månen Titan. En sådan plasma svans skulle bestå utav joner och elektroner
som diffunderar från Titan’s jonosfär och bidrar då till plasmatätheten i Saturnussystemet.
Cassini-rymdfarkosten kretsade kring Saturnus i 13 år och utförde 127 nära förbiflygningar av
Titan liksom många passager genom Titan’s bana inom planetens plasmafyllda magnetosfär. Vi
har använt mätningar av elektrondensitet från Langmuirsond-instrumentet, byggt av Institutet för
Rymdfysik i Uppsala för att söka efter en sådan svans. Datan analyserades i termer av den rumsliga
distributionen av plasma runt Titan och Saturnus genom att jämföra plasmadensiteten i Titans
omloppsbana med plasmadensiteten i resten av systemet, även jämförelser av plasmadensitet framför Titan och bakom Titan har utförts. Analysen gav inget bevis på en förlängd plasmasvans eller
torus.
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1
1.1

Introduction
Aim of the project

The diffusion of the ionosphere of atmosphere-carrying celestials is a well established fact. The
aim of this report is to investigate what happens to the ions and electrons that manage to escape
Titan’s gravitational pull. The hypothesis to this investigation is that the ions that leave Titan
accumulate in a tail like structure behind Titan, in regard to its trajectory. Or, if the diffusion is
ample enough this tail like structure might extend throughout Titan’s orbit, forming a complete
torus rather than a tail of finite length.
Should the first case be true, then such a tail like structure could be found by comparing the
density plasma behind Titan, to the density in front of Titan. If the diffusion is great enough, and
the ions form a torus, rather than a tail then the ion density behind should not differ much from
the density in front, but instead the ion density in the orbit of Titan might be palpably higher
than the ion density in the rest of the Saturn system.
This project has been made possible by the Cassini-Huygens mission that ended last year after Cassini spacecraft had orbited Saturn for 13 years gathering information about the plasma
distribution among other things.

1.2
1.2.1

Background
The Saturn system

Saturn is one of the eight familiar planets in our solar system. This gas giant consisting mainly of
various forms of hydrogen and helium is sixth from the sun, exterior to earth. The Saturn system
is one of the most complex family of celestials in our solar system, made up by the rings of Saturn
accompanied by 50 to 70 moons depending on what criteria one uses. The two moons which will
be of prime interest to this report is Enceladus and Titan. Enceladus is located 238 000 km away
from Saturn’s centre, and Titan orbit at a radial distance of 1 222 000 km. Throughout this report
the length scale Saturn radii, 58 232 km, will be used frequently, in this scale the radial distance
from Saturn to Enceladus and from Saturn to Titan is 4 RS and 20 RS respectively. [1]
Enceladus is a small ice moon with ruffled terrain suggesting seismic activity underneath its
crust. The heat source for this seismic activity is unverified but a consequence of it is Enceladus’s
many geysers, ejecting about 250 kg of saltwater vapor per second at a speed of 2200 km per hour.
This is proposed to be the main supply of material for one of Saturns four rings. [2]
Titan is the largest of the moons, with a radius of 2575 km making it the second largest moon
in our solar system and it is bigger than Mercury. It consists of mainly frozen water and rocks
accompanied by a nitrogen rich atmosphere. Titan is the only moon in our solar system with
a fully developed atmosphere compiled of more than just trace elements. Here too, evidence of
volcanic activity is found just as on Enceladus. But on Titan the volcanoes are believed to be made
up of ice spewing out water, ammonia and methane which form clouds in its otherwise nitrogen
dominated atmosphere. Titan has no magnetic field of its own, and its orbit sometimes takes it
outside of the magnetosphere of Saturn. Its orbit is fairly circular with a radius ranging from 20
RS to 21 RS . [3]
Five of the first discovered moons are listed in a table below, Titan was discovered by the Dutch astronomer Christiaan Huygens in 1655, and the remaining four by the Italian astronomer Giovanni
Domenico Cassini in 1684.

Moon:
Orbital Radius:
Radius:

Table 1:
Enceladus
4 RS
250 km

5 Moons of
Tethys
5 RS
1 060 km

Saturn [1]
Rhea
Titan
9 RS
20 RS
770 km 2 575 km

Japetus
60 RS
735 km

In my investigation of the plasma distribution in the Saturn system many factors other than
Saturn itself and its moons will be important to take into account, these will be discussed below.
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Since plasma consists of charged particles
their motion is determined by Maxwell’s
equations, meaning that the magnetic and
electric fields in the Saturn system will influence their movement pattern and also
the distribution of plasma. The magnetic
field and plasma environement around Saturn has a complex structure with many areas of different characteristics. The solar
wind is essentially a plasma wind originating from the sun, this has the effect of filling
the solar system with plasma and increasing
the density on the day-side of Saturn (the
side of Saturn facing the sun) experiences an
overall higher density than the night-side of
Saturn. As the solar wind interacts with
Saturn’s magnetic field it is deflected away
from and around Saturn, this creates a bow
shock on Saturn’s day side making the flow
of plasma very turbulent in the region called
the magnetosheath.

Figure 1: Schematic view of the magnetosphere of
Saturn. Image from: Windows to the Universe,
https://www.windows2universe.org/saturn/upper_atmosphere.html

As Titan orbits Saturn it can be located in either the magnetosheath or the bow shock depending
on various conditions. However, it is mainly located in the proper magnetosphere of Saturn, filled
with plasma coming from the atmosphere of Saturn it self or from the moon Enceladus. The
plasma sheet circulates Saturn’s mid-latitude magnetosphere and often flaps up and down, setting
Titan either in the current sheet, or in the northern or southern magnetospheric lobe. [4]
1.2.2

The Cassini mission

The Cassini spacecraft orbited Saturn for 13 years, from 2004 - 2017. The mission lasted for a
total of 20 years, starting at the launch from Cape Canaveral on the 15 October 1997 and officially
ending on the 15 September 2017 with Cassini’s dive into Saturn. [5] The process before launch included planning, construction, programming and a lot of testing, and the work was a collaborative
effort of many physics institutions from all over the world. (University of Iowa (USA) Observatoire
de Paris (France) CETP/UVSQ (France) Swedish Inst. of Physics (Sweden) Austrian Academy
of Sciences (Austria) University of Sheffield (UK) NASA/Goddard Space Flight Center (USA)
CESR/CNRS (France) University of Minnesota (USA) University of Oslo (Norway)).
Some of the listed institutions has since the mission started analyzed the data that Cassini has
transmitted back to earth, and the analysis is still going on today. Before launch, the Swedish
institute of space physics was tasked with the construction and the programming of the Langmuir
probe, which is an instrument designed to measure properties of the plasma, such as electron and
ion density, electron temperature, average ion speed and mass, and the spacecraft potential. Here
we will only make use of the electron density. The plasma in the Saturn system is believed to be
quasi neutral, meaning that there is no accumulation of charge in the plasma. This has the effect
P lasma density = electron density = ion density.
The motivations behind the Cassini-Huygens mission are many. A deeper investigation of Saturn and its accompaniments is without exaggeration comparable to a small scale investigation of
our solar system as a whole. We knew before hand that Titan has an atmosphere similar to the
one that existed on Earth before life evolved here. There was strong indication that Enceladus
would inherent liquid water and the magnetosphere of Saturn carries much resemblance to our
own. These are many interesting features worthy of a pursuit for deeper insight.
In order to make the mission as bountiful as possible the range of equipment on board the Cassini
spacecraft was overwhelmingly extravagant. Apart from the Langmuir probe it housed antennas
for measuring electric and magnetic fields, radio waves and plasma waves. And in order to cover
a wide range of frequencies 3 different receivers are used accompanied by amplifiers, synthesizers
2

and transmitters. Some of whom are shown below. [6] There were many other instruments on
Cassini as well, such as dust detector, particle spectrometers, laser altimeters etc. but which are
not of interest for this study.

Figure 2: Cassini spacecraft
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Method

The approach throughout this investigation has been to map the electron density in relation to
Titan’s position, whilst having other factors of plasma distribution in mind. The data which is
used in order to achieve this is the position of both Cassini and Titan, at specific times, along with
the measurements of electron densities. The position data has been collected using the Cassini
Ephemeris tool which can be found at http://cassini.physics.uiowa.edu/cassini/jbg/cas.html. Electron density data has been collected using the Langmuir Probe, the mechanics of the Langmuir
Probe can be found in: The electron density of Saturn’s magnetosphere, Morooka et al. [7]

As for the Cassini Ephemeris tool, which
is a website, one choses an object to examine, it could be anything from one
of Saturns moons, to the Voyager spacecrafts.
In the case of this investigation the objects of interest have been
the moon Titan and the Cassini spacecraft.
It provides you with information about the object’s position and velocity at any given time.
To do
this one needs to determine the following:
1. The time range: This specifies during
which interval of time you want the position
data. In the example to the right here, I have Figure 3: An selection of parameters in the Cassini
specified that I want position and velocity ephemeris tool [8]
coordinates starting from 02:00, 1 July (day
183) 2004 up until 2017, 2 July, 03:00. More or less the time range of the entire Cassini-Huygens
mission
2. Time interval: This determines how frequently one desires an update of its position/velocity.
In the example I have requested an update once every 86 400 second, or once per day.
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3. Observer: Here you determine what object you are investigating. In the example I have
selected the Cassini spacecraft.
The slots labeled "Origin", "Coordinate System" and "The radius of" refer to the coordinate system
in which you want your data presented, which is also of your own choosing. Since the interest of this report has been to plot the plasma density in the Saturn system, a natural choice
here has been a Cartesian coordinate system with Saturn at the origin with axis arranged as
follows: The X-axis points along the planet → sun line, positive towards the sun. The Yaxis is the crossproduct V 2 × X, where V 2 is the normal vector of Saturns orbital plane,
V 2 × X ≈ directional vector of Saturn0 s orbital motion. And the Z-axis = V 2, the "upward normal" of Saturns orbital plane. As for the scale of the coordinate system, a suitable unit is
the Saturn radii as described above, which is highly preferable to say meters or kilometers. This
particular coordinate system is called a Saturn ecliptic coordinate system, and it will be used
frequently throughout this report.
Another coordinate system that will occur is the T itan ecliptic coordinate system with Titan
at its origin, scaled to Titan radii. This coordinate system is very similar to the Saturn ecliptic
one, with the main difference being the orientation of the axes. As in the Saturn ecliptic one, the
X-axis points positively towards the sun, the Z-axis points parallel the "upward normal" to the
orbital plane of Titan, and the Y-axis being the cross product Ẑ × X̂. One thing this coordinate
system lacks which the Saturn ecliptic one has is an axis pointing in the direction of the celestials
trajectory, instead, the X & Y-axis sort of rotate as Saturn and Titan orbits the sun. The existence
of a fixed vector/axis in our coordinate system, pointing in the direction of Titan’s trajectory would
have simplified our investigation a lot. It would have enabled us to simply plot the plasma density
as a function of "in front or behind Titan".
With all presets in order the product is a 13 by n matrix where each row contains a point in
time of the format Y Y Y Y − DDD − hh − mm − ss, followed by cartesian coordinates of position
along with a coordinate R for radial distance to the origin and finally the row terminates with
four additional coordinates for velocity: VX , VY , VZ , kV̄ k (The velocity has not been used in this
study).
The position readings for the entire mission 2004 - 2017 has been collected with a frequency of
once every second. Position data of this type, corresponding to a certain point in time has been
collected for both Cassini and Titan in the Saturn ecliptic coordinate system, also Cassini’s position in the T itan ecliptic coordinate system has been collected throughout the entire mission. [8]
Cassini’s electron density measurements where provided by The Swedish Institute of Space Physics
in Uppsala. The format of the data was a 2 by 787 450 matrix, where each measurement of electron
density corresponded to a certain time when the measurement was carried out. Next I needed to
interpolate the position data to the time of the density measurements so that each measurement
of plasma density corresponded to a point in the Saturn ecliptic coordinate system, which was
gathered from the ephemeris tool. MatLab was used to first merge the two data sets and then
analyze the plasma density in the Saturn system. This analysis has been carried out in a few
different ways. For example, a map of the plasma density in the Saturn system has been created,
and also plasma density readings for certain Titan flybys has been studied in detail.
Another tool that has been very helpful in the analysis of the plasma distribution in the Saturn
system is the Cassini event calender [9] an extract of which can be found in appendix A. This
document lists all significant events during the Cassini-Huygens mission, such as Titan flybys,
Enceladus flybys, passages through the rings etc. This has been very helpful when investigating
why a high plasma density reading might occur, also it has been used to closer examine the plasma
density readings for specific Titan flybys, as in figure 4 below. Here the time indicators displayed
as thin black texts along the trajectories tell when each measurement has been carried out, in this
example it tells me that Cassini passed in front of Titan in Titan’s orbit. It was made possible
thanks to the event calender that told me that a Titan flyby occurred at 20:11, 13 Dec, 2011. In
this figure the thin line represents Titan’s trajectory, whilst the thicker line is the path traversed by
Cassini during this flyby. These time indicators has been put to good use when producing figures
14 and 15.
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Figure 4: Time indicators to determine whether a flyby occurred in front or behind Titan
In the electron density data, measurements registering an electron density higher than 100 cm−3
has been considered miss readings, and have therefore been removed from the data set. Also,
measurements carried out inside Titan’s ionosphere have been removed from the analysis of the
plasma density in the Saturn system in order to give a reliable picture of the plasma density in
Titan’s orbit. Lastly, measurements far outside Titan’s orbital plane has also been removed, in
order to achieve a better analysis of the influence of Titan’s diffusing ionosphere, which only takes
place in the plane of its orbit.
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Analysis

The Cassini-Huygens mission lasted for 13 years, during which Cassini completed 294 full orbits
of Saturn. [9] These orbits took on a variety of shapes, and on its journey it had many close
encounters with the many celestial bodies in the system. In the event calender referred to earlier
there are 127 listed Titan flybys, with plasma density readings that will be examined closer in this
section.

Figure 5: Cassini’s trajectory for the entire mission together with Titan’s orbit. Along Cassini’s
trajectory the measured plasma density is plotted color coded according to the bar to the right.
Figure 5 shows plasma density measurements throughout the entire mission. The lines in color
ranging from deep blue to yellow is the path traveled by Cassini, always circling Saturn counter
clockwise and the two red circles enclose the orbit of Titan. The electron density measured at each
position is represented color coded as the bar to the right indicates. The color bar is the logarithm
(base 10) of the the measured electron density.
The coordinate system is a Saturn ecliptic coordinate system as described previously in the
report with Saturn at the origin and the axis scaled to Saturn radii [RS ]. In this figure, as in
many to come, the Z-coordinate will be ignored in order to simplify the visualization. This is
warranted due to the fact that Cassini often, as many of Saturns daughter celestials orbit Saturn
with a negligable inclination to the Saturn ecliptic plane. In this picture we can’t see any clear
sign of either a plasma torus or a plasma plume following Titan’s wake. But we clearly see that
the readings tend to be high closer to Saturn which is expected due to the influence of Enceladus’s
many geysers spewing out ionized matter to the surroundings. [2]
Also, in the table below we see no clear indication of either a plasma plume or a torus. The
table presents the average plasma density in three regions in the Saturn system. The first region
is the region traversed by Cassini with the requirement of > 9 Saturn radii in radial distance to
Saturn. The region interior to this would be of minor interest since both the rings of Saturn and
Enceladus are contributing greatly to the plasma density there. The second region is the region
enclosing Titan’s orbit, ranging from 20 Saturn radii to 21 Saturn radii. And the final region is
the same as the first one, take away what encloses Titan’s orbit.

6

Table 2: Mean values in three regions of the Saturn system
Position [RS ]
R >9
20 <R <21 R >9 / 20 <R <21
Plasma Density [cm−3 ] 0.4374 0.4162
0.4401
Another way to present the plasma density in the Saturn system is by a plasma density vs radial
distance plot. Below you see two such plots, in the figure to the left every measurement of plasma
density is presented vs it radial distance to Saturn, in which one can see tendencies towards regions
of higher/lower plasma densities at certain radial distance. And in the figure to the right mean
values have been calculated for each interval of 0.25 RS in radial distance to Saturn, and are
represented by a dot. Since the measured plasma densities are scattered widely, the standard
deviation of the mean values are quite large and have therefore been omitted in this plot.

Figure 6: Plasma density measurements plotted
against radial distance to Saturn.

Figure 7: Mean values of plasma density measurements plotted against radial distance to saturn.

A short tail of high plasma density following Titan would be difficult to read from these results,
since it would not have an excessive contribution to the plasma density throughout Titan’s orbit.
However, a clear bump in the plasma density in the region between 20 and 21 RS (this region is
indicated by two vertical lines in the plot) would indicate either an established torus, or a significant
tail. Since neither of these plots show this, no such conclusion can be drawn.

Figure 8: Mean values of plasma density measurements plotted against radial distance to Saturn,
for both the night side and the day side of Saturn.
As the last figure here shows the sun, or more precisely the solar wind, has a great impact on the
plasma distribution. On the night side of Saturn we see a dip in the plasma density, just outside
7

the orbit of Titan, whilst on the day side of Saturn we see something of a rise, starting at the
beginning of Titan’s orbit continuing out to 25 RS .
If there would be any well established torus in Titan’s orbit, this way of searching for it has
been unfruitful. What these plots do reveal is that the plasma distribution in the Saturn system is
disorganized, patternless and even inconsistent. Perhaps the plasma that does lie in Titan’s orbit
is to a great part due to particles leaving Titan’s ionosphere.
Proceeding we look at the plasma distribution around Titan, by examining the many Titan
flybys that occurred during the mission.

Figure 9: Plasma density measurements during
Titan flybys

Figure 10: Plasma density measurements during
orbit passages

Figure 9 shows the plasma density (PD) measurements for Titan flybys. The requirement for
a passage to be considered a Titan flyby is that Cassini passes Titan at a distance less than
51 500 km = 20 Titan radii. The color bar is still the logarithm, base 10, of the measured PD.
Figure 10 shows the PD measurements as Cassini flew by Titan’s orbit whilst Titan was not in
the vicinity, the requirement being that Cassini passed the orbit at a distance greater than 20 RT
away from Titan.
If the previous figures, figure: 5, 6, 7, & 8 could indicate the presence of a torus, plots like
these could give an indication of the presence of a shorter tail. It is not clear enough evidence to
draw any demonstrative conclusions but the figure to the left does seem to contain a higher degree
of high density measurements. Meaning that in the orbit of Titan, when Cassini’s position ranges
from 20 RS to 21 RS the plasma density is higher in the vicinity of Titan. This points towards
what we already know: that the ionosphere of Titan diffuses, leaking plasma to the surrounding
environment. The question is, does it accumulate in the structure of a tail?
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The plasma distribution around Titan has some of the features of the plasma distribution in the
Saturn system as a whole. We don’t see a clear pattern emerging as we look at the data making it
difficult to draw any reliable conclusions. Some of the Titan flybys do show a high plasma density,
whilst others don’t. And the signs of diffusion of the ionosphere varies from case to case. The
figures below aim to illustrate this lack of order.

Figure 11: Titan flybys of low plasma density
measurements

Figure 12: Titan flybys of high plasma density
measurements

Figure 13: Plasma density measurements plotted against radial distance to Titan
Apart from the abundantly clear decrease in average value of plasma density as the radial distance
to Titan increases we still see pattern breaking occurrences as some flybys register high/low densities at arbitrary positions. Still we are stuck at the conclusion that the ionosphere diffuses, but
weather or not it accumulates in any kind of geometric structure is still oblivious to us.
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Table 3: Mean values of PD measurements vs. radial distance to Titan
Distance [RT ] 1 <R <2 2 <R <3 3 <R <4 4 <R <5
PD [cm−3 ]
10.2
4.6
3.3
2.6

Since there is no coordinate system available in which one can define a vector always pointing in
the direction of Titan it is difficult to plot the plasma density as it varies from in front to behind
Titan. Proceeding we now plot the plasma density for specific Titan flybys in two different windows
depending on whether the flyby occurred in front of or behind Titan.

Figure 14: Plasma density measurements as Cassini passes Titan’s orbit in front of Titan
Figures 14 and 15 show a selection of Titan flybys suitable for presentation in this format. One
clearly sees how the plasma density varies over regions around Titan’s orbit, but no obvious tendencies reveal themselves to the audience. The selection of 9 plots of flybys in front/behind Titan
is slim, but the analysis of the remaining 109 flybys showed little more and the selection is representative. The coordinate systems are still the standard Saturn ecliptic, with Saturn at the origin,
scaled to Saturn radii.
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Figure 15: Plasma density measurements as Cassini passes Titan’s orbit behind Titan
To put a wrap on this investigation is easy: No torus was found. The plasma density in the
Saturn system appears to yield only to two patterns: It increases as you approach Saturn, due to
plasma sources such as Enceladus and the rings. It also increases gradually as you enter Titan’s
ionosphere, which isn’t surprising. But neither a tail or a torus was found.
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4

Discussion

This search has not given any clear indication of either a tail or a torus, but the investigation has
revealed other information about the plasma distribution in the Saturn system. Figures 5 and 6
show that the plasma density is not something that monotonously decreases as the distance to
Saturn increases, instead both high and low measurements of plasma density can be found in the
interior as well as in the exterior domains. Figures 9, 10, 11 and 12 show that the range of plasma
density readings both close to Titan and in Titan’s orbit is large, and some of the flybys of Titan
do show plasma densities way higher than the system’s average. Which indicates that the plasma
density increases gradually as you approach Titan, rather than the presence of a tail.
Figures 14 and 15 do show some high measurements just as Cassini passes the orbit of Titan,
but since these results are present in both flybys occurring in front and behind Titan it does not
indicate a tail. The reason for these high measurements are more probably that Cassini passed
through Titan’s ionosphere during these flybys.

5

Concluding Remarks

As for now our data only tells us what we already knew about the plasma distribution in the
Saturn system, and the diffusion of Titan’s ionosphere does not appear to constitute any kind of
permanent tail or torus of high plasma density. What does happen to the plasma that escape
Titan’s ionosphere is still not certain, it could be that it does follow Titan as a tail, only that the
density of the plasma is too low to have a significant impact on the plasma density. The final fate
of the plasma outflow from the moon Titan is till unknown.
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