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Preface
This is a dissertation of the author towards obtaining a doctorate degree
in theoretical physics at the University of Helsinki, the Department of Physical Sciences.
This work consists of two main parts. The latter part is four scientific
articles. The author has contributed to several other scientific papers including two Venus hybrid modelling articles. However, the articles were chosen
so that the focus of the dissertation would be the hybrid modelling of Titan’s
magnetospheric plasma interaction. The purpose of the first part is to give
a context and a research background for the scientific papers included. In
the first chapter summaries of the included papers are given together with
the contribution of the author to these papers. The second chapter describes
plasma interactions occurring with different bodies in the solar system. Then
the fundamental phenomena of plasma physics are presented together with
typical modelling approaches. Chapters 4 and 5 give brief descriptions of observations and earlier modelling results on Titan’s plasma environment and
interaction. Chapters 6 and 7 focus on the modelling efforts by our hybrid
group: the numerical modelling scheme is presented and newer results for
Titan are presented. Finally these recent results are discussed together with
the results presented in the included articles.

Many thanks to numerous individuals are in order. My immediate family
has been a great source of strength throughout my graduate studies. My
thesis advisor Esa Kallio has been available whenever needed and he has
helped the author avoid many serious errors and faults with a persistence
on important issues both scientific and otherwise. He is also to be thanked
for the vision he has provided for the hybrid modelling at FMI, in which
the author feels privileged having able to participate. Riku Järvinen should
be thanked for his key contribution on the development of the parameterization of the HYB model. Pekka Janhunen for his most valuable advice
on various issues and especially on computer simulation methods — and of
course creating the FMI hybrid model in the first place. Kaijun Liu for his
insight for the future developments and advice with simulation techniques.
Tuukka Säles for providing method for the dynamical parameters used in the
HYB model. My thanks go to all colleagues at the Finnish Meteorological

vi
Institute (FMI), who have made the institute such a great place to work at.
Also the FMI should be thanked for providing all the appropriate facilities
for our modelling efforts with computer simulations. Especially Prof. Tuija
Pulkkinen should be mentioned for heading the Space Research Unit in a
very skillful manner. And of course Prof. Hannu Koskinen who has played
a key role in my placement at FMI and in my university studies all along,
starting from his electrodynamics course I had the joy to attend.
I am grateful for the work of various instrument teams of the Cassini mission that has made this study much more meaningful. The close collaboration
with the Cassini/MAG team (Prof. Michelle Dougherty, Dr. César Bertucci,
and Prof. Fritz Neubauer) was very valuable. Also the Cassini/CAPS team
has been very supportive, especially Dr. Frank Crary, Dr. David Young,
and Prof. Andrew J. Coates should be mentioned. Also people from the
Oulu group (Prof. Pekka Tanskanen, Dr. Jari Vilppola, and Prof. Kalevi
Mursula) associated with the CAPS team were important collaborators.

Helsinki, January 2008
Ilkka Sillanpää
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0.1. CONVENTIONS AND SYMBOLS

0.1

ix

Conventions and Symbols

Units:
The International System of Units (SI) has been used throughout this work
for numerical values of quantities. However, the notable exceptions are the
electronvolt (eV) for particle energies and for physical distances the astronomical unit (AU) or the radius of a body that gives an appropriate scale.
We have tried to limit the use of SI prefixes to only cases were they seemed
clearly preferable (e.g. for magnetic fields the unit of nanotesla (nT); for
number densities the unit of one per cubic centimeter (cm−3 ). Following a
typical convention, frequencies are given as angular frequencies (ω).

Physical Constants:
0
µ0
c
G
kB
me
mp
qe

8.8542 · 10−12 F m−1
4π · 10−7 H m−1
2.9979 · 108 m s−1
6.6726 · 10−11 m3 s−2 kg−1
1.3807 · 10−23 J K−1
9.1094 · 10−31 kg
1.6726 · 10−27 kg
−1.6022 · 10−19 C

electric permittivity of free space
magnetic permiability of free space
speed of light in free space
gravitational constant
Boltzmann constant
electron mass
proton mass
electron charge (|qe | is the unit charge)

x

CONTENTS

Symbols:
|x|, |~x|
≈
∼
subscript α
subscript e
subscript i

µ
ω
ρ
ρq
σ
B
~
B
~
E
~C
E
~j
m
n
p
q
R
RL
T
~
U
V
v
~v
~x

absolute value of x or the length of vector ~x
circa, approximately
of the order of, comparable to
quantity for any particle or species (e.g. qα )
electron quantity (e.g. ne )
~ i)
quantity for a single ion or an ion species (e.g. ~vi , U
electric permittivity (see 0 in Constants)
magnetic permeability (see µ0 in Constants)
angular frequency in rad s−1
( = 2π · f , where f is frequency in s−1 )
mass density
total electric charge density or ion charge density
electric conductivity
magnetic field magnitude (i.e. density of the magnetic flux)
magnetic field (vector)
electric field (vector)
convection electric field
electric current density
mass (see me and mp in Constants)
number density
pressure (scalar, p for tensor)
electric charge (see qe in Constants)
radius as a measure of (radial) distance
(e.g. Earth’s radius RE , Titan’s radius RT )
Larmor radius (the radius of gyromotion)
temperature
bulk velocity
volume
velocity, speed (scalar)
velocity (vector)
position (vector)

Chapter 1
Summaries of the Included
Articles and the Author’s
Contribution
Short summaries describing the main scientific results of the four included
articles are given here. Some of the preceding work for the published results
is noted. The contribution on each of the publications by the author of
this dissertation work is described. The included articles are referred to as
Articles 1 to 4.

1.1

Article 1

“Titan in subsonic and supersonic flow”
by Esa Kallio, Ilkka Sillanpää, and Pekka Janhunen
was published in Geophysical Research Letters,
volume 31, L15703, doi:10.1029/2004GL020344, in 2004.
c copyright 2004 American Geophysical Union. Available at
http://www.agu.org/pubs/crossref/2004/2004GL020344.shtml.
Our first publication on the results of the Titan hybrid model was significant as it had the first published results from a hybrid simulation code
using a subsonic plasma flow. The purpose of the article was to study the
difference between the supersonic and subsonic cases. Only the case with
the supersonic magnetospheric flow created a bow shock. This case had
been simulated by other hybrid models but it is not the typical situation as
the magnetospheric plasma at Titan’s orbit is typically subsonic (or possibly
1

2
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transsonic). With the subsonic flow the construction of the plasma flow and
reasonable boundary conditions had been challenging. The development of
the subsonic Titan model from the early hybrid model for Mars took nearly
a year.
The model used one singly-charged ion species to create the plasma flow.
The mass of these ions (m = 9.6 mp ) was equal to the average mass of the
flow as measured during the Voyager 1 flyby. The main difference between
the subsonic and supersonic cases was the forming of the bow shock in the
supersonic case. Interesting similarities were the location of the magnetic
field maximum on the anti-Saturn side of Titan and that the ionotail was
bent drastically towards Saturn in both cases.
The development and testing of the Titan model was done by I. Sillanpää.

1.2

Article 2

“Titan Ion Escape Study of Four Orbital Positions”
by Ilkka Sillanpää, Esa Kallio, Pekka Janhunen, Walter Schmidt, Kalevi
Mursula, Jari Vilppola, and Pekka Tanskanen
was published in Advances in Space Research,
volume 38, issue 4, pages 799 – 805, doi:10.1016/j.asr.2006.01.005, in 2006.
Available at
http://www.sciencedirect.com/science/article/B6V3S-4J84SYR-2/2/
ceff9f215e50425b65b19c96200f4ec3.
The effect of Titan’s position along its orbit on the plasma flow interaction
was studied using simulation runs for four different orbital positions. The
flow was subsonic as during the Voyager 1 flyby. The flow was composed
of one ion species in the same way as in Article 1. The ion emission was
modelled with a uniform heavy ion source (N+
2 ) at the inner boundary and
+
CH4 ions were created using a Chamberlain function for the density profile
of neutral methane gas. For both emitted ion species the total emission rate
25 −1
was a given value: 1.6 · 1025 s−1 for N+
for CH+
2 and 2.0 · 10 s
4 . The
simulation grid used was quite coarse (cell size: 1030 km = 0.40 RT ).
The simulation results show that the bending of the ionotail is effected
by the direction of the solar extreme ultraviolet radiation (EUV) that ionizes
Titan’s upper atmosphere. The EUV direction was the parameter that was
changed in order to model the effect of different orbital positions (no changes
in the magnetospheric plasma flow were assumed). The outflow rates for the
emitted species were given for the different cases. Also the fluxes into the

1.3. ARTICLE 3

3

inner boundary (i.e. Titan’s upper atmosphere) by the plasma flow ions were
given, although no definite conclusions could be drawn from these figures.
The first author was responsible for the main part of the text. Also the
simulation runs and plots were prepared by him. The three last co-authors
(from the University of Oulu) were part of the Cassini/CAPS instrument
team and our collaborative partners in Titan research.

1.3

Article 3

“Morphology of the Magnetic Field near Titan: Hybrid
Model Study of the Cassini T9 Flyby”
by Esa Kallio, Ilkka Sillanpää, Riku Jarvinen, Pekka Janhunen, Michelle
Dougherty, César Bertucci, and Fritz Neubauer
was published in Geophysical Research Letters,
volume 34, L24S09, doi:10.1029/2007GL030827, in 2007.
c copyright 2007 American Geophysical Union. Available at
http://www.agu.org/pubs/crossref/2007/2007GL030827.shtml.
Two simulation runs for Cassini’s T9 flyby with different upstream flow
constitutes are compared: one has a flow with O+ and H+ ions and the
other a flow composed of H+ and H+
2 ions. In both cases it is assumed
that the density of the upstream ions ni ≈ 0.3 cm−3 . The Alfvén wing
structures for the two simulation cases are discussed. Only the case having
the middle-weight O+ ions in the upstream plasma flow was seen to created
the magnetic tail lobes seen in the Cassini magnetometer measurements taken
during the T9 flyby. Furthermore, the connection of the spacecraft trajectory
through the magnetic field lines from the simulation results is presented.
Such a magnetic connection plays a role in the plasma behavior and could
consequently influence the in situ plasma measurements.
I. Sillanpää was responsible for running the simulations referred to and
their initial analysis.

1.4

Article 4

“Oxygen Ions at Titan’s Exobase in a Voyager 1-type
Interaction from a Hybrid Simulation”
by Ilkka Sillanpää, Esa Kallio, Riku Jarvinen, and Pekka Janhunen

4
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was published in Journal of Geophysical Research - Space Physics.
volume 112, A12205, doi:10.1029/2007JA012348, in 2007.
c copyright 2007 American Geophysical Union. Available at
http://www.agu.org/pubs/crossref/2007/2007JA012348.shtml.
Plasma conditions for the upstream plasma are based on the Voyager 1
flyby in the simulation run by our HYB model presented in this article. The
plasma flow is subsonic and is adequately modelled with two ion species (O+
and H+ ). Furthermore, the grid resolution is 0.2 RT near Titan. Moreover,
the three most abundant exospheric ions are included as the emitted species:
N+
2 is created at Titan’s exobase (at the altitude of 1400 km) in same way
+
as in the simulations of the previous articles. CH+
4 and H2 are created from
exospheric neutral profiles with appropriate photoionization rates. These
neutral profiles are based on the measurements of Cassini/INMS instrument
during Cassini’s first close Titan flyby.
General features of the plasma interaction based on the results from this
simulation run are presented. Our model continues to show the bent ionoand magnetotails with improved resolution. The high ion densities for the
emitted ion species around Titan’s polar areas are a new feature. The main
focus of the article is, however, the precipitation of the magnetospheric flow
ions onto the exobase. The total impact rates are compared with results from
Monte Carlo simulations. While most of the flow protons seem to be deflected
by the magnetic barrier in front of Titan, the much heavier O+ ions seem
to penetrate the barrier at ease. The incoming flow appears to turn in the
~ C as the exospheric ions
direction opposite to the convection electric field E
are being picked up by the flow. An analytical argument for this behavior
following from the equations of the hybrid approach is presented.
The article is mainly the work of the first author as well as the simulation
runs and the development of the HYB Titan model associated with this
article.

Chapter 2
Plasma Interactions in the
Solar System
The topic of this dissertation is the Titan’s plasma interaction within Saturn’s
magnetosphere and modelling of that interaction with a hybrid simulation
model. We begin by giving an overview of the different kinds of plasma
flow interactions with major bodies found within our solar system. This
provides a context and also comparative cases for Titan’s plasma interaction.
Furthermore, many such interactions have been simulated with our hybrid
model.
Plasma is often called the fourth state of matter, distinctively different
from solids, fluids and neutral gases. Plasma is matter in its ionized gaseous
state and it is the dominant form of known matter in the universe. Unbound
electric charges make plasma highly conductive electrically. Therefore plasma
particles are very responsive to electric and magnetic fields, and at the same
time able to induce electromagnetic fields through their own motion. The
relevant plasma physics is described in a mathematical form in the next
chapter.
The solar wind as a plasma flow can have highly varied effects when interacting with different types of bodies found in the solar system. The same
is true for the magnetospheric flows of the giant planets interacting with
their various satellites. We divide plasma interactions with large bodies to
categories such as a solar wind interaction with a global intrinsic magnetic
field (Earth and giant planets), with an ionosphere (Venus and Mars), and
with an unmagnetized solid body without an atmosphere (the Moon and
asteroids). The plasma interactions of comets and planetary satellites are
also discussed. Important comparison cases for Titan, which has a thick at5
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mosphere, are Mars and Venus with their atmospheric interactions with the
solar wind. Moreover, the magnetospheric interaction of Saturn (or giant
planets in general) is essential to understand as it creates the plasma environment for Titan’s orbit around Saturn. Further, the interactions of other
satellites of giant planets are important comparative cases for Titan.

2.1

The Sun and the Solar Wind

There is an incessant particle flux originating from the Sun’s corona that
is commonly called the solar wind. The processes, that transform Sun’s
magnetic energy to the heating of the solar corona to over one million Kelvin
and that accelerate the solar wind, have not yet been established definitely.
The solar wind particles are electron and ions. The ions are on average 95
per cent protons (H+ ), 4 per cent alpha particles (He++ ), and the dominant
minor species are carbon, nitrogen, oxygen, neon, magnesium, silicon, and
iron, all in highly ionized states corresponding to the very high temperature
of the solar corona. The mean density of the solar wind at Earth’s orbit is
about 4 cm−3 and the mean velocity about 400 km s−1 [e.g. Pulkkinen, 2007].
The electrically charged particles of the solar wind transport a portion of
the magnetic field of the Sun with their flow radially outward creating the
heliosphere or the magnetosphere of the Sun within the interstellar medium.
The solar wind is characterized as a magnetized and collisionless plasma with
the magnetic field ‘frozen’ in the flow of the particles. The plasma flow of the
solar wind is supersonic (and super-Alfvénic). This means that the flow speed
is larger than the speed of the sonic waves. While the term supersonic will
be mathematically defined in Section 3.2.1, it is important for the purposes
of this chapter as it typically determines the formation of shocks in plasma
interactions (the Alfvén velocity is dependent of the magnetic field strength
and plays a role in the magnetic interaction, e.g. by creating Alfvén wings
[Neubauer, 1999]).
The magnetic field expanding in the interplanetary space with the solar
wind, known as the interplanetary magnetic field (IMF), is connected to open
field lines on the Sun. As the polarity (or direction) of the magnetic field is
opposite between the northern and southern hemispheres of the Sun, in the
expanding the IMF the different polarities are separated by a thin interplanetary current sheet. The current sheet, which divides the heliosphere into two
hemispheres of different average magnetic field directions, is wavy and tilted
due to variations in the Sun’s magnetic field. Thus the planets interacting
with the solar wind are affected by the periodic changes in the north-south
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component of the IMF. The flow of the solar wind is predominantly radial
and the magnetic field lines typically remain connected to the Sun even in
the outer solar system. Therefore the IMF becomes curved as the Sun rotates
(the rotation period is 27 days). The spiral of IMF field lines thus formed
is called the Parker spiral. In the Parker spiral there is an increasing angle
between the radial sunward direction and the magnetic field: at Mercury’s
orbit the angle is on average 21 degrees, at Earth 45, at Jupiter 79, and at
Neptune’s orbit 88 degrees. At Earth’s orbit the interplanetary magnetic
field magnitude varies from 1 to 37 nT, with an average value of 5 to 6 nT.
The solar wind is at times greatly modified by violent eruptions and other
reconnection events occurring at the Sun. Coronal mass ejections from the
Sun propel extensive amount of plasma and solar magnetic flux into interplanetary space. These ejections, often moving at high velocity compared
with the average solar wind velocity, cause major interaction events with
the bodies they might encounter. The solar activity including coronal mass
ejections and flares is strongly linked to the 11-year solar cycle that is seen
in time series of the sunspot number [Bothmer and Rust, 1997]. There are
high-speed solar wind streams that originate from so-called coronal holes,
and when such holes extend to low latitudes of the Sun (typically close to
solar activity maxima), it becomes more likely that these streams are moving along the ecliptic plane where the planetary orbits lie. These high-speed
streams can then greatly enhance the solar wind interaction of various solar
system bodies.

2.2
2.2.1

Magnetospheric Interaction
The Structure of Earth’s Magnetosphere

Our planet Earth has a strong intrinsic quasi-dipolar magnetic field. Consequently Earth has an extensive magnetosphere, that is a plasma cavity in
the solar wind caused by the interaction of the solar wind and the IMF with
Earth’s intrinsic magnetic field. The giant planets Jupiter, Saturn, Uranus,
and Neptune are very similar to Earth in this regard. However, the intrinsic
magnetic field of the gaseous giant planets is formed differently than in socalled Earth-like solid body planets (Earth and Mercury, possibly also early
Venus and Mars). At Earth the magnetic field is generated by fluid motion
in the liquid iron core [Buffett, 2000] and its magnitude is at Earth’s surface
30 000 (equator) to 50 000 nT (poles).
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A magnetopause, that is the magnetic boundary between the IMF and
Earth’s inner magnetosphere, forms at a location, where the pressures of the
magnetic fields and plasmas of both the solar wind and Earth’s magnetosphere are balanced. In front of the magnetopause in the supersonic solar
wind a bow shock forms, creating a magnetosheath between the shock and
the magnetopause. At the bow shock the plasma flow perpendicular to the
shock front decelerates to a subsonic velocity. The magnetopause is almost a
tangential discontinuity of the magnetic field and hence the cold plasma flow
of the solar wind is mostly diverted around the the magnetopause. While
the magnetopause can reach a distance of 6 Earth’s radii (Earth’s radius
RE = 6378 km) during high-intensity solar wind, the typical value for subsolar distance of the magnetopause is about 10 RE . In the magnetotail, in
the antisolar direction, the magnetosphere is deformed into a comet-shaped
tail with a crosscut diameter up to 60 RE and extending some hundreds of
Earth’s radii in the antisolar direction. The two magnetic tail lobes are areas
of low-density plasma with opposite magnetic polarizations (B ≈ 20 nT),
while the separating plasma sheet between the northern and southern lobes
has a higher plasma density of the order 1 cm−3 . The plasma sheet also carries
the cross-tail current and its inner part is highly variable with reconnection
and reconfiguration events.
Figure 2.1 shows the outer structure of Earth’s magnetosphere with the
magnetotail and the neutral sheet dividing the magnetotail into northern and
southern lobes. The polar cusps is also shown in the figure. On the dayside
a polar cusp is the separation line between the closed and the open magnetic
field lines. The closed magnetic field lines connect back to Earth’s surface
on the opposite hemisphere whereas the open field lines either extend along
the magnetotail or connect directly to the IMF. The cusp regions allow solar
wind particles to enter the magnetosphere. These particles are guided along
the magnetic field lines to the auroral regions above the polar ionospheres,
where their collisions with atmospheric constituents cause the auroral color
displays known as the northern and southern lights.
Earth has an ionosphere created from the neutral atmosphere by absorbed solar ultraviolet radiation above an altitude of approximately 80 km.
The ionosphere has a global convection pattern driven by the convection
electric field of the solar wind. The high-density extension of the ionosphere
into the inner magnetosphere is called the plasmasphere. The plasmasphere
varies with the magnetic activity and is the source of the main part of magnetospheric ions (mostly H+ , He+ , and O+ ).
Electric currents are a vital part of a magnetosphere: current systems
exist at magnetospheric boundaries, in the tail plasma sheet, and along mag-
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Figure 2.1: A schematic illustration of the main parts of Earth’s magnetosphere. (NASA)
netic field lines providing connection between the ionosphere and the magnetosphere. Figure 2.2 gives a schematic of the main currents in Earth’s
magnetosphere. The ring current is an important current system located at
a distance of 3 to 7 RE . Its electric current is carried by ions (energies from
tens to hundreds of keV) and is greatly effected by geomagnetic activity.
Co-located with the ring current is the outer van Allen radiation belt, which
typically consists of relativistic electrons with energies of the order of 1 MeV.

2.2.2

Geomagnetic Activity

There are large-scale disturbances in the magnetosphere called magnetospheric storms and substorms. These require energy input from the solar
wind and there are several ways the solar wind can feed energy, momentum
and matter into the magnetosphere.
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Figure 2.2: Illustration of the most important electric current systems in
Earth’s magnetosphere, namely: magnetopause currents, the equatorial ring
current, the neutral sheet current, and magnetosheath currents around the
magnetotail. The plasmasphere (in dark blue) and the auroral oval are also
indicated. (GSFC/NASA)
The primary driver of geomagnetic activity is the magnetic reconnection
between the terrestrial magnetic field and the IMF. If the IMF is directed
southward, the magnetic reconnection takes place between the antiparallel
magnetic fields of the IMF and the subsolar magnetosphere, and causes the
magnetosphere to opens for the solar wind to enter the dayside magnetosphere [e.g. Pulkkinen, 2007]. Substorms are caused by the IMF having a
southward direction for 30 minutes or more and occur a few times a day. In
substorms the dayside reconnection loads energy into the magnetotail sufficiently so that a large-scale reconnection event takes place at the near-Earth
current sheet on the nightside. A fast energy release accelerates plasma towards Earth and down the tail. Substorms cause a large portion of the energy
input from dayside reconnection to leave the magnetosphere with the plasmoids injected down the tail, while the other portion interacts with the inner
magnetosphere and the ionosphere causing various disturbances and bright
aurorae in the nightside polar areas.
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Magnetospheric storms can be caused by extended energy input into the
magnetosphere via southward IMF extending several hours or longer, a fast
solar wind stream, or a coronal mass ejection from the Sun. Magnetospheric
storms occur much more frequently during solar cycle maximum. These
storms enhance the ring current with a current maximum at 4 RE , increase
dramatically the ion outflow from the ionosphere, and cause strong substorm
activity with the auroral oval shifting from the polar areas towards lower
latitudes [Tsurutani and Gonzalez, 1987].

2.2.3

Other Planetary Magnetospheres

Large magnetospheres like Earth’s and those of the giant planets (Jupiter,
Saturn, Uranus, and Neptune) have a ring current and radiation belts, as
charged particles can have drift orbits around the planet. Moreover, similar waves, radio emissions, and aurorae are produced by each of these large
magnetospheres [Bagenal, 1992]. The giant planets all have relatively short
rotation periods (between 10 and 17 hours) and their fast rotation is a key
feature in their magnetospheric dynamics. At Jupiter, where the large scale
current systems can be assumed to be similar to those of Earth’s magnetosphere, the aurorae are more driven by the rotation of the planet than by
the solar wind as at Earth. Also in Saturn’s magnetosphere the co-rotation
of the inner magnetospheric plasma is important, but the aurorae seem to
be driven by the solar wind.
The magnetospheres of Uranus and Neptune differ from the other magnetospheres in the solar system. Their dipole tilt angles with respect to their
rotational axises are much larger (58.6 and 46.9 degrees, respectively), while
for the other planets with intrinsic magnetic field the tilt angles are either
around 10 degrees or in the case of Saturn the dipolar and rotational axises
are practically aligned. These large tilt angles cause very strong rotational
modulation in the magnetic field structure. The rotational modulation dominates the magnetospheric phenomena at Uranus and Neptune.
Our solar system has also a planet with a small magnetosphere compared
to the physical size of the planet. This planet is Mercury (see Figure 2.3a).
Neither radiation belts nor a complete ring current have been detected in
Mercury’s magnetosphere. Nevertheless, its magnetosphere is very dynamic
due to the highly varying solar wind and Mercury’s relatively short distance
to the Sun. Mercury’s magnetosphere has very short time scales with observed substorm signatures lasting ∼1 minute when at Earth the time scale
is around an hour [Slavin, 2004]. Due to a long rotation period of Mercury
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(58.79 Earth days) the planetary rotation is not a factor in the solar wind
interaction, but rather the magnetospheric flows are driven by solar-windinduced convection as in Earth’s magnetosphere. Mercury does not have an
atmosphere (where neutral-neutral collisions would be important) but only
a tenuous exosphere (Na, K, and Ca have been detected in ground-based observations while Mariner 10 detected O, He, and H during a flyby of Mercury
[Lammer and Bauer, 1997; Leblanc et al., 2007]). Therefore the surface is
directly connected to the magnetosphere. Also the surface is often impacted
directly with the solar wind particles [Kallio and Janhunen, 2003b]. These
kind of surface interactions will be a topic when we discuss the solar wind
interaction of the Moon later in this chapter.
In general, the standoff distance of the magnetopause from a planet with
a dipolar intrinsic magnetic field is known as the Chapman-Ferraro distance
[Blanc et al., 2005]:
s
2
Bsurf
6
RCF = RP
(2.1)
~ SW |
µ0 ρSW |U
Here RP is the planet radius and Bsurf is the magnitude of the equatorial
~ SW are the mass density and bulk velocity
surface magnetic field. ρSW and U
of the solar wind. From this formula it follows that in the case of Mercury
the Chapman-Ferraro standoff distance is not much larger than the radius of
the planet itself. For Earth the ratio of the Chapman-Ferraro distance and
the planet’s radius is around 10 and for the giant planets this ratio varies
from below 20 (Uranus) up to 60 (Jupiter).

2.3

Venus Type Interaction

When a planet has no global intrinsic magnetic field, the solar wind interaction takes place closer to the planet — directly with the planet’s ionosphere
and atmosphere. When an obstacle in a plasma stream has sufficiently high
conductivity the plasma interaction generates an ‘induced’ magnetosphere.
At Venus the high-conductance obstacle is the planet’s ionosphere, which
forms through ionization processes above its very dense atmosphere. There
the most important ionization processes are the photoionization through absorption of solar extreme ultraviolet radiation (EUV), electron impact ionization, and charge-exchange reactions. As Venus is then an obstacle for the
supersonic solar wind, a bow shock forms in front of the planet as in the case
of magnetospheric interactions (see Figure 2.3b).
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(a) Mercury.
Example of a magnetospheric interaction
case with an Earth-like global intrinsic
magnetic field.

(c) Mars.
Venus-like case of ionospheric interaction.
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(b) Venus.
The dense atmosphere and the ionosphere of the planet interact with the
solar wind. No intrinsic magnetic field.

(d) The Moon.
Unmagnetized body with no atmosphere.

Figure 2.3: Simulation figures from the HYB hybrid simulation model (see
Chapter 6) for four different solar wind interaction cases.
The solar wind is entering from the left side. Magnetic field lines in yellow and
the coloring on the planes and on the spherical objects show total ion density
as given by the colorbars (for Mars the scaling is logarithmic log10 (n [m−3 ])).
The main density and magnetic features for the planetary interactions here
are the bow shocks, while at the Moon there are no magnetic disturbances
except in the wake.
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There is a boundary separating the ionosphere from the solar wind, that
is heated after crossing the bow shock. We call that boundary the ionopause
that at Venus is analogous to the magnetopause. The Venusian ionopause is
a tangential discontinuity of the magnetic field at a position where the kinetic
pressure of the ionosphere equals to the dynamic pressure of the solar wind
before crossing the bow shock. Before the ionopause the dynamic pressure is
transformed to magnetic pressure and a so-called magnetic barrier is found
just outside the ionopause on the dayside of Venus [Schunk and Nagy, 2000].
For Venus the ionopause is rather sharp and is located at an altitude between
250 and 400 km, varying with the dynamic pressure of the solar wind [Russell
and Vaisberg, 1983]. When the solar wind has high dynamical pressure, the
IMF is often able to magnetize the upper Venusian atmosphere.
A highly-conducting ionosphere seems to exist also on the nightside of
Venus [Shinagawa, 2004]. Pressure gradients are thought to be primarily
responsible for this, as they can drive ionospheric plasma (mainly O+ ) from
the dayside to the nightside. The induced magnetosphere has a long tail
and there are various plasma structures extending and moving along the
magnetotail such as tail rays, filaments and plasma clouds. The magnetotail
is divided into two magnetic tail lobes by a current sheet in a similar way as a
tail in a dipolar magnetosphere, but in the case of an induced magnetosphere
the well-defined lobe structure is dependent on the stability of the solar wind
conditions and the polarities are determined by the direction of the IMF
[McComas et al., 1986].
The constituents of the Venusian atmosphere are carbon dioxide (96.5
per cent) and nitrogen molecules (3.5 per cent). The most abundant ion
species in the Venusian ionosphere are atomic and molecular oxygen ions (O+
+
dominates the ion density below the altitude of 200 km and
and O+
2 ). O2
+
O above that. The neutral particles are found also at altitudes above the
ionopause where collisions are negligible. This non-collisional and the highest
layer of neutral particles is the exosphere and its lower boundary is called the
exobase. When neutral atoms or molecules above the ionopause are ionized or
ions leave the ionosphere, they can be accelerated by the convection electric
field of the solar wind. This pickup process explains the detected planetary
ions in the magnetosheath between the bow shock and the ionopause and
their very asymmetric distribution. The asymmetric distribution of ions is
largely an effect of the gyromotion of charged particles in a magnetic field:
here the planet size is comparable to the Larmor radius of exospheric O+
ions. All exospheric ions are not carried away with the solar wind; even a
majority of them can return to the ionosphere [Luhmann and Kozyra, 1991].
The solar wind interaction with Mars can be classified to be of the Venus
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type (see Figure 2.3c). Even though the atmosphere is rather tenuous compared with the dense Venusian atmosphere, the similarities are striking between their plasma interactions. Both are induced magnetospheres and much
of the above description of the interaction of Venus is valid for Mars, e.g. the
structure of the magnetotail with two magnetic tail lobes [Yeroshenko et al.,
1990; Dubinin et al., 1991]. However, there is a large difference in the Larmor radii (Eq. 3.8) of the pickup ions when compared to the scale size of the
interaction. As Mars is a much smaller planet than Venus and the magnitude
of the IMF magnetic field is significantly weaker at Mars that at Venus, the
ratio of the Larmor radius of a typical pickup ion to the radius of the planet
is up to 5 times larger at Mars than at Venus. So the gyromotion plays a
much bigger role in the solar wind interaction with Mars than with Venus.
The Martian atmosphere has a very similar composition as the atmosphere of Venus: carbon dioxide (95.3 per cent), nitrogen (2.7 per cent), and
argon (1.6 per cent). Further, the dominant ionospheric ions are atomic and
molecular oxygen ions (O+ and O+
2 ) as at Venus. Mars has no global intrinsic
magnetic field, but there are, however, anomalous crustal magnetic fields of
small spatial scale. While these magnetic anomalies have an effect on the trajectories of charged particles at low altitudes, they probably have no greater
effect on the total outflow rates of ions, for instance. However, locally the
energetic particle precipitation can be greatly enhanced or hindered due to
these anomalies [Lundin et al., 2006].

2.4

Solid Surface Interaction

Our Moon and asteroids have direct surface interactions with the solar wind.
As the incoming plasma is absorbed by the surface, there is a plasma cavity
in the wake of these solid bodies. The Explorer 35 mission [Ness, 1969] in the
late 1960s showed the Moon behaving as a non-conducting dielectric obstacle
that absorbs the plasma particles coming in contact with its surface [Schubert
and Lichtenstein, 1974]. Studies of the plasma behavior were continued with
the WIND and Lunar Prospector spacecraft [see e.g. Ogilvie et al., 1998].
The characteristics of the solar wind interaction can be extended to other
bodies without atmospheres or global intrinsic magnetic fields. Such bodies
include rocky unmagnetized asteroids and the dwarf planet Ceres. Also the
behavior of various icy bodies in the solar wind can be quite similar when the
outgassing is limited and only a tenuous exosphere exists. Such icy bodies
in the solar system could be the dwarf planet Pluto and various Kuiper belt
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objects. Additional variety can be caused, for instance, by different electric
resistivities of the solid bodies [see Kivelson and Russell, 1995].
No lunar bow shock is expected as there is no slowing down of the plasma
to subsonic velocity before impacting the surface of the Moon (see Figure 2.3d). Therefore one could be led to believe that there is little physics
present at the Moon when the plasma interaction is considered. There are,
however, a number of important facets to consider.
In the plasma cavity of the lunar wake the Alfvén velocity and Debye
lengths are very large compared to undisturbed solar wind [Samir et al.,
1983]. The solar wind slowly fills the cavity. The fast-moving electrons
enter the cavity ahead of the ions creating an ambipolar electric field (∼
2·10−4 V m−1 from WIND observations [Ogilvie et al., 1998]). As the particle
motion is restricted by the magnetic field, the filling is more effective along
the magnetic field lines, and thus the initially circular cross section of the
cavity becomes distorted down the wake.
When the Moon is outside Earth’s bow shock, the magnetic field of the
antisolar hemisphere is increased in the full shadow of the Moon compared
to the magnetic field in the upstream. This is a result of the compression of
the vacuum magnetic field by the magnetized solar wind plasma bypassing
the Moon. Outside this umbra is the penumbral wake where the magnetic
field strength is decreased within a rarefaction wave front [see Whang and
Ness, 1970].
With direct surface interactions the possible desorption of surface atoms
is noteworthy, although it is likely to be negligible to the general plasma
behavior. Desorption mechanisms include thermal desorption, electron- and
photon-stimulated desorption and sputtering by ion impacts [Madey et al.,
1998]. While these reactions can occur also at surfaces of planets and satellites with atmospheres or intrinsic magnetospheres, such surface reactions are
not usually significant for ionospheric or magnetospheric interactions. When
a body is sufficiently massive it will have at least a tenuous exosphere, which
is formed as a consequence of the surface interactions of the impacting plasma
particles together with micrometeorite collisions. Both the Moon and Mercury have such tenuous exospheres of oxygen and alkali atoms (short-lived
Na and K), which must be continuously resupplied [Madey et al., 2002].
Surface charging is another interesting consequence of solid surface interactions; the electrostatic potential is determined by the balance between
incident and emitted charged particles. In the solar wind the charging is
typically positive in sunlight (at Moon up to +20 V [Manka, 1973]). This
is due to photoemitted electrons and secondary electron emission from the
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sunlit surface. In shadow the much higher mobility of electron gives negative charging to a surface in contact with plasma. Based on measurements
obtained during the Lunar Prospector mission, the average inferred surface
potential on the antisolar side of the Moon was −35 V, while values as low
as −4500 V are possible during energetic particle events originating from the
Sun [Halekas et al., 2002 and 2007].
Many of the aspects of this interaction do not actually change very much
when the Moon is in the tail of Earth’s magnetosphere; the characteristics of
the incident flow and the magnetic field are different and consequently the
wake of the Moon may be modified to some degree.

2.5

Cometary Interaction

Comets are icy bodies with very elliptical or even hyperbolic orbits. As they
approach the inner solar system, solar radiation begins to melt and evaporate
their outer layers composed of water ice and dust. The resulting streams of
gas and dust create a very broad surrounding envelope for a comet called a
coma. A typical coma can extend even millions of kilometers from the solid
body of a few kilometers up to 50 km in diameter. Hence the cometary plasma
interaction can be viewed as a very extreme case of atmospheric interaction
with the solar wind.
A coma is gravitationally unbound and outward flowing neutral cloud
that interacts with the solar wind. The relatively fast outflow velocity (∼
1 km s−1 ) explains the large size of a coma. For comet Halley the sublimated
and outflowing gases from the nucleus was predominantly water vapor H2 O
(about 80 per cent), with NH3 , CH4 , and CO2 as the other major species
[Krankowsky et al., 1986]. The mass loss rate for comet Halley was estimated
to be 6.9 · 1029 molecules per second at Earth’s distance from the Sun; for the
very active comet Hale-Bopp it was about 1031 s−1 [Weaver et al., 1997]. The
ionopause or the contact surface of a comet, where the solar wind and the
coma pressure are balanced, creates a planet-sized cavity for the magnetized
plasma flow [Schunk and Nagy, 2000]. The main effect on the solar wind is
the slowing down of the plasma flow due to the mass loading by pickup ions
throughout the coma. The pickup ions are created by photoionization and
solar wind electron impacts from the outflowing neutral gas. Also chargeexchange processes are important. In fact the plasma flow at the contact
surface is composed mostly of ions originating from the coma. Therefore
there is a composition transition taking place at a so-called cometopause at
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a much larger distance from the cometary nucleus [Balsinger et al., 1986; see
also other articles in the same comet Halley supplement of Nature].
The cometary plasma interaction can be seen as an interaction completely
dominated by the mass loading of the pickup ions generated over a very vast
area. As the magnetized plasma flow is slowed down in the coma region,
the interplanetary magnetic field gets draped. A bow shock is also formed
within the coma. This shock is, however, generally weaker than around
planets because the flow has already slowed down [see e.g. Coates et al.,
1987].
Comets are best known for their visually stunning and very extended
tails. The force exerted on the vast coma by the Sun’s radiation pressure
and solar wind forms an enormous tail, pointing away from the Sun. The
dust and ionized gas both form their distinct tail, pointed in slightly different
directions. The ionotail, made up of ionized neutral gas, points directly away
from the Sun, as the ions are more strongly affected by the magnetic field of
the solar wind than dust. Ion or gas tails of comets have been observed to
extend more than 1 AU. The dust tail, on the other hand, is left behind in
the comet’s orbit and is much more slowly pushed by the solar wind resulting
often in a curved tail. While the dust tail reflects the sunlight directly and
is seen as white, the gas tail glow is due to ionization processes and can
be colorful. Figure 2.4 shows the two distinct tails of comet Hale-Bopp,
which was one of the brightest comets of the modern age and likely the most
observed.

2.6

Satellites within Planetary Magnetospheres

The four giant planets of our solar system each have a ‘planetary system’ of
their own consisting of planetary rings and a host of satellites orbiting at a
broad range of distances. In this section we present the key issues for plasma
interactions for satellites of the giant planets and point to the appropriate
types of planetary plasma interactions for comparison. Only the satellites
with special interactions (most importantly Io, Ganymede, and Titan) will
be discussed separately. This treatment can be justified by the reasonable
assumption that the plasma interactions by other satellites are primarily of
the surface interaction type.
The solar wind interactions differ significantly from the magnetospheric
plasma interactions as the plasma flow characteristics are quite different.
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Figure 2.4: Color image of comet Hale-Bopp, taken on April 7, 1997. The
field of view is about 10◦ × 10◦ . The dust tail is white and the ionotail is
seen in blue. Copyright c 1997 by A. Flajs and H. Mikuz.
In the magnetospheres of giant planets the magnetospheric plasma is corotating (or nearly co-rotating) with the planet as the plasma is connected
to the planet through the magnetic field lines originating from the planet.
The co-rotation in itself causes the magnetospheric plasmas to vary significantly [Bagenal, 1992; Blanc et al., 2005]: In the innermost part of the
magnetosphere the plasma flow can have relatively slow velocity, while in
the outer parts the flow velocity can be much faster. However, the plasma
density typically decreases with the distance from the planet and the flow
can be sub-Alfvénic and supersonic in the inner magnetosphere (e.g. at the
orbit of Enceladus or Io) and super-Alfvénic and subsonic in the outer regions
(e.g. at Titan’s orbit). Further differences exist because the magnetospheric
plasma is typically very hot compared to the solar wind. Moreover, the magnetospheric plasma flow can be affected by mass loading in regions where new
ions are created. Such a source can be a neutral torus, that can form around
the orbit of a satellite from gases that escape the exospheres of a satellite.
There are also populations of energetic (∼ MeV) particles in the magnetospheres of giant planets that can play a role in the plasma interactions of
satellites.
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Io is the innermost Galilean satellite of Jupiter with the orbital distance
of 5.905 RJ (Jupiter’s radius RJ = 71492 km). Io’s rather thin atmosphere
consist mainly of sulfur dioxide (SO2 ) and its dissociation products, while
the surface is made of silicates, sulfur and sulfur dioxide frost. The more
tenuous exosphere consists of sodium and potassium in addition to sulfur
and oxygen. Io’s surface is very volcanically active. During volcanic eruptions material is fanned out in umbrella shaped plumes. Plumes can reach a
height of 280 km and have a diameter up to 1000 km [Trafton, 1981]. Even
though the volcanic plumes stay gravitationally bound to Io, they are part
of the processes replenishing the exosphere, which is depleted at a rate of
∼ 1000 kg s−1 . Tidal heating is the driver for Io’s volcanic activity; Io is a
body with the most volcanic activity in the solar system.
The ionization of Io’s exosphere seems to be caused mostly by electron
impact ionization; energetic electrons of the inner Jovian magnetosphere have
sufficiently high fluxes. Enhanced plasma densities (2000 cm−3 ; mainly sulfur and oxygen) have been observed around Io’s orbit in the Jovian magnetosphere [Bagenal, 1985]. The plasma co-rotation velocity at Io’s orbit is
about 74 km s−1 while Io’s orbital velocity is 17 km s−1 . Due to the very high
mass loading from Io’s exosphere the plasma speed in Io’s wake is slowed to
about 30 km s−1 and also the whole Jovian magnetosphere is expanded by
the added pressure of the magnetospheric plasma. As the Jovian magnetic
field is about 1835 nT at Io’s orbit, the Larmor radii of ions are always quite
small compared to Io’s radius (1815 km).
Saturn’s satellite Enceladus is another inner satellite of a giant planet with
volcanic-like activity (Neptune’s Triton is also a volcanic satellite). This has
been one of the major discoveries made during the Cassini mission in the
Kronian system of rings, moons and magnetospheric phenomena. As the
solid Enceladus is mostly water ice, the ‘cryovolcanism’ of Enceladus releases
water vapor instead of sulfur like Io’s volcanism.
Ganymede is the largest satellite in the solar system (radius is 2634 km).
This in itself is not very important to its interaction with the Jovian magnetospheric plasma flow. Rather it is Ganymede’s intrinsic magnetic field that
makes it unique among known satellites. Therefore, Ganymede has its own
magnetosphere within the much larger Jovian magnetosphere. The magnetic
field at the equatorial surface is approximately 750 nT (about twice Mercury’s
surface field and seven times the local Jovian magnetospheric field), while
the magnetic dipole is tilted 10 degrees from the rotational axis [Kivelson et
al., 1996]. Ganymede’s magnetic field is nearly opposite to the ambient Jovian magnetic field and thus the magnetic reconnection at the magnetopause
greatly effects Ganymede’s magnetosphere. Aurorae caused by accelerated
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electrons from this reconnection have been observed both at Ganymede and
Jupiter [Paty and Winglee, 2006]. Another consequence of the orientation
of Ganymede’s dipole field is that Ganymede has no pronounced magnetospheric tail like Earth [Kivelson, 2004].
The Galilean satellites not yet mentioned, Europa and Callisto, have inductive interaction with the Jovian magnetic field. The inductive currents
are located under their icy crusts, but are too weak to create magnetic cavities [Kivelson, 2004]. These two satellites create Alfvén wing currents in
the surrounding Jovian magnetosphere [Neubauer, 1999]. Europa’s long discussed subsurface ocean beneath a shallow ice shell is an intriguing feature,
which have been studied using the observations of the induction effect of
Europa measured by the Galileo spacecraft [e.g. Hand and Chyba, 2007].
Titan, the only planet-sized satellite of Saturn, has a very dense atmosphere with the exobase at an altitude of 1400 km (Titan’s radius RT =
2575 km) [Waite et al., 2005]. Titan orbits Saturn in the outskirts of the
Kronian magnetosphere. There the magnetospheric plasma is mostly subsonic. Titan’s plasma interaction is an atmospheric interaction and comparisons with the Venus-type interaction can be fruitful. The main differences
to Venus are that there is no bow shock at Titan (due to the subsonic flow)
and that the Larmor radii of ions of the magnetospheric plasma are comparable to the Titan radius. Titan’s plasma interaction, that is the focus of
this work, will be dealt in a much more detail in the following chapters.
The minor satellites of giant planets are mainly composed of water ice
with varying fractions of rocky materials. The energetic particles of the
magnetospheres are capable of causing sputtering and chemical reactions
(e.g. through radiolysis) on the surfaces of satellites [Delitsky and Lane,
2002]. The sputtering results in tenuous exospheres for the satellites (and
for the rings of Saturn). There are also other features that are common for
the satellites of giant planets and their orbits. All major satellites of giant
planets are locked in synchronous rotation with their orbital periods. There
are also many couplings of satellites in orbital resonance (e.g. Io, Europa, and
Ganymede: 1:2:4; Dione and Enceladus: 1:2), which point to the importance
of other satellites in the evolution of the orbit of a satellite. Interestingly,
the gyromotion plays an important role in the plasma interaction of almost
all satellites orbiting giant planets as the ion Larmor radii are close to the
scales of the interactions. A notable exception to this could be the innermost large Jovian satellites (Io and possibly Europa) due to their size and
the strong ambient magnetic field. All in all, the interactions of the satellites with the magnetospheres of giant planets seem to be as varied as the
planetary interactions with the solar wind.
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Chapter 3
Plasma Theory
The purpose of this chapter to present the equations of the hybrid model and
the relevant plasma physics for Titan’s plasma interaction. In this chapter we
first present the fundamental plasma theory: we give a short description of
plasma and the basic equations of plasma physics. We also give expressions
for the various plasma drifts and discuss some other phenomena in the behavior of plasma as deemed pertinent to our plasma modelling. Then we seek to
describe the position of hybrid modelling among the typical plasma modelling
approaches. The derivation of the equations of the magnetohydrodynamic
model (MHD) is needed as several of these equations are also employed in
hybrid models. The MHD and hybrid models are dealt with more detail
while various other approaches are mostly only mentioned. Furthermore, the
validity regimes of the different modelling approaches are discussed. Finally,
we present two examples of ion behavior in space physics that are relevant
to the plasma phenomena at Titan.

3.1

Plasma as a State of Matter

Plasma is matter in its ionized state. Free electric charges make plasma
electrically highly conductive. Usually electric currents are mainly carried
by the lightweight electrons rather than by the much heavier ions. The free
charges of the plasma cause it to be very responsive to electromagnetic fields.
On the other hand, the behavior of the electric charges has an effect on the
electromagnetic fields, e.g. the motion of the charged particles can create
electromagnetic fields or modify existing ones.
23
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The interactions both between magnetic and electric fields and between
the electromagnetic fields and electrically charged matter (i.e. plasma) can
be expressed mathematically as the Maxwell’s equations:
Gauss’s law states how the electric charge density ρq creates electric fields.
~ = ρq
∇·D

(3.1)

~ is the electric displacement field and in linear materials it is equal to
Here D
~ + P~ = E,
~ where 0 is the electric permittivity in free space and P~ is the
0 E
polarization density.
Gauss’s law for magnetism states that there are no magnetic monopoles.
~ =0
∇·B

(3.2)

~ as a negative
Faraday’s law of induction gives the curl of electric field E
~ with respect to time t.
partial derivative of the magnetic flux density B
~
~ = − ∂B
∇×E
∂t

(3.3)

~ with the
Ampère’s circuital law equates the curl of the magnetic field H
~
electric current density j and the Maxwell’s extension to the Ampère’s law
called the displacement current term.
~
~ = ~j + ∂ D
∇×H
∂t

(3.4)

~ is equal to µ0 (H
~ +M
~ ) = µH,
~
In linear materials the magnetic flux density B
~ is the magnetization density.
where µ is the magnetic permeability and M
In space plasmas we can simplify Maxwell’s equations as both the electric permittivity and the magnetic permeability are constants: 0 = 8.85419 ·
10−12 F m−1 and µ0 = 4π · 10−7 H m−1 , respectively. This means that the
~ (unit is
electromagnetic fields can be expressed only with the electric field E
~ (T). Gauss’s law and Ampère’s cirV m−1 ) and the magnetic flux density B
cuital law can now be written as follows (the two other Maxwell’s equations,
Eq. 3.2 and 3.3, remain the same).
~ = ρq
∇·E
0
~
~ = µ0~j + µ0 0 ∂ E
∇×B
∂t

(3.5)
(3.6)
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~ as the magnetic field from
We will simply call the magnetic flux density B
this point on following the usual convention in space physics.
In order to complete the electromagnetic theory, we need the Lorentz
equation that expresses the electromagnetic force F~α affecting a charged particle α, which has an electric charge qα and mass mα .


d~vp
~ + ~vα × B
~
F~α = mα
= qα E
dt

(3.7)

A consequence of this Lorentz force is the gyration of charged particles when
magnetic fields are present. The radius of the gyromotion, that is called the
Larmor radius, is
v⊥ m
rL =
.
(3.8)
|qα |B
~ and v⊥ is
B is the absolute value, or magnitude, of the magnetic field B
the speed of the particle perpendicular to the direction of the magnetic field.
The Larmor (angular) frequency, also called the cyclotron frequency, is
ωL =

|qα |B
m

(3.9)

There are various ion and electron drift motions following from the gyromotion. A drift motion describes the motion of a charged particle when
averaged over the period of gyromotion, or in other words, how the so-called
guiding center (the gyration center) is moving. The most important of these
plasma drifts in stable or slowly-varying electromagnetic fields is the so-called
~ ×B
~ drift. This drift has the following maximum drift velocity:
E
~vE =

~ ×B
~
E
B2

(3.10)

This is a drift motion that is not dependent on the charge of the particle or
its mass.
Other drifts in static electromagnetic fields are due to the gradients or
the curvature of the magnetic field. When the gradient of the magnetic field
~ we have the following
∇B has a component parallel to the magnetic field B,
drift acceleration for the parallel velocity component:
d~vk
v 2 ∇k B
=− ⊥
dt
2 B

(3.11)

This acceleration is also independent of the mass or charge of the particle.
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~ causes the soPerpendicular gradient of the magnetic field (∇B ⊥ B)
called gradient drift with a drift velocity ~vG :
~vG =

2 ~
mv⊥
B × ∇⊥ B
2qα
B3

(3.12)

This drift is proportional to the mass-charge ratio of the charged particle.
This means that the drift is in an opposite directions for electrons and positive
ions. Also ions with different masses will be affected differently causing
separation of different ion species. Finally, the curvature drift can be written
as follows, when the curvature of the magnetic field is given by the curvature
~ C ⊥ B):
~
radius (R
~C × B
~
mvk2 R
~vC =
(3.13)
~ C |2 B 2
q |R
The curvature drift is also proportional to the mass-charge ratio and causes
similar particle separation as the gradient drift.
In the latter part of this section we present other necessary concepts of
plasma physics, while knowingly omitting several large topics in electrodynamics such as electromagnetic radiation, plasma instabilities and magnetic
reconnection as not essential for this work.
The plasma beta β is a common parameter used in plasma physics. It is
the ratio of plasma and magnetic pressures:
β=

p
p
= 2µ0 2
pB
B

(3.14)

The plasma beta can also be defined for each particle species α separately
using their partial pressures pα instead of the total pressure p.
In plasma physics the Debye length λD is the distance over which a significant separation of electric charges can occur.
s
 0 kB
P
(3.15)
λD =
qe 2 Te−1 ne + i qi 2 Ti−1 ni
In the solar wind the Debye length is of the order of 10 m and within planetary
magnetospheres typically of the order of 100 m. These are several orders of
magnitudes below the interest of the scales in this work and therefore the
Debye shielding will only be considered as a validity limit for some modelling
approaches later in this chapter.
The maximum frequency for plasma oscillations with a changing electric
field is called the electron or ion plasma frequency depending on the particles

3.2. THEORY OF PLASMA MODELS

27

in question. Sudden change in the electric field, such as insertion of an
additional electric charge, causes plasma oscillations with the electron plasma
frequency.
r
nα
(3.16)
ωpα = qα
0 mα
These plasma frequencies are important in the physics of plasma waves. The
inertial lengths for ions and electrons (λi and λe ) are connected to their
plasma frequencies.
r
c
c
0 mα
λα =
=
(3.17)
ωα
qα
nα
The electron inertial length is sometimes called the plasma skin depth.
There are numerous wave modes that can originate or propagate as plasma
waves, but we shall not try to cover them thoroughly. The most important
plasma waves for the purpose of this study are the acoustic, magnetosonic,
and Alfvén waves. These wave modes will be discussed in connection with
the ideal MHD model in the next section.

3.2

Theory of Plasma Models

Plasma equations have rarely analytical solutions that would be easily obtainable. Therefore numerical simulations with sophisticated computer programs
are often used in the study of various plasma processes and phenomena. The
basic types of numerical modelling methods in plasma physics are the magnetohydrodynamic approach (the MHD model), fully kinetic models, and the
hybrid method, which combines the fluid description of electrons with kinetic
ions. Among the kinetic models are the magnetoinductive and the Vlasov
models. Other kinetic or full particle approaches include, but are not limited
to, various guiding center methods [see Lipatov, 2002].
Table 3.1 shows some important plasma modelling methods divided into
three categories based on the way particles are treated in the model. For
the magnetohydrodynamic approach there are numerous variations with all
of them treating all particles as a single fluid or multiple fluids. At the other
end of the modelling spectrum are full particle models, which use simulation particles to model all (relevant) particle species. The hybrid approach
combines these two approaches by using simulation particles to represent the
ions in the simulation, while the electrons are treated as a fluid, which often
is assumed massless, charge-neutralizing, or both. The gyrokinetic approach
[Lee, 1983] is a hybrid method where a guiding center approximation is used
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Table 3.1: Typical plasma model types divided to pure fluid, particle–fluid,
and particle–particle approaches; here fluid refers to any particles species
being treated as a fluid in the model, fully kinetic models belong to the
particle–particle category.
Fluid

Particle – Fluid

Particle – Particle

MHD
Hall MHD
multi-fluid MHD

hybrid model
gyrokinetic model

single particle model
Vlasov model
full particle model

to model ions in five-dimensional phase space. There are also various other
methods of combining the MHD approach with a kinetic treatment, for instance, by handling the bulk portion of particles as a fluid and a smaller
population of energetic particles kinetically [e.g. Park et al., 1999]. However,
in this work we limit the hybrid method to mean only methods that treat
ions with full kinetics.
It might be worth mentioning that there is also a more fundamental
method of modelling plasma; it is the single particle model that describes the
plasma as individual electrons and ions rather than using an interpolation
scheme to accumulate charge and current densities on a spatial grid as is
typically done in other approaches. In this single particle method, particle
trajectories are usually built up in steps of increasing levels of complexity of
the electric and magnetic field.

3.2.1

MHD Model

The basic magnetohydrodynamical approach, that describes the plasma as a
single fluid, is sometimes called the fluid approach in plasma physics. This
means that there is only one temperature and velocity field in this approach.
Thus it is well suited to situations where collisions dominate and thermalize
the plasma towards a single Maxwellian distribution function. In practice,
however, MHD can be useful also in modelling collisionless space plasmas
when the spatial and temporal scales studied are larger than the length and
time scales associated with gyromotions of particles.
To derive the equations of the MHD model, let us begin with the single
species distribution function fα = fα (~r, ~v , t) that gives the number of particles
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of species α in a phase space volume dx dy dz dvx dvy dvz as a function of
independent variables ~r, ~v , and t. Now we can give expressions for the
~ α (~r, t) of species α:
number density nα (~r, t) and bulk velocity U

Z

∞

fα (~r, ~v , t) d3 v
−∞
Z ∞
−1
~ α (~r, t) = nα (~r, t)
U
~v fα (~r, ~v , t) d3 v
nα (~r, t) =

(3.18a)
(3.18b)

−∞

The single fluid variables for mass density ρ, charge density ρq , average
~ , and electric current density ~j can be given with the number
velocity U
density and bulk velocity thus defined (Eq. 3.19a to 3.19d) [cf. Schunk and
Nagy, 2000].
X
ρ(~r, t) =
nα mα
(3.19a)
α

ρq (~r, t) =

X

n α qα

(3.19b)

α

P
~
α n α m α Uα
~ (~r, t) = P
U
nα mα
Xα
~α
~j(~r, t) =
n α qα U

(3.19c)
(3.19d)

α

The summations were over all particle species. The pressure tensor in the
frame of the center of mass (CM) can be now given also with a summation
over all particle species.

p

CM

(~r, t) =

X
α

CM
pα (~r, t)

=

X

Z
mα

~ α )(~v − U
~ α )fα (~r, ~v , t) d3 v (3.20)
(~v − U

α

There are two main ways to derive the central Boltzmann equation for
plasma. One starts with the exact density of particles in the phase space
(~r, ~v ). The equation of motion under the Lorentz force (Eq. 3.7) leads to the
Klimontovich equation for the exact single species density function Nα [Boyd
and Sanderson, 2003]:
∂Nα
∂Nα
qα ~
~ · ∂Nα = 0.
+ ~vα ·
+
(E + ~vα × B)
∂t
∂~r
mα
∂~v

(3.21)
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Taking an ensemble average over this equation and denoting the ensemble
averages of Nα as fα we obtain the Vlasov equation. When the collision term
is included on the right-hand side we have the Boltzmann equation:


∂fα
∂fα
qα ~
∂fα
∂fα
~
+ ~vα ·
+
(E + ~vα × B) ·
=
,
(3.22)
∂t
∂~r
mα
∂~v
∂t c
The other way to derive the Boltzmann equation is to apply the Liouville
equation on a general distribution of N number of particles and use physical
arguments to neglect the higher orders of the BBGKY hierarchy. Finally,
assuming that the only external force is the Lorenz force (Eq. 3.7) yields the
Boltzmann equation for plasma (Eq. 3.22) [Krall and Trivelpiece, 1973].
Macroscopic quantities are obtained from the Boltzmann equation by
calculating the velocity moments. The zeroth moment gives the continuity
equation:


∂nα
∂nα
~
+ ∇ · (nα Uα ) =
(3.23)
∂t
∂t c
Multiplying this equation with the electric charge or the mass of species α
(qα and mα ) and summing over all particle species we obtain the continuity
equations of charge and mass, respectively.


∂ρ
∂ρq
q
+ ∇ · ~j =
(3.24a)
∂t
∂t c
 
∂ρ
∂ρ
~
+ ∇ · (ρ U ) =
(3.24b)
∂t
∂t c
Multiplying the Boltzmann equation with mα~v and integrating over ~v
yields the first velocity moment, that is the momentum transport equation
for species α. Summing over all species and assuming that there are no
ion-neutral collisions, we obtain the momentum transport equation for single
fluid variables [e.g. Krall and Trivelpiece, 1973]. The collision term vanishes
here due to momentum conservation:
ρ

~
dU
~ + ~j × B
~ − ∇ · p,
= ρq E
dt

(3.25)

where the total time derivative is the following:
d
∂
~ ·∇
=
+U
dt
∂t

(3.26)

This momentum transport equation for plasma corresponds to the NavierStokes equation in hydrodynamics [Chen, 1984].
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The second moment of the Boltzmann equation (multiplying with m2α v 2 )
yields the energy conservation equation. Assuming isentropic, collisionless
plasma with isotropic pressure (i.e. scalar pressure), the energy equation can
be rewritten as follows [e.g. Bittencourt, 1986]:
dp γp dρ
−
=0
dt
ρ dt
 
d
p
⇔
= 0,
dt ργ

(3.27a)
(3.27b)

where the total time derivative is used and γ is the ratio of specific heats,
which is 35 for a three-dimensional adiabatic plasma. Equation 3.27b is known
as the equation of state for plasma.
Furthermore, if the ideal gas law
p = n kB T

(3.28)

is assumed, the following density dependencies exist for temperature T and
pressure p along flow lines:
 γ−1
n
(3.29a)
T = T0
n0
 γ
n
p = p0
(3.29b)
n0
For the equations of the MHD model we need an equation describing
the electric field explicitly. The general Ohm’s law can be derived from the
electron momentum equation [Boyd and Sanderson, 2003]:
~
~ ~
~
~ = −U
~ ×B
~ − j × B + ∇ · pe + me dUe + j
E
qe n e
qe n e
qe dt
σ

(3.30)

Here the electric conductivity σ is equal to
ne qe2
,
νme

(3.31)

where qe is the electron charge and ν is a collision frequency of electrons
approximating the collision integral [Chen, 1984]. The collision frequency ν
in the definition for the electric conductivity is also useful in representing the
effects of wave-particle interactions in collisionless plasmas.
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Where collisions are significant and a magnetic field is present (e.g. in
ionospheres), scalar representation of the electric conductivity σ is not enough.
The Hall and Pedersen conductivities perpendicular to the magnetic field
are important in ionospheric physics: the dissipative Pedersen conductivity
is along the external electric field and the Hall conductivity perpendicular
to the external electric field. However, the (ordinary) conductivity along
the magnetic field is much larger than these perpendicular conductivities
[e.g. Parks, 1991].
The first term on the right-hand side of Equation 3.30 is the ideal MHD
term expressing the frozen-in convection of magnetic field and bulk plasma
flow. The second term is the Hall term and it becomes important when the
spatial scales studied are of the order of or less than the ion inertial length
λi [Shay et al., 2001]. The electrons remain magnetized in the spatial scales
larger than the electron inertial length, but in smaller scales they too become
demagnetized.
The third and fourth terms are the divergence of the electron pressure
tensor (∇ · pe ) term and the electron inertial term. The electron inertial term
has not been properly determined by observations and only very recently
observational studies of the divergence of the electron pressure tensor have
been made in Earth’s magnetotail [Henderson et al., 2006]. In collisionless
plasmas the last term, the resistivity term can be neglected if no effects causing anomalous resistivity, e.g. wave–particle interactions and reconnection,
are present.
~ ×B
~ term is taken to be important in the
In ideal MHD only the −U
Ohm’s law. This is a valid approach when the plasma in question has a very
high conductivity and the temporal and spatial scales are large compared to
scales that this method cannot fully model (e.g. ion inertial lengths). On the
other hand, numerical MHD models often include the pressure and resistivity
terms, but even then the spatial scales should be larger than the Larmor radii
of the particles and their inertial lengths. Hall MHD models include the Hall
term, which in essence causes the magnetic field to be carried by the electrons.
Hence it is typically the formulation of the Ohm’s law in the MHD model
that determines much of the characteristics of MHD models.
Now we can summarize the equations of the single-fluid MHD model using
isotropic pressure p = pi + pe = 2pe :
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∂ρ
∂ρ
~
+ ∇ · (ρ U ) =
∂t
∂t c
~
dU
~ + ~j × B
~ − ∇p
ρ
= ρq E
dt
~
~ ~
~ = −U
~ ×B
~ − j × B + ∇p + j
E
qn
2qe ne σ
 e e
p
d
=0
dt ργ
~
~ = − ∂B
∇×E
∂t
~
∇ × B = µ0~j.
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(3.32a)
(3.32b)
(3.32c)
(3.32d)
(3.32e)
(3.32f)

Here the needed Maxwell’s equations are given without radiative effects by
omitting the displacement current. As described by Hewitt [1985], the nonradiative Darwin approximation removes the solenoidal (i.e. divergence-free)
part of the displacement current. The fundamental MHD assumption can
be also assumed: it is that the fields vary with the same time and length
scales as the plasma variables. It can be shown in a consequent dimensional
analysis, that the displacement current (including the irrotational, or curlfree, part) may be neglected in a non-relativistic case [Boyd and Sanderson,
2003].
The linearized equations of ideal single-fluid MHD lead to a set of firstorder harmonic plane waves. These waves of MHD plasma include two modes
that can propagate in the direction of the magnetic field, namely the acoustic
and Alfvén waves. The phase velocity of acoustic (or sonic) waves is equal
to adiabatic propagation velocity of compressional pressure disturbance:
r
γp
vS =
(3.33)
ρ
The Alfvén velocity is [Kivelson and Russell, 1995]:
vA = √

B
µ0 ρ

(3.34)

The acoustic waves are disturbances only in the mass density, whereas the
Alfvén waves are disturbances of the magnetic field but not of the mass
density. The third wave mode of ideal MHD is the magnetosonic wave that
propagates as a disturbance of both the mass density and the magnetic field
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perpendicular to the direction of the average magnetic field [Schunk and
Nagy, 2000]. The phase velocity of the magnetosonic mode is
q
vM S = vA2 + vS2
(3.35)
Associated with these MHD wave modes there are Mach numbers that
are often used to characterize plasma flows. A Mach number is defined as the
ratio of the bulk velocity of a plasma flow and the wave speed. For instance,
the Alfvénic Mach number is
MA =

~|
|U
vA

(3.36)

Similarly MS and MM S are the sonic and magnetosonic Mach numbers, respectively. When a Mach number is larger than one (i.e. the flow velocity
exceeds the wave speed), then the flow is supersonic, super-Alfvénic, or supermagnetosonic depending on the wave mode in question. Subsonic and
sub-Alfvénic are terms for plasma flows, in which the wave speed exceeds the
bulk velocity.
There are extensions of the basic MHD approaches that are getting more
popular. Multi-species MHD model introduces several ion species by having
a separate continuity equation for each species (Eq. 3.32a). In this approach
all ion species have the same bulk velocity and temperature in all grid points.
Adding momentum equations and equations of state (Eq. 3.32b and 3.32d)
for each ion species in addition to the continuity equation brings us to the
equations of the multi-fluid MHD [see Winglee, 2004]. This method can
be very efficient in solving the plasma behavior in cases where multiple ion
sources or ion species are important [e.g. Paty and Winglee, 2004].
We shall not deal with the actual numerics of MHD simulation models
or the methods for efficiently solving the equations. However, it is worth
noting that various advanced MHD models can include elaborate chemical
interactions [e.g. Pineau des Forets et al., 1986]. Many chemical reactions are
not computationally feasible in models with kinetic treatment of particles.

3.2.2

Hybrid Model

Here we present the equations for a quasi-neutral hybrid model. Issues on
numerics and the implementation of the equations in a simulation program in
the case of the HYB hybrid simulation model will be discussed in Section 6.1.
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The hybrid approach can be very useful for studies of the kinetic processes
of ions in cases, where a self-consistent propagation of the electromagnetic
fields is essential. Therefore it is a tool for modelling plasma phenomena at
the scale size of the Larmor radius of ions, where the MHD approach is no
longer valid. On the other hand, electron kinetics cannot be significant for
the hybrid model to be valid. Ion escape processes at bodies with no intrinsic
magnetic field and ion impacts on such bodies are examples of physics especially suited for the hybrid model studies. Strong magnetic fields can cause
practical problems for global hybrid models, since the spatial resolution is
often restricted by computation time.
One of the fundamental equations for the hybrid approach is the quasineutrality of electric charges:
X
ne = |qe |−1
qi n i
(3.37)
i

The quasi-neutrality is validated, when the smallest spatial scales of interest
are much larger than the Debye length (Eq. 3.15).
The plasma equations for the hybrid model include Faraday’s and Ampère’s
laws in the same form as in the MHD model (cf. Eq. 3.32e and 3.32f). This
means that the displacement current is not included in the Ampère’s law —
however, the argument is different here. The curl-free part of the displacement current, that the non-radiative Darwin approximation does not remove,
is unlikely to be important for neutral plasmas [Hewitt, 1985]. As to the
other two Maxwell’s equations, the divergence-free magnetic field (cf. Eq. 3.2)
can provide an initial condition in the hybrid model, while the Gauss’s law
(Eq. 3.5) is not explicitly used.
Ohm’s law is used in the hybrid model to provide the electric field. The
~ ×B
~ term and the Hall term) on the right-hand side in
two first terms (the −U
the general Ohm’s law given in Equation 3.30 can be combined in the hybrid
~ e × B.
~ This is done by using a definition
approach into a single term −U
for the electric current (see Eq. 3.19d) and the quasi-neutrality (Eq. 3.37).
As Equation 3.30 was given in the single-fluid variables, the bulk velocity
~ should be taken there as the ion bulk velocity weighted with the electric
U
charges of each ion species i. This takes correctly into account any ion species
that may have charges different from a single unit charge |qe | (e.g. He++ ).
Now we can write the Ohm’s law in a form typical to hybrid models:
~
~ = −U
~e × B
~ + ∇pe + j
E
qe n e σ

(3.38)
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The electron inertial term is omitted and isotropic pressure is assumed. When
the electron pressure is included in a hybrid model, there are several additional assumptions that must be made, that can be hard to validate. Such
assumptions typically include adiabadic (or isothermal) behavior of the electron fluid and estimates for electron temperature. Also the electron-ion coupling needed can be difficult to create.
The Lorentz force (cf. Eq. 3.7) gives the acceleration for ion particles. The
equation closing the group of hybrid equations is the spatial propagation of
ions according to their velocity obtained from the Lorentz acceleration. Now
the hybrid equations for the propagation of the field quantities and ions are:
ne = |qe |−1

X

qi n i

(3.39a)

i

~j =

X

~ i + qe n e U
~e
qi n i U

(3.39b)

i

d~xi
= ~vi
dt

d~vi
qi  ~
~
=
E + ~vi × B
dt
mi
~
~ = −U
~e × B
~ + ∇pe + j
E
qe n e σ
~
~ = − ∂B
∇×E
∂t
~
∇ × B = µ0~j.

(3.39c)
(3.39d)
(3.39e)
(3.39f)
(3.39g)

Equation 3.39d can include additional forces such as gravitation (cf.
Eq. 6.13). The equations of the hybrid approach give a closed set of equations for propagation of particle positions and velocities and the magnetic
field from their initial values. As stated before, this allows ion kinetics to be
modelled self-consistently with the dynamical electromagnetic fields.

3.2.3

Models and Validity Regimes

There are some general restrictions that need to be considered in any computer simulation of physical phenomena. The Courant condition, also known
as the Courant-Friedrichs-Lewy condition, gives an upper limit for the simulation timestep ∆t for simulations using (first order) partial derivative equa-
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tions in spatial grids (∆x is the grid size):
∆t < √

∆x
,
2 vmax

(3.40)

where vmax is the maximum speed in the simulation (a wave or particle
velocity). To model any phenomena related to a specific frequency ω0 , for
example gyromotion (ω0 = ωL , see Eq. 3.9), there is another restriction for
the timestep ∆t [Birdsall and Langdon, 1985]:
ω0 · ∆t ≤ 0.3

(3.41)

There are several methods for modelling plasmas and the physics of interest plays a major role when the modelling approach is chosen. Especially
important here are the length and time scales associated to the problem at
hand [Winske and Omidi, 1996; Brecht and Thomas, 1988]. In the following
we briefly go through basic modelling approaches and the regimes of physics
phenomena that they can simulate. We begin with the two methods of fully
kinetic treatment of particles. This is followed by the two methods that fully
kinetic models can employ for the description of the electromagnetic fields.
Finally, we discuss models that use fluid descriptions.
Fully kinetic models are models that describe the particle velocity distribution function at each point, and therefore include all kinetic effects
present. They can also take into account charge separation effects. There are
two methods used for the kinetic description of plasma particles. One is the
particle-in-cell (PIC) technique that includes kinetic information by following
the trajectories of a large number of individual particles. The other method
is the Vlasov modelling approach. This approach represents each particle
species with a respective distribution function in the phase space (up to six
dimensions). In the Vlasov approach the time evolution of the distribution
functions are given by the Vlasov equation
∂fα
∂fα
F~ ∂fα
+ ~vα ·
+
·
=0
∂t
∂~r
mα ∂~v

(3.42)

The Vlasov model has not yet been practical for problems where all six phase
space dimensions are important [Venturini et al., 2007]. These full particle
models are important when studying the behavior of electrons or the electron
effects to the phenomena are important.
Models solving the full set of Maxwell’s equations are able to model the radiative effects and also the full effects of self-consistent electric and magnetic
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fields and magnetic induction. The propagation equation for the magnetic
field is Faraday’s law (Eq. 3.3) and the propagation for the electric field is
obtained through the displacement current term in Ampère’s law (Eq. 3.6)
[Pritchett, 1985]. This kind of electromagnetic model makes no approximations in the basic physical laws as the relativity effects are typically included
in the Lorentz acceleration for particles. However, electromagnetic models
can be computationally excessively heavy as the timestep is limited by the
speed of light c when using the full Maxwell’s equations [Hewitt, 1985]. The
radiative effects provided by these models are not always needed.
The magnetoinductive approach removes the speed of light as a maximum
velocity in the Courant condition. In the magnetoinductive approach the
Darwin approximation is used. It ignores the retardation effects so that
the electromagnetic propagation speed is effectively infinite [Hewitt, 1985].
This is accomplished by neglecting the solenoidal (divergence-free) part of
the displacement current in Ampère’s law. The model is identical to the full
Maxwell’s equations down to the terms in the order of ( vc )2 .
Some important length and time scales are associated with the gyromotion of charged particles: the Larmor radii and the inverses of the Larmor
frequencies. When the scales of the phenomena of interest are above the
electron scale, the hybrid method, that combines fully kinetic ions with an
electron fluid, is feasible. The hybrid method limits plasma wave modes to
frequencies well below the electron cyclotron frequency [Brecht and Thomas,
1988]. As kinetic models are much more computationally intensive than fluid
models, it makes sense to use fluid description for particles, for which more
accurate methods are not needed. For the MHD approach to be fully validated also the ion gyromotion scales should be small compared to the scales
of the studied phenomena.
It should be noted that using inappropriate spatial and temporal scales
with the given assumptions of a model does not necessary create any visible
problems in the simulation, even when the simulation results are completely
unrelated to the physics of the real situation. However, almost always the
most restrictive practical limitations are the computational resources (available memory and computing power – and their effect on the desired run time
of the model code). This being the case, one often sees models using drastic
approximations or fluid descriptions for species whose kinetic effects would
be important for the problem. Nevertheless, even such studies can provide
meaningful results or increase understanding of the physics at work in the
studied system, as long as any violations of the applicability regimes and the
limitations of the modelling approach are plainly stated.
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Examples of Ion Behavior
A Result for Multi-Ion Behavior

There is an interesting result from the quasi-neutrality and the hybrid equations when multiple ion species with different bulk velocities are considered.
The analysis presented here is also valid for multi-fluid MHD models.
We write the average acceleration for ions of species i according to the
d
Lorentz
force (Eq. 3.39d) assuming that the time derivative ( dt
) and the sum
P
( k∈i ) operators commute when acting on a ion velocities ~vk within a certain
volume V .


~i
dU
~ +U
~i × B
~
mi
= qi E
(3.43)
dt
Here the bulk velocity for ion species i is defined as follows:
P
~v
~ i = k∈i,V k
U
(3.44)
Nk∈i,V
Nk∈i,V is the number of ions belonging to species i within volume V .
Multiplying Equation 3.43 with the number density ni gives the local force
density accelerating the ions of species i within volume V . Further, using
the quasi-neutrality and equations for the electric current and the Ohm’s law
(Eq. 3.39a, 3.39b, and 3.39e) we obtain the following (i and j are indexes for
ion species and qi = −qe for singly charged ions):


~i
dU
~
~
~
= n i q i E + Ui × B
ni mi
dt
!
~
~
∇p
−
j
×
B
e
= ni qi σ −1~j +
n e qe
n i qi
+
n e qe
= n i qi

!
X

~j −
n j qj U

j

X

~i
n j qj U

(3.45)

j

~ − ∇pe
~j × B
σ −1~j + P
j n j qj

n i qi
+ P
j n j qj

~
×B

!

!
X

~i − U
~j)
nj qj (U

~
×B

j6=i

This equation is valid when the assumptions for used in the formulation
of the Ohm’s law are legitimate and the length scales are much larger than
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the Debye length, as is required by the quasi-neutrality. Interestingly, the
latter term, which is proportional to differences between the bulk velocities
of the ion species, vanishes when both sides of the equation are summed over
~ and the
all ion species. Thus the average forcing on all the ions is only ~j × B
resistivity term. However, the latter term in Equation 3.45, which could be
called the ion interaction term, is crucial when considering the bulk motion
of individual ion species.
One result of Equation 3.45 is the interaction between two ion populations with different bulk velocities. In planetary plasma physics such an
interaction takes place as the pickup ions are accelerated in the direction of
~ C and consequently there is an opposite force
the convection electric field E
acting on the incoming flow of ions. This has been understood qualitatively
and used in analysis of the solar wind mass loading near Mars and comets
[cf. Kallio and Janhunen, 2001, section 3.4.2; and Omidi and Winske, 1987].
This effect of the mass loading interaction can be easily described, if
we divide the ions near a planet or a comet into two classes: pickup ions
(originating from an exosphere) with negligible initial velocities (class 1) and
~ . The average forcing
ions of the incident flow (class 2) with bulk velocity U
on these two classes of ions can be determined. For the pickup ions the
~ C = −U
~ × B.
~ For the ions of the
forcing is by the convection electric field E
incident flow (class 2) the forcing points in the opposite direction and with
an equal force density as acted on the pickup ions. A schematic of this is
given in Figure 3.1. The pickup ion acceleration forces the incoming flow to
turn in a direction opposite to the convection electric field and thus the total
momentum perpendicular to the direction of the upstream flow is conserved.
~ ×B
~ drift then turns the pickup ions to move in the flow direction
The E
~ . As the total momentum is conserved also parallel to the incident flow
U
direction, the flow itself slows down in this mass loading process.

3.3.2

Drifts in an Induced Magnetosphere

The drift motions, of which formulas were presented in Section 3.1, can pro~ ×B
~ drift (Eq. 3.10)
vide insight to the plasma interactions — especially the E
is important in planetary interactions, as it is the drift acting in the ‘picking
up’ of ions into an ambient plasma flow.
Figure 3.2 is a schematic drawing depicting some of the drifts occurring
in an induced magnetosphere such as Titan’s. The figure consists of a simple
magnetic field structure with a magnetic barrier in front of the interaction
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Figure 3.1: Plasma flow interaction with exospheric pickup ions.
~ C in direction perpendicA plasma flow induces a convection electric field E
~ and the magnetic field B.
~ The purple arrows
ular to the flow direction U
indicate the flow direction. The blue arrows show the direction of pickup
ion (class 1) acceleration due to the convection electric field. The flow (class
~ C direction. Also the turning of the pickup ions is
2 ions) is turning in −E
shown as their velocities align with the ambient flow.
body and draping magnetic field lines. The directions of gradient and curvature drifts (Eq. 3.11, 3.12, and 3.13) for positive ions are indicated. For
electrons and negative ions the parallel drift is in the same direction as for
positive ions. For the perpendicular gradient drift and the curvature drifts,
however, the direction of negative charges is opposite to those indicated in
the figure. All these drifts are a consequence of the topology of the magnetic
field. It might be noted that the perpendicular gradient in the magnetic
field could have been drawn also on the panel on the left-hand-side. The
perpendicular gradient of the magnetic field is towards the center of the interaction body (see the panel on the right-hand-side) and consequently the
perpendicular gradient drift would be directed in the same direction with the
curvature drift.
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Figure 3.2: A schematic of the gradient drifts, both parallel ak (pink) and
perpendicular v⊥ (green), and the curvature drift vC (pale blue) of positive
charges in an induced magnetosphere. The magnetic gradient vectors are in
darker colors and the directions of the corresponding drifts are in pale colors.
The white lines in the panel on left-hand-side depict a set of draped magnetic
field lines with the upstream magnetic field pointing downwards. In the panel
on the right-hand-side the magnetic field is perpendicular to the plane of the
picture and directed into the picture. The parallel gradient drift acceleration
ak is directed in the opposite direction than the parallel gradient of the ∇k B.
The curvature vectors RC are in blue and the curvature drift vC is directed
in the direction of the convection electric field (E c in the figure).

Chapter 4
Observational Data On Titan’s
Magnetospheric Interaction
We now turn to observations obtained about Titan with a focus on the upper
atmosphere and exosphere and their interaction with the plasma flows at
Titan’s orbit. Titan is the largest moon of Saturn and the only natural
planetary satellite in the solar system with a substantial atmosphere. For
Titan’s physical properties and orbital characteristics see Appendix A.
Titan was discovered by Christiaan Huygens in middle of the 17th century, but it was not until the 20th century when the existence of Titan’s
atmosphere was proposed. Visual limb darkening was reported in the first
decade of the 20th century. Spectroscopic observations in the 1940s showed
that Titan’s spectrum had the absorption lines of methane. Lewis [1971]
interpreted the low mean density of the satellites of outer planets as an implication of water as a key constituent of these satellites. He also suggested
that photolysis of ammonia could result in a nitrogen rich atmosphere of
Titan. Later in the 1970s atmospheric models were created based on this
idea.
The Voyager 1 flyby in 1980 revealed some average properties of Titan’s
atmosphere. Similar to Venus, the view of Titan’s surface and possible clouds
is obstructed by a global haze. The haze is dense and dark-orange in color,
and it covers the moon globally. The infrared spectrum is dominated by
methane and other hydrocarbons and nitriles, and the major gas N2 is seen
in the ultraviolet. The upper atmosphere is close to isothermal from the
stratosphere (about 200 km) all the way to the exobase [Hunten et al., 1988;
Strobel, 1982]. The chemistry of Titan’s atmosphere differs greatly from
those of terrestrial planets and it is currently the focus for many studies [e.g.
43
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Figure 4.1: A schematic of Titan’s orbit within Saturn’s magnetosphere.
Titan’s orbital positions for flybys of Voyager 1 (V1) and Cassini spacecraft
are indicated. The black and dark blue arrows indicate the directions of
the rotating plasma flow and Titan’s orbital motion, respectively. The red
and black lines indicate nominal magnetopause and bow shock positions for
Saturn’s magnetosphere. The blue numbers give the Saturn local time for
four positions along Titan’s orbit.
Coustenis, 2007; Imanaka and Smith, 2007; Vuitton et al., 2006; Yelle et al.,
2006].
Figure 4.1 shows Titan’s orbit. Saturn’s magnetopause is close to Titan’s
orbit in the subsolar direction at Saturn local time 12 hours. Over 40 Titan
flybys by the Cassini spacecraft during its main mission are indicated. The
extended Cassini mission from July 2008 to June 2010 will comprise over
20 additional Titan encounters. In Figure 4.2 there is a true color image
of Titan from Cassini’s observations. The other two images give views of
Titan’s surface and atmosphere obtained also by instruments onboard the
Cassini spacecraft.
In the following sections the focus is on the plasma interaction of Titan.
Next we discuss the Voyager 1 flyby of Titan in 1980 and the increased understanding of Titan’s atmosphere and plasma interaction from the observations
made during the flyby. After that the Cassini mission currently underway
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Figure 4.2: Three images of Titan by Cassini.
The topmost picture is a true
color image. The picture in the
middle is a compilation of images taken in near-infrared wavelength 938 nm allowing a view
through Titan hazes to the surface. The bottom picture shows
Titan as a false-color composite of infrared and visible wavelengths (938, 889, and 420 nm).
Green represents areas where
surface is visible, red areas where
methane is absorbing sunlight,
and blue represents visible violet wavelengths in the upper atmosphere and in detached hazes.
(NASA/JPL)
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will be briefly described as well as some observations pertinent to this dissertation. Also the plasma instrumentation onboard the Cassini spacecraft will
be described because these instruments are pertinent to the current plasma
science at Titan and the author has used some of their observations in his
work.

4.1

Voyager 1 Flyby in 1980

The Voyager 1 flyby of Titan on 12 November 1980 gave the first in situ
measurements of the magnetic field and plasma near Titan [Bridge et al.,
1981; Hartle et al., 1982; Gurnett et al., 1982; Ness et al., 1981 and 1982;
Neubauer et al., 1988]. At the time of the flyby Titan’s subsolar latitude was
+3.8 degrees and the Saturn local time for Titan’s orbital position was 13
hours 27 minutes, thus the angle between the nominal (or ideal) co-rotating
flow direction and the sunward direction was 101 degrees. Titan was within
Saturn’s magnetosphere during the encounter (Voyager 1 observed crossings
of Saturn’s magnetopause between 22.8 and 23.7 Saturn radii from Saturn,
while Titan’s orbit is at 20.3 Saturn radii). The flyby trajectory was through
Titan’s wake with the closest approach 6969 km (= 2.7 RT ) from Titan’s
center. The flyby velocity of the Voyager 1 spacecraft was 17.3 km s−1 . The
trajectory was tilted 8.7 degrees with respect to Titan’s orbital plane; this
plane was crossed less than 3 minutes after the closest approach.
Table 4.1 gives the magnetic field and densities and temperatures of the
upstream plasma flow as measured by instruments onboard the Voyager 1
spacecraft in the region surrounding Titan’s wake. Various plasma quantities can be derived from these and they are presented in Table 4.2. The
plasma flow was significantly slower than ideal co-rotation with Saturn would
give (i.e. 200 km s−1 ). The plasma flow is subsonic, super-Alfvénic, and submagnetosonic. Consequently no bow shock was expected (nor has a bow
shock been seen during the Cassini flybys).
In the derived quantities of the upstream plasma both the Larmor radii
and the inertial lengths for ions are of the order of Titan’s radius. This
means that the ion gyromotion is a very important factor at Titan. Also
the Hall term in the Ohm’s law is expected to have significance. This makes
hybrid model especially well-suited for studying Titan’s interaction with the
rotating plasma flow.
It should be noted that the plasma environment at Titan’s orbit is highly
variable with fluctuations in the plasma density and composition as well as
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Table 4.1: Upstream plasma parameters at Titan as observed during the
Voyager 1 flyby in November 1980 [Neubauer et al., 1988; cf. Sittler et al.,
2005].
B
~ direction
B
~|
|U
ne
n(H+ )
n(N+ /O+ )
Ee
E(H+ )
E(N+ /O+ )

5 nT
southward, perpendicular to orbital plane
80 – 150 km s−1
0.3 cm−3
0.1 cm−3
0.2 cm−3
200 eV
210 eV
2900 eV

in the direction of the magnetic field [e.g. Wolf and Neubauer, 1982]. These
changes in the plasma flow properties are caused by the moving magnetopause of Saturn around Saturn local noon and the transfer of the matter
escaping from Saturn’s rings and inner satellites especially in the tail of the
magnetosphere. Therefore it is also appropriate to describe the plasma environment of Titan as transsonic and trans-Alfvénic, since these Mach numbers
were relatively close to one during the Voyager 1 flyby.
The ambient magnetic field at Titan was in the nominal southward direction during the Voyager 1 flyby. This nominal direction for the magnetic field
comes from assuming the magnetic field of whole Kronian magnetosphere to
be dipolar. In the magnetic field measurements obtained during the flyby,
there are three sharp minima in the magnitude of the magnetic field. These
minima divided the wake into two lobes of opposite magnetic polarization
with respect to upstream plasma flow direction. No evidence for an intrinsic
magnetic field of Titan were found [Neubauer et al., 1988]. Based on the
plasma conditions at the time, Alfvén wings are expected to have existed at
Titan during the Voyager 1 flyby [Kivelson, 2004].

4.2

Cassini Mission to the Kronian System

The Cassini-Huygens mission to the Saturn and the Kronian system has been
one of the most ambitious space exploration missions to date [see Russell,
2003]. By the Kronian system we mean the space around to planet Saturn
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Table 4.2: Upstream plasma characteristics derived from the plasma param~ | is taken to
eters observed by Voyager 1 (cf. Table 4.1). Bulk flow velocity |U
be 120 km s−1 . O+ is assumed to be the heavier ion component of the plasma
flow.
mass density ρ
5.5 · 10−21 kg m−3
Debye length λD
16 m
plasma pressure
1.06 · 10−10 N m−2
kinetic pressure
7.9 · 10−11 N m−2
magnetic pressure 9.9 · 10−12 N m−2
plasma beta β
10.7
~C|
|E
6 · 10−4 V m−1
vA
60 km s−1
vS
210 km s−1
vMS
220 km s−1
Mach numbers:
MA
1.9
MS
0.57
MMS
0.55
thermal velocities:
vTHe
5900 km s−1
+
vTH (H )
140 km s−1
vTH (O+ )
130 km s−1
Larmor frequencies (gyration period):
ωLe
880 rad s−1 (7.1 ms)
ωL (H+ )
0.48 rad s−1 (13 s)
+
ωL (O )
0.030 rad s−1 (210 s)
Larmor radii:
rLe
140 m
rL (H+ )
250 km (0.097 RT )
+
rL (O )
4000 km (1.55 RT )
+
4000 km (1.55 RT )
rL (CH4 )
rL (N2 + )
7000 km (2.7 RT )
plasma frequencies:
ωpe
3.1 · 104 rad s−1 (49 kHz)
ωp (H+ )
420 rad s−1 (66 Hz)
ωp (O+ )
150 rad s−1 (24 Hz)
inertial lengths:
λe
9.7 km
+
λ(H )
720 km (0.28 RT )
λ(O+ )
2000 km (0.79 RT )
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Cassini spacecraft with the science instruments indicated.

and the dynamically connected system there consisting of rings, dozens of
moons, and Saturn’s magnetosphere. The Cassini mission started with a
launch on 15 October 1997. Jupiter was reached in December 2000 after
two Venus flybys and one Earth flyby. Insertion into an orbit around Saturn
was successfully accomplished in July 2004. Figure 4.3 gives a view of the
Cassini spacecraft during the cruise phase and before the Huygens probe was
released.

4.2.1

Cassini Plasma Instruments

There are several high-quality instruments onboard the Cassini spacecraft
that are well-suited for studying Titan’s plasma interaction. In the following
we will give brief descriptions of the sensors of these instruments. We do
not, however, consider the various other scientific instruments such as camera and radar imaging instruments. Non-plasma instruments onboard the
Cassini spacecraft include Composite Infrared Spectrometer (CIRS), Cosmic
Dust Analyzer (CDA), Orbiter Radio Science Subsystem (RSS), UV Imaging
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Spectrograph (UVIS), Visible and Infrared Mapping Spectrometer (VIMS),
and the RADAR instrument that uses Cassini’s high gain antenna as a transmitter and receiver.
Cassini Magnetometer (MAG)
A full plasma package of instruments is needed for a reasonable understanding of space plasma processes. An important part there is a magnetometer
system. The magnetometer instrument of the Cassini spacecraft consists
of two magnetometers. Both magnetometers use different well-established
physical principles to measure three orthogonal components of the magnetic
field. One of the magnetometers is a modified vector helium device located
at the end of the Cassini magnetometer boom (part of it is visible in Figure 4.3). The modification makes this magnetometer capable of operating
also in a scalar mode and in this mode it can measure the magnitude of the
local magnetic field with a very small absolute error. The other magnetometer is a fluxgate magnetometer mounted halfway along the 11 meter boom
[Kellock et al., 1996; Dougherty et al., 2004].
Cassini Plasma Spectrometer (CAPS)
The CAPS instrument provides high-time resolution velocity distribution of
electrons and major ion species and lower-time resolution, high-mass resolution spectra of all ion species. CAPS has three complementary plasma
sensors: an ion mass spectrometer (IMS), an electron spectrometer (ELS),
and an ion beam spectrometer (IBS). Another important part of the CAPS
spectrometer system is the actuator that rotates the sensor unit so that it
can give the sensors a 46 per cent view of the full space angle every three
minutes. CAPS is in the Fields and Particles Pallet indicated in Figure 4.3.
ELS is a top hat electrostatic analyzer for electrons. ELS provides data for
the electron energy and angular distribution. The overall sensitivity for the
whole field of view is 10−2 . IMS sensor consists of a top hat electrostatic analyzer followed by a linear electric field time-of-flight analyzer. IMS provides
both high sensitivity and high resolution mass analysis. It is dedicated to
general plasma dynamics and composition studies. The main part of IBS is a
hemispherical electrostatic analyzer. IBS can provide an angular resolution
up to 1.5◦ × 1.5◦ and an 1.5 per cent energy resolution for singly ionized
particles in the energy range of 1 eV to 50 keV [Vilppola, 2003; Young et al.,
2004].
Ion and Neutral Mass Spectrometer (INMS)
At Titan the INMS instrument gathers data on the composition, density, and
temperature of the upper atmosphere. It can also provide the approximate
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composition and density of Titan’s ionosphere. The INMS instrument is
mounted on the Fields and Particles Pallet of the Cassini spacecraft. The
main parts of INMS are two separate ion sources (open and closed), an ion
deflector/trap, four hot-filament electron guns, a switching lens that selects
between sources, various focusing lenses, a quadrupole mass analyzer, and
two secondary electron multiplier detectors.
Two separate ion sources are used in INMS to optimize the interpretation of
neutral species: The closed ion source measures non-surface reactive neutral
species that have thermally accommodated to the inlet walls (such as N2 and
CH4 ). The open ion source that allows direct beaming ions or chemically
active neutral species (such as N and HCN) to be measured without surface
interaction. In the open source mode the ion trap removes incoming ions and
electrons for neutral sampling. In both the closed and open source modes
the electron guns ionize the sampled neutrals. The electrostatic lenses are
used to focus ions into the electrostatic quadrupole switching lens, which
steers ions into the dual radio frequency quadrupole mass analyzer. The
mass range of the mass analyzer is 1 to 99 amu. Ions exiting the quadrupole
mass analyzer are detected by one of the two secondary electron multiplier
detectors. These continuous channel electron multipliers operate in pulsecounting mode to cover the dynamic range required and the two separate ion
sources. The instrument utilizes three alternating analyzer modes: closed
and open source neutral modes and open source ion mode [Kasprzak et al.,
1996; Waite et al., 2004].
Magnetosphere Imaging Instrument (MIMI)
The MIMI instrument was designed to provide both global imaging and
in situ measurements as a neutral and charged particle detection system.
There are three sensor heads in the MIMI instrument: ion and neutral
camera (INCA), charge-energy-mass spectrometer (CHEMS), and low-energy
magnetospheric measurements system (LEMMS). CHEMS and LEMMS are
in the Fields and Particles Pallet whereas the INCA sensor is separately
mounted near the Remote Sensing Pallet in Figure 4.3.
INCA is a time-of-flight camera with a large geometry foil with a field of view
of 90◦ × 120◦ . When the Cassini spacecraft is rotating, measurements can
be obtained from nearly a full space angle. The entrance includes a serrated
plate fan for charged particle deflection. It detects energetic neutral atoms or
ion species over the energy range of 7 keV to 3 MeV per nucleon. INCA also
records the incident direction of these particles and thus it can provide images
of energetic neutral atoms in Saturn’s magnetosphere or Titan’s exosphere,
for instance.

52

CHAPTER 4. OBSERVATIONS OF TITAN

CHEMS uses electrostatic deflection, the time of flight, and energy measurements in order to determine ion energy, charge state, mass, and threedimensional anisotropy of ions. The electrostatic deflector analyzer serves as
an energy-per-charge filter for the time-of-flight system. After the time-offlight measurements the residual energy of an ion is measured at a low-noise
silicon solid-state detector. The energy range of CHEMS is 3 to 220 keV per
unit charge with a reasonable space angle coverage.
LEMMS is a two-ended telescope for measuring the three-dimensional distribution of energetic ion and electron fluxes. This sensor head is mounted on
a rotating platform. The front end of LEMMS is used to detect ions with energies 30 keV to 18 MeV and electrons in the energy range 15 keV to 884 keV.
From the backward direction high-energy electrons (100 keV to 5 MeV) and
ions (1.6 to 160 MeV) are measured. LEMMS uses 11 semiconductor silicon
detectors and internal geometry to determine the species and energy of the
particles [Krimigis et al., 2004].
Radio and Plasma Wave Science (RPWS)
The RPWS instrument was designed to study radio emissions, plasma waves,
thermal plasma and dust in the Kronian system. RPWS can perform directionfinding measurements of remote radio emissions and wave normal measurements of plasma waves and also passive and active measurements of plasma
resonances. This instrument is composed of three nearly orthogonal 10-meter
electric antennas, three orthogonal search coils, and a Langmuir probe. Also
there are five signal receivers for the electric and magnetic antennas. These
receivers are two digital analyzers and an analog receiver for different frequency ranges, a five-channel waveform receiver, and a digital wideband receiver. Furthermore, the instrumentation includes a sounder transmitter that
can be used to excite local plasma resonances in the frequency range of 3.6 to
115.2 kHz. The RPWS electric antennas are located where the Cosmic Dust
Analyzer is indicated in Figure 4.3 with two extended electric antennas visible. The search coils and the Langmuir probe are located on the opposite
side of Cassini (not visible in this figure of Cassini) just below the high gain
antenna with the coils mounted at the base of the boom of the Langmuir
probe.
The Langmuir probe sensor, that physically is a 5 cm TiN-coated titanium
sphere mounted on a 1.5 m long tripod-boom. It samples the current from
the surrounding plasma while the bias voltage on the sensor is varied in the
range ±32 V. Ions are sampled for negative bias and electrons for positive
bias. The time resolution is typically below 16 Hz. The method foremost
give accurate estimates of the plasma density and electron temperature, but
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it is possible to infer other characteristics as well, such as the solar EUV
intensity, the ram flux of the ions, and the average spacecraft potential. The
Langmuir probe can most of the time only measure the dense (ne > 5 cm−3 )
and cold plasma, but is therefore extremely useful for studies of the Titan
plasma environment (personal communication with Jan-Erik Wahlund).
The three electric monopole antennas (conducting cylinders, each 10 m long
and 2.68 cm in diameter) measure the electric field with the frequency range
from 1 Hz to 16 MHz. These are optimized for radio wave measurements and
consequently electrostatic plasma waves are difficult to measure. The fivechannel waveform receiver (1 Hz to 7 kHz) can, however, observe ion plasma
waves and it can also be used to measure inhomogeneities in plasma density.
Magnetic field measurements by the tri-axial search coil magnetic antennas
are made over a frequency range from 1 Hz to 12 kHz. Dust detection is one
additional application of the RPWS instrument that could complement measurements by CDA. Dust particle detection is based on measuring directly
the voltage on the antenna relative to the spacecraft body. The charge released by a dust particle impacts is determined from the voltage pulse. The
mass of the impacting dust particle is proportional to the signal thus received
[Gurnett et al., 2004].
As is evident from these short descriptions of science instrumentation
onboard the Cassini spacecraft, the Cassini plasma instruments are able to
provide a rather comprehensive picture of the various plasma phenomena
in the Kronian system. However, there are some hampering aspects that
effect the quality of the measurements: Perhaps most importantly Cassini
is not a spinning spacecraft and therefore it does not provide a very good
space angle coverage for the instruments. This is problematic especially
for the particle instruments. For particle measurements, especially of cold
plasma, the changing potential of the spacecraft is another serious concern
as it directly changes the sampled energies.

4.2.2

Cassini and Titan’s Plasma Environment

Since orbit insertion the Cassini spacecraft has had over 40 of flybys of Titan. Much new data on Titan’s atmosphere has been gathered during these
flybys. A special success story was the descent of the Huygens probe on 14
January 2005. The descent through Titan’s dense atmosphere provided an
atmospheric profiles of pressure and temperature versus altitude [Fulchignoni
et al., 2005; Harri et al., 2005; Mäkinen et al. 2006]. The first direct views
of Titan’s surface were also provided by the Huygens instrumentation.
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With regard to Titan’s plasma interaction, the particle composition in the
nearly co-rotating magnetospheric plasma is now accurately known [Young
et al., 2005]. The more accurate Cassini measurements have shown that the
magnetosphere is very dynamic and that the density of the upstream flow can
change up to an order of magnitude over a time scale of minutes (personal
communication with Jan-Erik Wahlund). Also, the flow direction can change
considerably (see discussion on flyby T9 further down).
Cassini’s observations have also revealed much about Titan’s ionosphere,
e.g. its composition is now well-established Wahlund et al., 2005; Waite et al.,
2005; Cravens et al., 2006; De La Haye et al., 2007]. Wahlund et al. [2005]
showed from RPWS measurements that there was cold and dense plasma
above Titan’s ionosphere. Szego et al. [2005] came to the same conclusion
based on the CAPS data. They also detected ring distributions for drifting
ions outside the deceleration region due to exospheric mass loading. Several
further analysis of Cassini’s first Titan flybys have been published. Hartle
et al. [2006] discussed in their analysis the ion and electron measurements
obtained with Cassini/CAPS instruments during the first close flyby TA.
These new measurements compared well with the measurements with the
plasma science instrument onboard the Voyager 1 spacecraft. The obtained
flow velocity was 110 ± 20 km s−1 . Ion masses 1, 2, and 16 amu were observed
+
in the upstream flow and consequently identified as H+ , H+
2 , and O with
respective energy ranges as ∼ 16 − 6300 eV, ∼ 0.1 − 4 keV, and ∼ 1 −
4 keV. Neubauer et al. [2006] focused on the magnetic fields measured during
Cassini’s first three close flybys at Titan. They also found agreement between
these magnetic measurements and results from a MHD simulation model.
The T9 flyby on 26 December 2005 was of especially interesting Titan
flyby (see Section 7.2) and it has been a focus of several papers of various
Cassini instrument teams. The flyby has been studied at least by Bertucci
et al. [2007], Coates et al. [2007], Modolo et al. [2007a], Szego et al. [2007],
and Wei et al. [2007].
Bertucci et al. presented the MAG measurements that showed that the
main component of the magnetic field in Titan’s upstream plasma flow was in
the Saturn–Titan direction and that the plasma flow was evidently diverted
outward of Saturn (see Section 7.2 for further details). Coates et al. discuss
the CAPS/ELS measurements during the flyby, while Szego et al. focus on
the CAPS/IMS data. There are two intervals in both data sets that are
signatures of escaping ionospheric plasma and a mixing of ionospheric and
magnetospheric plasma. These signatures can be seen as further evidence
that the magnetospheric plasma flow was directed outward during the flyby
as has been assumed from the magnetic measurements obtained during this
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flyby. Modolo et al. and Wei et al. studied the RPWS measurements from
the Langmuir probe and the wideband receiver. Modolo et al. showed that
the electron number density detected by the Langmuir probe was increased in
the intervals of ion and electron signatures detected by CAPS. They further
estimated the ion escape flux from Titan to be a few times 1025 ions per
second.
The T9 flyby is an excellent case to show the outstanding scientific results
that the combined plasma measurements of the Cassini instrumentation can
bring. Now, as the very successful Cassini main mission is coming to a
close, the extended mission, that will span to June 2010, has expectations to
make very significant additions to the vast data set already obtained. These
observations continue to be published as the mission progresses. The new
observations place new challenges for modellers to provide new understanding
from the observed details and to create a self-consistent, three-dimensional
picture of Titan’s plasma interaction.
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Chapter 5
Previous Modelling of the
Titan Interaction
There are various models pertinent to Titan’s interaction with the magnetospheric plasma. In addition to the actual observations of Titan and its
plasma environment, these models can provide further understanding to the
physical processes influencing the interaction. While many lower and middle
atmosphere models and early analytical models of Titan have been developed, here we only discuss models that date after the Voyager 1 flyby in
1980 and that are more directly associated with Titan’s plasma interaction.
Moreover, the main focus is placed on models developed after Cassini’s first
Titan flybys.
Titan’s ionosphere has recently been much studied due to the vast amount
of data that has become available through observations made by Cassini instruments. Several ionospheric model for Titan have been recently developed
[see Cravens et al., 2005; Galand et al., 2006; Agren et al., 2007; Carrasco
et al., 2007; Dóbé et al., 2007]. Cravens and co-workers have been modelling Titan’s ionosphere since the early 1990s and their models have provided probable ionization profiles that have been widely used. As another
example, Dóbé et al. use their model to study plasma instabilities in the
ramside cold plasma mantle above Titan’s ionopause. Such instabilities and
associated waves can theoretically cause significant ‘anomalous viscosity’ and
highly turbulent layer in this mantle.
Current models for the global three-dimensional plasma environment of
Titan are either MHD or hybrid models. Generally speaking, global MHD
simulations are good at taking into account various chemical reactions present
at Titan and e.g. modelling the ion production through different ionization
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processes. The advantage of hybrid simulations at Titan is their ability to
model the effects of the relatively large Larmor radii of ions. Moreover,
hybrid models can model particles of various ion species independently and
take their behavior into account in the field propagation.

5.1

MHD Models

Numerical modelling of Titan began with one and two-dimensional MHD
simulations in the 1990s [Keller et al., 1994; Cravens et al., 1998]. Fully
three-dimensional multi-species models became the standard very soon after
also other groups applied their models to Titan [e.g. Kabin et al., 1999; Kopp
and Ip, 2001].
Comparisons with Cassini’s results during Titan flybys since 2004 have
provided a good validity tests for the MHD approach. Current MHD models
(resistive MHD, multi-species Hall MHD, and multi-fluid MHD) have been
able to reproduce the measured magnetic signatures quite well close to Titan
[see Neubauer et al., 2006; Ma et al., 2007; Snowden et al., 2007, respectively].
Nevertheless, the cold and hot plasma at Titan are not that well reproduced
by MHD models. Overall, the results from the MHD approach for Titan have
been very symmetrical and the changes in solar angle (or orbital position)
have not created large asymmetries in the interaction. Accurate modelling
of the asymmetries in plasma density may need methods that consider ion
gyromotion and drifts.

5.2

Monte Carlo Simulations

In space physics the Monte Carlo method can be used to track single particles
e.g. in predetermined electromagnetic field. Various chemical processes or
collisional reactions can be included in models using the Monte Carlo method.
Sometimes a separation is made between the Monte Carlo method and test
particle simulations, the difference being that test particle simulations simply
track particles while full-fledged Monte Carlo simulations include also some
interaction processes. Monte Carlo or test particle methods can be powerful
tools for studying statistically the behavior of particles in various physical
environments.
Monte Carlo simulations have been used to estimate impact rates and
energy deposition onto Titan’s exobase using MHD simulation results for
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the electromagnetic field [see Ledvina et al., 2005, Michael and Johnson,
2005; Tseng, et al., 2007]. Ledvina et al. studied the trajectories of ion
particles near Titan and the total impact rates of the medium-weight ions
of the magnetospheric plasma flow using Maxwellian and ring-type velocity
distributions. One interesting result by Michael and Johnson is that the
ions of magnetospheric and exospheric origin deposit more energy in Titan’s
upper atmosphere than the solar radiation. This result suggests that the ion
impacts can significantly effect the local temperatures. Therefore studying
the spatial distribution of the ion impacts onto Titan’s exobase is of great
importance.
The restriction of the Monte Carlo studies using MHD fields is that the
ion motion, though is accurately traced in the given fields, is not taken into
account in the magnetic and electric fields used. Monte Carlo type of models
have also been developed for prediction and analysis of energetic neutral
atom imaging at Titan by INCA of the MIMI instrument onboard Cassini
[e.g. Garnier et al., 2006].

5.3

Hybrid Models

Brecht et al. [2000] were the first to use a hybrid model for Titan’s interaction. Later results with their hybrid model by Ledvina et al. [2004] used a
supersonic interacting flow resulting in a bow shock around Titan as in their
earlier study. Ledvina et al. used their a global model with a Cartesian grid
to study the effect of magnetospheric and solar wind plasma flows on the
pickup ion distributions at Titan. However, the plasma flow around Titan
as observed by Voyager 1 had thermal velocities exceeding the bulk velocity and was subsonic. Representing such a flow with simulation particles is
non-trivial: a sufficient number of macroparticles is needed in particle-in-cell
simulations in addition to special boundary conditions (see Section 6.2).
Currently two other hybrid modelling groups besides our HYB model
group have been active in Titan studies. One of them was initially developed
for modelling cometary plasma environments [see Bagdonat, 2004] and has
since been used to model also Mars. Simon et al. [e.g. 2007] have used
their hybrid model, that employs a curvilinear simulation grid, to show the
different behavior of ions originating from Titan according to their masses
in Titan’s ionospheric tail, as proposed by Luhmann [1996]. Their model
includes the electron pressure term in the electron field equation (Eq. 3.39e)
by assuming adiabadic electron fluid and two components (magnetospheric
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and ionospheric) of the electron fluid. The pressure terms are given by
∇pj ∼ βe,j nκe,j ,

(5.1)

where j is an index denoting the electron population, β is a plasma beta
of the electron population (it has a temperature dependence), and the adiabatic exponent κ = 2. One can ask whether adiabatic assumption is good
enough and whether the electron populations really stay together with their
associated ion species in the large region where these populations mix in Titan’s environment. However, the electron pressure term can arguably have a
significant role at Titan (see Section 8.2 for our plan to include the pressure
term).
The other hybrid group modelling Titan use a model developed by Chanteur
and Modolo [e.g. Modolo et al., 2007b, see also Modolo and Chanteur, 2007c].
Their model employing an equidistant Cartesian grid includes impact ionization of exospheric neutrals by magnetospheric electrons with some simplifications. Their model also considers some non-dissociative charge-exchange
reactions. While it is often assumed that the photoionization is the dominant ionization process at Titan, these additional ionization processes can be
significant sources of ionization on the ramside exosphere of Titan, especially
when the ramside is not illuminated by the Sun.

Chapter 6
Our Model and Methods
In this chapter we give a description of our hybrid model that has more
recently been called the HYB model. A global hybrid model, developed in
the autumn of 1999 by Pekka Janhunen, employed one ion species (solar
wind protons) and it was used to study the solar wind interaction of Mars.
Many important properties of the current HYB model were already in place
in this very first version of the global, fully three-dimensional hybrid model
used at the Finnish Meteorological Institute (FMI). These early features
included the hierarchical grid structure and the controlling of the number
of simulation particles in simulation cells. Many of the methods used in
this global hybrid model were later employed in studies of the terrestrial
auroral region, when another quasi-neutral hybrid simulation model (now in
two spatial dimensions) was developed by Pekka Janhunen [Janhunen and
Olsson, 2002].
A global hybrid model using two ion species (solar wind H+ and planetary O+ ) followed soon after the development of the first version [Kallio
and Janhunen, 2001 and 2002]. The Mars model has been further developed
and continues to be used for the modelling of the oxygen outflow at Mars.
Comparison studies have been made with the measurements by the Aspera-3
instrument onboard the Mars Express spacecraft [e.g. Kallio et al., 2006a].
A Mercury model was developed from the Mars hybrid model [Kallio and
Janhunen, 2003a and 2003b; Fordell, 2002]. A Titan version followed when
the author of this work began his doctorate research (see Article 1 included in
this work). Currently we have also global hybrid model versions for the Moon
and Venus [Kallio, 2005; Jarvinen et al., 2007; Kallio et al., 2007]. Figure 2.3
presented in Chapter 2 shows simulation plots from our simulation models
for Mercury, Venus, Mars, and the Moon.
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The model development took a new course during year 2005, when I. Sillanpää and R. Jarvinen started the work that has brought the various model
versions to a single code. Newer developments made during that process include creating simulation runs with one parameterized configuration file that
sets up the simulation grid, ion populations and various other numerical parameters and functions used in the current simulation model. We call the
new parameterized model version the HYB model. The model development
is continuing and all new functions or features created can be employed in
all simulation models for the various objects.
The next section will cover the model algorithm and describe its implementation into a computer code in general terms. The physical equations
of the model and their implementation are presented in the first subsection, followed by boundary conditions and the insertion of macroparticles.
Then the initialization of the model is discussed together with possible nonphysics-related restrictions to the simulation run. This section will present
also the method used for maintaining the macroparticle number in the cells
at certain level, while finally presenting some special methods for gathering
information from the simulation for purposes such as data comparisons or diagnostics. The latter section will deal with the specifics of the Titan model:
the boundary conditions implemented for a subsonic plasma flow and the
testing and monitoring aspects particular to the Titan model.

6.1

Hybrid Model HYB

Some aspects of the simulation code not covered in this section are presented
in Appendix B. There are given some schematic pictures of the function of
the simulation program and of the steps taken during a timestep. Details
relating to the refinements used for the simulation grids are also discussed
there.
Before presenting the simulation algorithm, we describe some basic features of the used numerical scheme. The simulation grid is a way to discretize
the field quantities within the simulation domain or area that we call also the
simulation box due to its rectangular outer boundaries. Simulation particles
in the hybrid scheme represent ions and have a statistical weight (w) associated with them. This ‘weight’ of the simulation particle is the number of ions
it represents in the simulation. In our model this number can be different
for each simulation particle. As this weight is typically a very large number
(in our simulations in the range 1019 − 1025 ), we call the simulation parti-
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Figure 6.1: Accumulation of a macroparticle to grid cells in a Cartesian
two-dimensional scheme. Here the accumulation is based on the fractions of
the macroparticle surface area within each cell (indicated with the different
colors).
cles macroparticles when a weight is associated with them (cf. test particles
defined below).
In the simulation a macroparticle behaves as a single ion of its species
would behave. Thus the mass and the electric charge of a macroparticle representing, for instance, protons (H+ ) would be propagated according to the
fields stored in the grid as a particle with mass equal to mp = 1.6726·10−27 kg
and with an electric charge equal to the unit charge |qe | = 1.6022 · 10−19 C.
However, when the electromagnetic fields are propagated, the macroparticle
representing, for instance, w protons is accumulated to the grid cells as a
cloud of w protons with all of them having the same velocity. Figure 6.1
shows how the accumulation could be calculated in a two-dimensional Cartesian grid. In three dimensions, as in our simulation model, the portion of
the macroparticle cloud accumulated to the cells is directly proportional to
the volume of the cloud in each respective cell. Typically the shape and size
of the macroparticle are equal to those of the grid cells, and so it is also in
our model with cubical cells and macroparticles. This accumulation method
is known as the particle-in-cell (PIC) method, or the cloud-in-cell method.
We use the term test particle for a simulation particle that does not
influence the fields or plasma parameters, but that only moves according to
the fields stored in the simulation grid. Therefore these test particles have
no need for a weight value to be associated with them.
The simulation grids used in the HYB model are staggered Cartesian
grids with rectangular outer boundaries. A staggered grid means that there
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Figure 6.2: A cubical grid cell with associated nodes (8) and faces (6). The
physical quantities located at nodes, faces and cell centers are listed.
The primary quantities are underlined with a solid line: components of the
magnetic field (Bx, By, Bz) on respective faces and the ion electric current
(ji) and the ion charge density (rhoq) at cell center. Other quantities are
underlined with a dashed lined where they are first calculated: components
of the electric current (jx, jy, jz) on respective faces, the electron velocity
(Ue) at cell center, and the electric field (E) at nodes.
are overlapping lattices for different quantities used together to provide significantly better stability in a system using partial derivatives (such as a
hybrid model) than what could be achieved with an unstaggered spatial grid
[Pantakar, 1980]. The staggered grid structure in the HYB model consists of
the cell centers, the cell faces and cell nodes. The cell nodes form a lattice
of their own that is shifted from the lattice of cell centers. Each cell of the
simulation grid is cubical and each cell is connected to six cell faces (between
two adjacent cells — as an exact location it marks the center point of the
face) and eight cell nodes that are located in each corner of the cell faces.
Each face, in turn, is connected to the two neighboring cells it separates and
each node to eight cells that touch the node with their corners. Figure 6.2
shows the entities of the staggered grid lattice and the physical quantities
stored at these lattice locations.
The simulation grids in the HYB model can have finer grid resolution in
desired parts with the use of hierarchical refinements. The principle of hierarchical grid refinements is presented in Figure 6.3 for two dimensions. While
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Figure 6.3: Hierarchical grid refinements in a Cartesian grid as two dimensional projection. Cell centers and nodes are indicated with blue squares and
red circles, respectively.
this is a very important aspect that is systematically applied in our model,
there is, however, little essential information in the details of this method.
Therefore the more detailed description of a hierarchical grid structure have
been placed in Appendix B.2.

6.1.1

Model Equations and Implementation

The fields and particles are propagated with formulas based on the hybrid
model equations presented in Section 3.2.2. A leapfrog scheme is used in the
algorithm to propagate the simulation system temporally one timestep (∆t)
1
n− 1
~ n− 21 ) to (~x n+ 2 , ~v n+1 , B
~ n+ 12 ). Here i denotes
from quantities (~xi 2 , ~vin , B
i
i
~ is
an index for all individual simulation particles (representing ions) and B
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Figure 6.4: The time ordering of the leapfrog scheme used to propagate the
macroparticles and the field quantities in the HYB model. The predictorcorrector is an optional way of propagating the magnetic field. The original
and result quantities are indicated with colors: okra for quantities calculated at full timesteps (macroparticle velocities) and blue for half-timestep
quantities (macroparticle positions and the magnetic field).
the magnetic field discretized to the simulation grid. The upper indexes (n,
n + 21 etc.) indicate the time ordering of the quantities with respect to time
step n. Figure 6.4 shows a schematic on the leapfrog scheme used and the
time ordering of the physical quantities.
In the propagation scheme each simulation particle is first moved according to its velocity (cf. Eq. 3.39c)
n+ 12

~xi

n− 12

= ~xi

+ ~vin ∆t.

(6.1)

The second step is the propagation of the electromagnetic fields. That
starts with the calculation (i.e. PIC accumulation) of the charge density ρq
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and ion current density ~ji of each cell from the macroparticles:
1 X
qi wi0
V i
X
~jin = 1
qi ~vin wi0
V i

ρnq = |qe |nne =

(6.2a)
(6.2b)

Here the sums are over all macroparticles intersecting the cell. V is the size
of the cell and wi0 is the macroparticle weight accumulated to the cell in
question. This accumulated weight is a fraction of the total weight wi of the
macroparticle i:
V0
wi0 = i wi ,
(6.3)
Vi
where Vi0 is the intersection volume of the macroparticle and the cell. Vi is
the total volume of the macroparticle (or the size of the ‘cloud’ of particles
it represents).
The electric current density ~j is calculated using the Ampère’s law (Eq. 3.39g):
~ n− 12 .
~j n− 12 = µ0−1 ∇ × B

(6.4)

~ e∗ (asterisk denotes that this is not a timeThen the electron velocity U
centered quantity) is calculated using the definition of the electric current
density (cf. Eq. 3.19d and 3.39b):
!
X
1
1 ~ n ~ n− 1 
1
n n
~ e∗n =
~j n− 2 −
ji − j 2 ,
q
n
(6.5)
~
v
=
U
i
i i
n
qe nne
ρ
q
i
where the hybrid assumption of quasi-neutrality (Eq. 3.39a) was used in the
latter part.
Now the electric field can be obtained from Ohm’s law (Eq. 3.38). However, in our model the electron pressure term has currently been omitted from
the electric field. The typically used approach in implementing the electron
pressure term is to estimate some electron temperature(s) and assume the
electron fluid can be treated as an adiabatic (or isothermal) fluid. These
assumptions can rarely be validated. Inserting the obtained electric field to
Faraday’s law (cf. Eq. 3.39f), the temporal change in the magnetic field can
be calculated:
!
~j n− 12
1
1
1
n+
n−
n
n−
~ 2 =B
~ 2 +∇× U
~ e∗ × B
~ 2−
B
∆t.
(6.6)
σ
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Equation 6.6, however, represents a rather simple magnetic field propagation that has been used in Mars and Venus simulations. The following three
steps describe the probably more reliable predictor-corrector propagation of
the magnetic field [see Harned, 1982] and they can be used to replace Equation 6.6 (cf. Fig. 6.4). These steps of predictor-corrector propagation have
been used with the Titan simulations from the start.
The predictor step is the same propagation as in Equation 6.6 but for only
~ n for full timesteps is
a half of the timestep. A provisional magnetic field B
obtained:
!
n− 12
~
1
1
j
∆t
~n=B
~ n− 2 + ∇ × U
~ e∗n × B
~ n− 2 −
B
.
(6.7)
σ
2
~ en can be recalculated as a time-centered value
Now the electron velocity U
1
using ~j n instead of ~j n− 2 :
~ n.
~j n = µ0−1 ∇ × B


~ en = 1 ~jin − ~j n ,
U
ρnq

(6.8)
(6.9)

~ en the corrector step is calculated yielding the
Using this new value for U
magnetic field propagated one full timestep:
!
n
~
1
1
j
~ n+ 2 = B
~ n− 2 + ∇ × U
~ en × B
~n−
B
∆t.
(6.10)
σ
The predictor-collector cycle corrects the off-center electron velocity calculated in Equation 6.5 and the final propagation equation is obtained in a
time-symmetric form:
~ n+ 12 − B
~ n− 12
B
~ en , B
~ n , ~j n ).
= f (U
∆t

(6.11)

Finally, with the fields updated we can propagate the velocity of each
macroparticle with the well-known Buneman scheme [Hockney and Eastwood, 1988] for the Lorentz force (cf. Eq. 3.39d where on the right-hand side
~vi is replaced with 21 (~vin+1 + ~vin ).
~vin+1 = ~vin +
~ en ) × B
~ n+ 12 +
a (~vin − U



~ en ) × B
~ n+ 12 × B
~ n+ 21
(~vin − U

2
~ n+ 21
1 + a2 B
a2
2


(6.12)
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~n
Here a denotes qi m−1
i ∆t. The electron velocity Ue should be replaced with
~ e∗n , if the predictor-corrector scheme is not used. Resistivity is not used in
U
the propagation of particles, as it is mostly used as a way to stabilize the
magnetic fields. Gravity correction to the propagation of the macroparticle
velocity has been implemented in recent versions of the HYB model:
∆~vG = −~ri

GMP
∆t.
|~ri |3

(6.13)

Here G is the gravitational constant, MP the mass of the planet (or satellite),
and ~ri is the distance of the macroparticle from the center of the planet.
Table 6.1 gives the numerical steps of the algorithm used. Figure 6.2
could be helpful in understanding the field propagation (steps d.1 to d.14
in Table 6.1). The field propagation begins with each component of the
~ being interpolated from the opposing faces (1 and 2) to the
magnetic field B
cell center:
fBx (1) + fBx (2)
cBx =
.
(6.14)
2
cBx is the cell centered Bx (at coordinates x, y, and z) and fBx (1) is a face
value. The same equation applies to the Y and Z components though the
cell faces are different in their cases, as each cell has two X faces (x ± ∆x
, y,
2
∆x
,
z),
and
two
Z
faces
(x,
y,
z
±
)
(∆x
is
the
cell
z), two Y faces (x, y ± ∆x
2
2
size).
The interpolation from the nearest cell centers (8 in an unrefined grid)
to a node is done by weighting the cell center values in a similar way as was
done in Equation 6.14 for each component. The magnetic field on the cell
faces is a primary quantity and the propagation of the magnetic field (d.14
in Table 6.1) is calculated directly for the faces. This is a way of preserving
the magnetic field as a divergence-free field [Dai and Woodward, 1998] as it
physically should be (Eq. 3.2).
The two other primary variables
P for the field propagation are the ion
~
charge density (here simply ρq =
i qi ni ) and the ion current density ji
accumulated to the cell centers (Figure 6.1). Taking a curl over the magnetic
field values at the nodes associated to a face gives the electric current density
~j on this face (cf. d.4 and the Ampère’s law Eq. 6.4). After interpolating this
electric current from the faces to the cell center (cf. d.5 and Eq. 6.14), the
~ e at the cell center can be determined using the previously
electron velocity U
~ is
accumulated quantities (cf. d.6 and Eq. 6.5). Finally, the electric field E
determined at the nodes (d.13) and subsequently the taking of the curl over
the nodes of a face gives the change of the magnetic field on that face.
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Table 6.1: Propagation steps of the macroparticles and fields and the interpolations used. Three different locations in the simulation grid are used to
store quantities: cell centers (here cells or c for short), grid nodes (n) and
cell faces (f) between two adjacent cells. Magnetic field is initially stored on
~ orig and B
~ result are face quantities).
cell faces (B
a)
b)
c)
d)

d.1)
d.2)
d.3)
d.4)
d.5)
d.6)
d.7)
d.8)
d.9)
d.10)
d.11)
d.12)
d.13)
d.14)
e)
f)

set cell quantities ρq , ~ji to zero
move macroparticles with ~vi and assign to right cells
accumulate ion charge density ρq and ion electric current ~ji
from macroparticles to cell centers
field propagation:
~ calc = B
~ orig
simple field propagation scheme: B
0
the upwinding is used and ∆tsimple = ∆t
~ pred = B
~ corr
predictor-corrector scheme: B
calc
result
the predictor step does not use upwinding and ∆t0pred = 21 ∆t
the corrector step uses upwinding and ∆t0corr = ∆t
~ calc from faces to cells (cB)
~
(interpolate)
B
~
outer boundaries for cB
(boundary)
~
~
cB to nB
(interpolate)
~
~
fj = ∇× nB
(curl)
~
~
(interpolate)
fj to cj
−1 ~
~
~
cUe = ρq (cji −cj)
(calculate)
~
~
inner boundary for cUe and cji
(boundary)
~
outer boundary for cUe
(boundary)
~
~
cUe to nUe
(interpolate)
~
~
upwinding cB to nBupwind
(calc., interp.)
~
~
cj to nj
(interpolate)
−1
~
~
~
~
nE = −nUe × nBupwind + nj σ
(calculate)
~
~
(curl)
fA ≡ −∇× nE
0
~
~
~
Bresult = Borig − fA ∆t
(calculate)
propagate macroparticle velocities
splitting and joining of macroparticles
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It should be noted that the propagation of particle velocities (step e in
Table 6.1) uses the electron velocity of the cell wherein the particle is currently located, while the magnetic field is interpolated from the faces to the
location of the particle (see Eq.6.12). This is a way we avoid any cumbersome interpolation when calculating the new velocities for the particles. This
is reasonable, since the propagation of the simulation particles takes a large
part of the simulation run time in a hybrid code.
The steps, that we have not explained yet in Table 6.1, are the upwinding
(d.10) and the splitting and joining of macroparticles (f). The splitting and
joining of the macroparticles, that is an important feature in the HYB model,
will be described in Section 6.1.4. The model implements upwind differencing
~ n− 21 in the propagation of the magnetic field (Eq. 6.6
[Press et al., 2001] for B
and 6.10). The upwind displacement is
∆~xupwind = −

∆x ~ n
U ,
~ en | e
2|U

(6.15)

where ∆x is the cell size. When the predictor-corrector scheme is not used,
~ en is replaced with U
~ e∗n .
U
The interpolation steps with the corresponding distances are presented in
Figure 6.5. All interpolation distances are shorter than the cell size (∆x) due
to the staggered grid. The advantage of a staggered grid is very significant in
calculating derivatives as the derivatives are much more stable when calculated this way [e.g. Forgy and Chew, 2002]. In our model the only derivative
in the basic algorithm is the curl over the nodes associated to√a cell face,
where the distance between the nodes and the face center is 22 · ∆x. In
contrast, in unstaggered grids the needed derivatives are typically calculated
as central differences over three or more cells in one direction with the center
value ignored.

6.1.2

Boundary Conditions

The boundaries play an important role in solving or modelling a system based
on equations with partial derivatives. In the HYB model there are two important boundaries to be dealt with: the outer boundaries of the simulation
domain and what we call the inner boundary. By inner boundary we refer
to how a planet or another interaction body is modelled as a boundary condition for the simulation. The boundary conditions must deal with both the
simulation particles and the fields in a hybrid model. Although not strictly a
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Figure 6.5: Interpolations used in the HYB model between cell faces, cell
centers and nodes. The interpolation distances are given in units of cell
size with three decimals. The interpolation distance from cell centers to
nodes can be different than the given value at grid refinement boundaries
(see Appendix B.2)
.
boundary condition, the insertion of flow and planetary ions is also described
in this section.
For fields we use a Neumann boundary condition in the outer boundaries.
This is accomplished with an extra layer of grid cells just outside of the
actual simulation domain. These cells, so-called ‘ghost cells’, have all other
characteristics of an ordinary simulation cell except that no macroparticles
are allowed to enter there. This means that the ghost cells have cell-centered
quantities that make the different interpolation phases of the algorithm easy
to perform also at the edges of the simulation domain. A Neumann boundary
condition specifies the value of the derivative of a solution on the boundary,
and we have set that derivative to zero by copying the cell-centered quantities
of the outermost cells in the simulation domain to the ghost cells.
The macroparticles can be treated at the outer boundaries in several
ways. Most typical boundary conditions for macroparticles are absorbing,
reflecting or periodic boundary conditions. For each ion population created
in the HYB model simulation, the outer and inner boundary conditions can
be set up independently.
In case of an absorbing boundary the macroparticle, whose center point
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crosses the domain boundary, is simply removed from the simulation. At a
reflecting boundary the velocity component perpendicular to the boundary is
reversed and the macroparticle returned just inside the simulation domain.
A periodic boundary takes the macroparticle to the opposite side of the
simulation domain without changing its velocity. Thus both reflecting and
periodic boundary conditions return the macroparticle just inside of an outer
edge of the simulation domain with velocity pointing away from that edge of
the domain. Also more elaborate boundary conditions have been constructed
for the Titan version of the HYB model, but those will be presented in
the section that describes the model version for Titan specifically. When
modelling an interaction with a cold plasma flow such as the solar wind,
even simple absorbing boundaries on all outer edges are possibly feasible.
The other part of the outer boundary conditions for simulation particles
besides the exiting particles is the incoming flux of particles representing
the plasma flow. The plasma flow is created in our model by generating
macroparticles in random positions in the front cells of the simulation box.
Each of the macroparticles are given a random velocity representing a predetermined velocity distribution (e.g. a Maxwellian distribution with a certain temperature and bulk velocity). The number of macroparticles created
per timestep is determined so that the average number of macroparticles
per cell also in the front layer of cells is at the desired level. Likewise the
weights of the macroparticles created are calculated to create a plasma flow
of a given number density. The following formulas describe how the number of macroparticles created per timestep ∆t and the (initial) macroparticle
weights are determined for each flow ion species modelled (‘solar wind populations’, swPopsN is the number of these ion species or populations).

MacropartsPerCell
swPopsN
V ∆t
MacroparticlesPerDt = MacropartsInFreeFlow ·
Xmax − Xmin
ni · boxV
MacroparticleWeight =
MacropartsInFreeFlow
MacropartsInFreeFlow ≡ nx ny nz ·

(6.16a)
(6.16b)
(6.16c)

Here MacropartsPerCell is the average number of macroparticles wanted in
a cell. nd is the number of (unrefined) cells in d direction in the simulation
domain, boxV is the volume of the simulation domain and Xmin and Xmax
its dimensions in X direction. ni is the number density for the ion species
in the undisturbed flow, and V is the bulk velocity. As these equations
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show, each timestep an equal number of macroparticles is created for each
ion species in the flow.
The inner boundary is an essential part of the interaction with the plasma
flow, and it also needs boundary conditions for both the simulation particles and field propagation. The two typical cases used for a field boundary
are a perfectly conducting obstacle, corresponding to a body with a wellconducting ionosphere, and an obstacle with electrical resistivity, this case
corresponding to the Moon, for instance. A conductive sphere, that the
magnetic field is unable to penetrate, is accomplished by setting the resis~ e to zero within a certain distance Rf ields
tivity and the electron velocity U
(cf. Eq. 6.6). A resistive sphere is set up by defining, for instance, a constant
resistivity within the obstacle. These kind of conductive or resistive spheres
can be combined with an inner magnetic field (e.g. a dipolar field to model
Mercury’s dipole field). There is a new feature being developed for the inner
boundary that will likely have an effect on the future simulation runs made
with the HYB model. This addition to the current model will be briefly
discussed in Section 8.2.
The simplest inner boundary condition for particles in the HYB model
is implemented as an absorption distance from the center of the interaction
body (Rabs ). A macroparticle coming within that radius will then be removed
~ e to zero within
from the simulation. This in fact sets the electron velocity U
this sphere if no resistivity exist, but as a separate parameter from Rf ields it
allows more flexibility.
Often the obstacle is an important source of particles. Possible source
mechanisms include a neutral exosphere with its ionization processes, ionospheric escape, and surface sputtering. In our model macroparticles representing ions can be generated at the obstacle or according to a probability
distribution calculated from a neutral exospheric profile using appropriate
ionization cross sections. Self-consistent chemical reactions, based on e.g. ion
densities derived dynamically from the macroparticle distributions, are not
yet set up in the HYB model, although earlier Mars simulations have been
used to obtain fluxes of energetic neutral atoms from charge-exchange reactions.
The HYB model currently employs two methods for creating macroparticles at the obstacle. We call these two sources the ionospheric and the
exospheric source.
The ionospheric source creates macroparticles of a certain ion species on
a spherical surface with a radius Riono from the center of the interaction
body. The parameters needed are the number of macroparticles created per
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timestep and the weight of the macroparticles. Further, the temperature
of the ions is needed to calculate the initial outward velocity (based on a
Maxwellian distribution). The initial location, where each macroparticle is
to be created, is based on a probability distribution that can be either uniform
along the spherical surface or more complex e.g. proportional to cosine of the
solar zenith angle.
The exospheric source employes a probability distribution for macroparticle generation that is discretized to the simulation grid. Such probability
distributions can be obtained e.g. by combining exospheric profiles of neutral particles and the photoionization rates for those particles (see Article 4).
The derived probability distribution can be used to provide an ion production
rate, although the discretization (i.e. the grid resolution used) can possibly
alter the result. The initial location of a macroparticle is random within the
cell chosen from the probability distribution. The number of macroparticles
created per timestep is an independent parameter, which is also needed. The
initial velocity is determined from a Maxwellian distribution for a given exospheric temperature. In the case of photoionization, the direction of the
Sun is also crucial. If the system is one of a solar wind interaction, the solar
direction is very close to the opposite of the flow direction (small deviations
are due the aberration caused by the orbital velocity of the interaction body).
For Titan, on the other hand, the angle between the solar direction and the
magnetospheric flow is very dependent on Titan’s orbital position.

6.1.3

Model Initialization

There are several items that need to be checked before the first timestep
can be taken in our simulation code. These items include setting up the
simulation grid, initial magnetic fields, resistivity if needed, and the several parameters important for numerics as well as functions that determine
e.g. the exact numerical scheme that will be used. It is via the configuration
file that all these pieces of information are given to the simulation code.
As the Courant condition (Eq. 3.40) should hold from the start in a
physical simulation such as ours, we set up one or more initial ion populations
uniformly using given number densities in the simulation domain so that we
−1
do not get overly large Alfvén velocities (∼ ρq 2 ). After accumulation these
give the ion charge density ρq and the ion current density ~ji for the first
timestep (t = 0). These initial populations are typically washed out of the
simulation domain in the early part of a typical simulation run. Furthermore,
we employ a minimum charge density ρmin
. This is a parameter used to
q
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prevent the breaking of the Courant condition due to possible numerical
fluctuations, that could otherwise result in very small accumulated charge
densities for some cells.
~ at t = − 1 over the simulation
The initial magnetic field, which gives B
2
domain, can be set up in two ways: It can be set only on the faces of the cells
in the front edge (where the flow is inserted), thereby setting the magnetic
field carried by the incoming flow. If faster development of the system is
desired, the initial field can be set to cover the entire simulation domain (the
initial values are placed again on the cell faces). One way to set up dipole
fields is to set initial field also in a fully conducting interior of the interaction
body, so that the field is trapped as the electric field is unable to penetrate it
~ e to zero within this
due to Rfields parameter that sets the electron velocity U
radius. As our algorithm is set to create no divergences for the magnetic field
during the propagation beyond the round-off error, it is therefore important
that the initial magnetic field is also divergence-free.
The boundary conditions need also to be set up. For the fields the Neumann boundary condition is typically used for domain boundaries except for
the front edge. As each ion population is set up with the physical and numerical parameters, also their boundary conditions need to be given. This is
done by giving wanted boundary functions with their respective parameters
for the inner boundary and the outer edges (the front, the back and the side
boundaries are given as separate functions).
Manual upper limits for the total electron velocity or for the speed of any
macroparticle can also be set up, that are not allowed to be exceeded. To
prevent uncontrolled termination of a simulation run with violent growth of
the magnetic field that sometimes can take place (the hybrid model does not
include explicit equation for the conservation of energy like MHD models),
we have a parameter Blimit . This gives the maximum total magnetic field
value, if reached in any part of the domain, the simulation run will terminate.
In our model resistivity can be used as a method to smooth the magnetic
field fluctuations that can cause problems. The resistivity values are set in
the initialization phase to the nodes, where they are used in the calculation
of the electric field (see d.12 in Table 6.1).

6.1.4

Splitting and Joining of Macroparticles

Our hybrid model includes a technique for controlling the number macroparticles in each cell of the simulation domain. Such a technique helps to balance the computational load between the simulation cells and it ensures that
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there is a sufficient number of macroparticles in all areas of the simulation
domain to correctly represent the ion statistics. Notwithstanding these reasonable justifications, the most crucial motivation for having a control over
the number of macroparticles in each cell, is because of the refinements of the
simulation grid we employ in our hybrid model (for details see Appendix B.2).
Each level of hierarchical grid refinements abruptly decreases the cell size
to one half and the cell volume to one eighth. This means that for the number
of macroparticles per cells to remain the same in the refined area we need
eight times as many macroparticles per unit of volume. By controlling the
number of macroparticles, the grid refinements provide a huge boost to the
efficiency of the model, as the less interesting regions of the domain (e.g. near
the outer boundaries) can be dealt with little computational load while the
most computing power is focused to the refined key areas.
Our technique for controlling the number of macroparticles dynamically
consists of methods for both the splitting and the joining (i.e. coalescing)
of macroparticles. Our splitting and coalescing methods conserve both the
total momentum and the energy. The criteria for using these methods are
based on a target number for macroparticles per simulation cell (Ntarget ).
The criteria by which the macroparticles are chosen for the splitting and
joining algorithms have been modified from those described by Kallio and
Janhunen [2003a]. In that earlier version the macroparticles for splitting
and joining were chosen in order to make all macroparticle weights closer to
each other (regardless of ion species), whereas the current method is guided
towards evening the number of macroparticles of each ion population present
in a cell. When multiple ion species were present, the earlier method allowed
e.g. the ion species of the flow that carried more dynamical pressure to have
more macroparticles. The design was to reduce the numerical fluctuations
to the accumulated ion charge density ρq . The newer method seeks to give a
good representation for all ion populations present in a cell. The concern for
the effect of fluctuations to the accumulated charge density is alleviated as the
target number of macroparticles is currently 30 for solar wind interactions (for
Titan over 50 due to the heated magnetospheric flow). This is a significant
change as the number, that was commonly used before the parameterized
HYB model was developed, was only 10.
The number of macroparticles is checked in each cell at the end of each
timestep. Some tolerance limits for the deviation from the target number
are reasonable to avoid unnecessary applications of the technique, as it can
become computationally heavy. However, when the number of macroparticles
in a cell (N ) is outside the tolerance limits, either splitting (if N < Ntarget )
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or the coalescing (if N > Ntarget ) method is used once for that cell.
In the splitting method first a population is chosen randomly from those
that have macroparticles present in the cell in question. Then a macroparticle from that population with the largest weight value is chosen. This
macroparticle is divided into two macroparticles of equal weight wnew =
1
w . The two new macroparticles belong to the same population as the
2 orig
original macroparticle and also their velocities are equal to the velocity of the
original macroparticle, which is consequently removed from the simulation.
The new macroparticles are placed at a set distance from each other (perpendicular to the velocity) with the position of the original macroparticle in
the middle. The number of macroparticles is thus increased by one in the
cell in question.
The technique for coalescing macroparticles conserves both the momentum and the energy and is therefore set up to merge three macroparticles
belonging to the same population and create two new macroparticles. The
population of the particles to be joined is chosen first from populations with
more than six macroparticles in the cell. Then the probability for a population to be chosen, is proportional to the number of macroparticles it has
in that cell. Three macroparticles from the chosen population are chosen
by first finding a pair of macroparticles of the chosen population minimizing
(w1 + w2 )(~v1 − ~v2 )2 . The third particle minimizes w3 (~v3 − ~vCM )2 , where the
center of mass of the two first-chosen particles is used:
~vCM =

w1~v1 + w2~v2
w1 + w2

(6.17)

Mathematically the most optimal set of three macroparticles would be to
find the whole triplet at once by minimizing just one parameter. However,
such criterion requires three nested loops over the macroparticles of a cell,
and this proved to be computationally an exceedingly heavy procedure with
the high number of macroparticles per cell currently used and the number of
joinings needed in a typical run.
In the coalescing of the three chosen macroparticles into two macroparticles the new macroparticles are given equal weights wnew = 21 (w1 + w2 +
w3 ). There are 12 other degrees of freedom to be set for the new particles
(~x1 , ~v1 , ~x2 , and ~v2 ). 10 of the parameters for the new particles can by fixed
by the conservation laws of momentum (3), energy (1), angular momentum
(3), and the position of the center of mass (3). By requiring that the positions of the new macroparticles are in the plane determined by the positions
of the three original macroparticles and that the velocities are perpendicular
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to the angular momentum, the system is fully determined. In the coalescing
process the number of macroparticles is decreased by one in the cell.
As an example of similar methods used by other hybrid modellers, Bagdonat and Motschmann [2002] used a simpler technique for coalescing of
simulation particles in their hybrid code; their technique was to combine two
particles into one conserving the total momentum but not the energy [see
also Lapenta and Brackbill, 1994].

6.1.5

Test Particles and Particle Collectors

The typical output files of the HYB model give the field and average particle
quantities at each cell of the simulation grid (either momentary or time averaged; for a single particle population or all of them). While these files give
much information of simulation results, one can hardly tell off hand how the
individual particles behave based on this information alone. The average flow
lines can indicate some of that but it is not conclusive. With test particles
propagated in the electromagnetic fields of a simulation result the individual
particle paths can be determined and many features in the general result files
understood on a fundamental level.
One special way to obtain additional particle information from a simulation run of the HYB model is through particle collectors. Particle collectors
are set up to record macroparticles passing through a surface for a set interval
of simulation time. These collectors do not interfere with the propagation
of the particles. In practice, this is done by comparing the positions of a
macroparticle before and after the propagation of its position to the surface function of the collector in question. Several different kind of surfaces
are currently parameterized in the HYB model. One often used shape is a
sphere with a given radius from a given location of the simulation domain
(the sphere can extend beyond the boundaries of the domain). Some other
surface shapes implemented are a plane or a disc and one or multiple lines
with a given radius thus essentially making the detector surface a tube or a
set of tubes (e.g. around the flyby trajectory of a spacecraft).
Figure 6.6 shows particle impacts collected from a Titan simulation with
a collector sphere set at the altitude of Titan’s exobase. Panel 6.6a shows
individual impacts on a two-dimensional map of the exobase — red points
are impacts with 50 per cent higher thermal velocity than the average thermal velocity of all impacts. This indicates that the low energy CH+
4 ions
had impacts mainly around the ram direction (φ = 0) and the high energy
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methane ions impacted mostly between the anti-Saturn and the wake directions (φ = 90 and 180 degrees). The ion impact rate per surface area is
mapped in Panel 6.6b.
The particle position, velocity, and species recorded in a collector file
make it easy to derive energy spectrograms, for instance. These kind of
virtual particle collectors are useful for calculating and mapping the energy
deposition on a surface (e.g. on an upper ionosphere that could be useful for
modellers of an ionosphere). They also make comparisons with in situ particle measurements feasible. Otherwise comparisons with particle instruments
would be based on the macroscopic quantities, and their derivation from the
measurements can be very difficult and sometimes impossible (e.g. because
of poor field of view).

6.2

HYB Titan Model

Here we give only a short overview of the Titan version of the HYB model
and its predecessors. This is because the Titan model is also described in
the articles included in the latter part of this work. After an introduction to
the Titan model, we describe the special outer boundary conditions for the
particles. After that key methods used for monitoring simulation runs are
discussed.
The first Titan version of the hybrid simulation model developed at the
Finnish Meteorological Institute was direct implementation of Titan properties into the Mars version. A lengthy period was spend in order to make
a subsonic plasma flow possible. The Maxwellian velocity distribution for a
subsonic (or heated) plasma flow was easily created. However, the boundary conditions for such a flow were much more complicated especially when
compared with the cold solar wind plasma in the plasma interaction of Mars,
where even simple absorbing boundary conditions were feasible. The special
boundary conditions used for the Titan model are described in detail in the
next section.
Other special considerations needed in the Titan case were in some sense
also connected to the heated incident plasma flow. In the typical subsonic
flow for Titan the ions have larger thermal velocities than the bulk velocity
of the flow. This causes much of the macroparticles, that are created with
a Maxwellian distribution representative of ions in a subsonic flow, to move
as much in directions perpendicular to the average flow direction as along
it. Also the large Larmor radii of ions in Titan’s upstream flow plays a role
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(a) Map of CH+
4 ion impacts.

(b) Impact rates of CH+
4 . Impacts are counted into 10 × 15 degree bins.

Figure 6.6: An example of the use of a particle collector in the HYB model.
Exospheric CH+
4 ion impacts to a particle collector at the altitude of Titan’s
exobase. The vertical axis is the latitude in degrees (theta) and the horizontal
axis is the angle to the ram direction of the upstream plasma flow (phi φ = 0
is the ram direction and φ = +90 degrees is to the direction of the convection
electric field when the upstream magnetic field is southward.
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here. Therefore a much larger number of macroparticles per simulation cell
is needed than in the early Martian simulation runs in order to reduce the
fluctuations of the electromagnetic fields arising from the fluctuations of the
particle matter in the simulation domain. When Titan runs were started we
were using 30 macroparticles per cell when the number used for the Martian
runs was typically 10 or 15 at that time.
Another aspect was the refined grid structure for Titan simulations comprising of several layers of refinement (cf. Fig. B.1). These kind of grid
structures reduced the field fluctuations at the outer boundaries as the cell
size was very large there. In some simulation runs we also employed filtering
of the boundary magnetic field in order to remove unphysically large values;
after using such magnetic filters the magnetic field is not divergence-free —
therefore we employed a routine from the GUMICS model (MHD model developed at FMI for the modelling of Earth’s magnetosphere) to make the
magnetic field again divergence-free [Janhunen, 1998].
The refined structure allowed us to improve the resolution (i.e. the cell
size) near Titan from 0.4 RT to the value of 0.2 RT that has been recently
used. However, with refined grid structure there are sharp refinement boundaries where the cell size abruptly changes by a factor of 2. This typically
means that the immediately within the refinement boundary the (further)
refined cells have somewhat less macroparticles than the target number —
this is especially true for hot plasma where the particles cross the cell boundaries much more frequently. For this reason we have used resistivity at these
refinement boundaries for the field propagation thus making the field behave
more smoothly there. Otherwise some uncontrolled magnetic field growth
was detected at the refinement boundaries. Attempts to achieve a resolution of 0.1 RT have so far failed due to instabilities arising at the inner field
boundary near the conducting obstacle (in Section 8.2 we discuss ongoing
developments that have alleviated these problems).
The first Titan simulation results published were from Titan simulations
employing one ion species for the plasma flow (average of the two ion species
masses detected by Voyager 1) and two planetary ion species (N+
2 as an
+
ionospheric source and CH4 from an exospheric neutral profile). Later, a
two-species plasma flow was implemented (N+ and H+ , later O+ and H+ ).
The most recent version of the HYB Titan model uses three planetary ion
+
species (exospheric sources for CH+
4 and H2 with neutral profiles based on
Cassini/INMS measurements). Cassini’s measurements have shown that the
heavier component in the ionospheric composition is dominated by H2 CN+
+
and C2 H+
5 rather than N2 . As the masses of these three molecules are very
close to each other, these findings cause no immediate need to change our
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approach to Titan’s ion emissions.
There are several utility programs used for the analysis of simulation
results, e.g. for rotating the results in case the direction of the incoming
flow is non-ideal. This allowed us to present results in Sections 7.2 and 7.3
using the TIIS coordinate system. Other specific tools have been created for
visualization purposes, some of which are used in Article 4.
The current HYB Titan model has some limitations in the physics that it
can simulate. The omission of the pressure term in Ohm’s law (cf. Eq. 3.38)
results to the electric field being always perpendicular to the magnetic field
and no parallel electric fields can exist when no resistivity is used. Furthermore, ion-neutral collisions are excluded and the ion emission does not
currently self-consistently consider charge-exchange reaction or electron impact ionization. Nevertheless, the dominant ionization mechanism at Titan,
the photoionization [Backes, 2005b], seems very adequately modelled for the
exospheric emission and it uses updated neutral density profiles from the
measurements by Cassini.

6.2.1

Boundary Conditions for Titan Simulations

An important way to test a numerical simulation such as a global hybrid
simulation, is to try pure plasma flow runs with no obstacle or interacting
body. This revealed an interesting effect for a heated magnetized plasma
flow such as the plasma flow at Titan with the thermal speed exceeding the
bulk velocity. For these kind of test runs, absorbing boundary conditions
for particles were used at front and back walls (where the plasma enters and
exits the simulation domain, respectively), and periodic for the side walls.
In these tests the plasma flow was accelerating starting from the back wall.
The reason for this acceleration was in the large Larmor radius of the flow
particles with respect to the cell size and their high thermal velocity — in a
hot plasma flow there is a large portion of particles that can have momentary
velocities in the direction opposite to the bulk velocity. At the front and back
walls of the simulation domain this creates certain effects described in the
following: There are some newly created flow particles that are able to cross
the front wall boundary as they turn due to their large Larmor radius. This
happens occasionally even though the new particles are created inward of the
outer boundary (but within the front cell) and the initial velocities calculated
from a derived Maxwellian distribution are into the simulation domain. The
effect of the front wall absorption seems small to the plasma flow distribution
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due to the small fraction of macroparticles that are absorbed at the front wall
when the bulk and thermal velocities of the flow are typical for Titan.
However, at an absorbing back wall the density and velocity of the flow
can be affected significantly, when the flow is a magnetized plasma flow with
high thermal velocity. The particles passing the boundary there are removed
from the simulation. This applies also to the portion of particles that would
have turned and had momentarily a velocity opposite to the bulk velocity.
Their removal reduces the particle density only slightly, but more importantly
it removes a portion of particles that would have had a significant effect to
the average velocity in reducing it. Now a part of this backward moving
portion missing, the flow on has a higher bulk velocity here and seems to
be accelerated at this boundary. This affects the electron velocity calculated
using the ion bulk velocity and the effect is then propagated upstream.
The solution was to insert particles also at the back wall with an initial
velocity into the simulation domain; here we used the end of the tail of the
derived Maxwellian distribution not used at the front wall (because these
velocities are directed in the backward direction). A new macroparticle was
created at the back wall for each macroparticle created at the front wall, but
the weight of these back wall particles was reduced. The tests showed, that
a backwall weight that was 0.13 times the weight of particles inserted at the
front wall, was able to remove the acceleration effect for the plasma flow.
This result of course is completely valid only for the grid size used in this
test with one ion species flow. In practise, however, the weight coefficient
thus found has been used in all our Titan simulations since.
The absorbing boundary conditions at the front and back walls have been
most practical. While it would be very easy to reflect the fraction of particles
crossing the front wall back to the simulation domain, it can be argued that
doing so would change the velocity distribution more than by just removing
those particles. The ions emitted from Titan or its exosphere are also absorbed at the side walls. On the side walls periodic or reflecting boundary
conditions can be thought to be quite feasible for the hot magnetospheric
flow as they are for the cold solar wind. This is true when the outer boundaries are far enough not to effect the phenomena studied. However, this is
not always the case. At Titan, there is a large flux of planetary ions that
are accelerated by the convection electric field, and as discussed earlier (see
Section 3.3) and in the included papers, this seems to cause the incoming
flow to bend or turn in the opposite direction. Because of this bending of
the flow as a whole, it can be argued that periodic or reflecting boundary
conditions on the side walls are not a realistic representation of the ambient
flow.
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The following gives a description of what we call the ambient boundary
conditions and that has been employed in the HYB Titan model since the
time when the method was developed (not in Article 1). The boundary conditions in this method at the sides parallel to the bulk flow are such that
they mimic an ambient plasma with the proper bulk and thermal velocity;
the macroparticles impacting these sides are returned back with a velocity
from that velocity distribution at a random place at the same or opposite
wall. Also their statistical weight is unchanged. Therefore there is no net
out or inflow taking place through the side walls. Furthermore, the possible
turning of the incoming flow does not create any asymmetries in the particle distribution inserted back into simulation domain as could happen with
reflecting or period boundary conditions.

6.2.2

Monitoring Simulations

Monitoring of simulation runs is important to ensure the quality of the results. This is because there is always a possibility for numerical errors or
other problems in numerical simulations. In the hybrid simulation approach
there is nothing explicitly stating the conservation of such important quantities as total momentum and energy that are conserved in the nature. In
practice, our studies indicate that the particle momentum is well conserved in
the HYB model. However, the case is not that simple for the total energy —
while our code conserves the divergence-free characteristics of the magnetic
field, this in itself says nothing explicit about the changes in the total energy
of the field. The particle energy and magnetic energy are connected, but the
connection is through a discretized simulation grid and its consequences to
the energy conservation are hard to trace.
An actual steady state cannot be reached in typical hybrid simulations
because of the fluctuations due to the finite number of simulation particles.
Nevertheless, in kinetic simulations with non-dynamical plasma flows a socalled quasi-steady state is the objective. With a quasi-steady state we mean
a situation in a simulation when it is no longer evolving in any significant way
and the key indicators of the simulation state have levelled or are changing
very slowly.
The HYB simulation code stores several key indicators and physical values throughout the simulation run at desired intervals. In Figures 6.7, 6.8,
and 6.9 some of these values from the log files of the Voyager 1 type simulation run are given. The results presented in Article 4 are from the same
simulation run at around 2800 s.
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In Figure 6.7 the average behavior of the magnetic field in the simulation
domain is presented over the simulation run time. The initial magnetic field
is in the −Z direction. The initial populations filling the simulation domain
at the beginning of the simulation run have the same bulk velocity as the
incoming plasma flow created at the front wall. We see the average total
magnetic field dropping a little in the first 200 seconds, before the magnetic
barrier is formed (see also the Bz panel). After this, there is a slow trend of
the average total magnetic field becoming larger, while the components of the
magnetic field show only small fluctuations (there is a weak trend of the X
component becoming more negative, however). At t ∼ 3700 s the simulation
becomes clearly unstable. This is due to the increasing of disturbances at
the refinement boundaries near the side walls of the domain and they finally
become very large and begin to grow more rapidly. Consequently the simulation results are not reliable anymore even far from the outer boundaries. The
chosen time for the results presented (at 2800 seconds) seems like a reliable
point of reference based on this diagram.
The HYB model implements various particle counters making quick analyses of the particle behavior possible for all simulation runs. In Figure 6.8
some numerical counts are presented against the simulation time for all ion
populations used in this simulation run. There were two initial ion populations used (iniH+, iniO+) corresponding to the two flow ion species H+
and O+ (flowH+, flowO+). The three ion populations were used for the
two exospheric ions species (exoCH4+, exoH2+) and for the ionospheric N+
2
(ionoN2+). The top panel of Figure 6.8 shows the absolute number of ions
representedP
in the simulation domain by the simulation particles of each population ( = i wi , where the sum is over all macroparticles of ion population
i). The second panel from the top is for the number of macroparticles of each
population. The two bottom panels give the splitting and coalescence rates
of macroparticles per second.
The initial populations are completely replaced by the flow ion species
in the first 1000 seconds. The total number of planetary ions is quite small
compared to the number of the ions of flow, because the simulation domain
is large compared to the size of Titan. At the very end of the simulation run
the effect of unconstrained growth of the magnetic field starts to show in the
removal of particles from the simulation domain. This is because the convec~ C = −U
~ ×B
~ becomes consequently very large accelerating
tion electric field E
particles rapidly. The number of macroparticles for each population seems
rather stable after the first 1000 seconds. The number of macroparticles representing H+
2 ions seems to be out of proportion when compared with fact
that this ion species has no more ions in the simulation as the other two

6.2. HYB TITAN MODEL

87

Figure 6.7: Monitoring the development of the magnetic field during a simulation run.
Quantities of the magnetic field given as a function of the simulation time as
averages over the simulation domain: each component of the magnetic field,
magnitude of the magnetic field, and the magnetic energy.
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Figure 6.8: Monitoring the simulation particles during a simulation run.
The total number of ions (top panel) and the number macroparticles (second
panel from the top) for each particle population in the whole simulation
domain. The splitting and coalescing rates (in macroparticles per second)
are given in the third and the bottom panels, respectively. All the minimum
values for the vertical axes of the panels are zero, while the maximum values
(from top to bottom) are 3 · 1028 , 8 · 106 , 50000 s−1 , and 35000 s−1 .
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planetary ion species. To explain this behavior of the simulation we have to
consider the very broad area where the H+
2 ions being created in the simulation domain due to the very extensive exospheric profile of the light-weight
hydrogen molecules. As the HYB model guides the splitting and joining processes towards an equal number of macroparticles for all particle populations,
the number of macroparticles for widespread H+
2 ion population is reasonable.
Splitting of macroparticles of the initial populations was prevented after first
200 seconds. This explains the abrupt changes in the splitting rates for the
initial population (drops to zero) and for the flow populations and H+
2 (the
rates increase drastically).
While the trends in behavior of the average magnetic field or the numerical parameters of the particle populations can be important indicators, there
is also another very important indicator of stability in the case of Titan. It
is the behavior of ion escape rates as a function of simulation run time. Figure 6.9 shows the particle escape rates of each population. This ‘escape’ is
the rate of particles exiting through the outer walls (for the flow and initial
species no exiting takes place through the side walls because of the ambient
boundary conditions). The middle panel shows the escape rates of the planetary ion species in a scale more appropriate for their rates. The bottom panel
shows the rates of particles passing through the inner absorption boundary,
hence ‘impacting’ Titan’s ionosphere.
The high-density ionotail typical for our Titan simulations develops slowly
and the escape rates of planetary ions can be used as a quantitative way to
estimate whether a quasi-steady state is reached. The sum of the impact
and escape rates (sinks) should ideally reach the generation rate (source) for
each planetary particle population (small overshoot in the total loss rates
are typical but then they quickly settle to the generation rate). In this
simulation run the total loss rates of all planetary ion species reached the
generation rates: for H+
2 there was an overshoot at 500 seconds and after
800 seconds a steady loss rate was reached at 8.5 · 1024 ions per second equal
to the generation rate (the loss was dominated by escape through the outer
+
boundaries). For CH+
4 and N2 the loss rates reached the generation rates
much slower (generally created very close to Titan) at around 2000 seconds.
+
The planetary ions created very close to Titan (N+
2 and CH4 ) have high
impact rates, but also the impact rate of the heavier flow ion species O+ has
similar impact rate, while the impact rates of the hydrogen populations are
very low (see discussion in Article 4).
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Figure 6.9: Monitoring the escape and impact rates during a simulation run.
The top panel gives the rates of ion escape through the outer boundaries
of the simulation domain for all ion populations (the vertical axis is from
0 to 1026 s−1 ). The middle panel shows the escape rates of the planetary
ion species (0 to 1025 s−1 ). The bottom panel gives the rates of ion impacts through the inner absorption boundary below Titan’s exobase (0 to
3 · 1024 s−1 ).

Chapter 7
Results from HYB Model for
Titan
Numerous, even hundreds, of Titan runs have been made with our hybrid
model. Most of these runs, however, have been parameter tests or associated
with model and code development. Nevertheless, as the model has evolved,
the science-based runs have yielded significant results over a range of both
physical and numerical parameters. Examples of the numerical parameter
type are the grid resolution and number of ions species included, and in both
these there has been remarkable improvement.
In this chapter we shall present some of the overall features of our hybrid
simulation results for Titan’s magnetospheric plasma interaction. However,
we do not re-present here the results of the articles included in this work.
New simulation runs and analysis not included in the articles are presented;
these include some results presented previously only at scientific conferences.
Especially the Cassini T9 flyby is an interesting case, for which we have made
several simulation runs, that we will discuss here.

7.1

General Picture of the Interaction

Here we present the overall picture of the interaction from the results of
more recent Titan simulation runs. Some of the discussion of the causes and
physical implications of the results will be left to Chapter 8.
A recent Titan simulation run was made with an increased average number of macroparticles per cell (the number used was 80, see discussion on
91
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Figure 7.1: The Cartesian coordinates for the Voyager 1 flyby, or the nominal case. The nominal directions for the rotating plasma flow and Saturn’s
dipolar magnetic field are given.
the number of macroparticles per cell in Section 6.1.4). This resulted in less
numerical fluctuations in the magnetic field and made certain features more
apparent than was previously possible.
First of all, the Titan centered coordinate system, in which we present
results for this Voyager 1 run should be explained: the X axis points along Titan’s orbit against the nominal rotating magnetospheric flow, −Y is towards
Saturn, and Z perpendicular to Titan’s orbital plane with +Z northward
thus completing the right-handed Cartesian coordinate system. Illustration
of these coordinates is given in Figure 7.1. The direction for the upstream
~ 0 ) direction for an ideal dipolar magnetic field of Saturn
magnetic field (B
would point in the −Z direction (southward). Consequently the nominal
~C = U
~ ×B
~ 0 is in the +Y direction and away from
convection electric field E
Saturn.
The plasma characteristics detected during the Voyager 1 flyby in 1980
(see Section 4.1 and Table 4.1) correspond to the nominal or ideal case described above. Thus the X axis points against the upstream plasma flow and
the upstream magnetic field was in the −Z direction (with the magnitude of
5 nT ). Further, the upstream convection electric field pointed in the nominal
+Y direction. The convection electric field is important for the asymmetries
caused by the ion acceleration and pickup. The Saturn local time was 13.5
hours for the location of Titan during the flyby (the sunward direction was
nearly in the +Y direction).
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These and other plasma parameters such as the density and bulk velocity
of the upstream plasma flow for the run presented here were those detected
during the Voyager 1 flyby. The one exception to this was the thermal
velocities vT H , which for O+ and H+ ions were 104 km s−1 (by comparison in
Article 4 vT H was 180 km s−1 but the Voyager 1 conditions otherwise). The
planetary ion production rates were as follows: N+
2 as an ionospheric source
24
with an emission rate of 5 · 10 ions per second. CH+
4 , an exospheric source
24
with a profile from Garnier et al. [2006], 3.3 · 10 ions per second. Finally,
H+
2 , another exospheric source with a profile also from Garnier et al. [2006],
8.5 · 1024 ions per second.
We start the presentation of the results of this new simulation run by
showing plots of the magnetic field around Titan. In Figure 7.2 the magnetic
tail lobes are evident. The upstream magnetospheric flow is coming from the
right, and the upstream magnetic field points down (the convection electric
field perpendicular to the plot and pointing into the page). The magnetic
barrier in front of Titan has a sharp maximum (approximately 20 nT). Comparison with the results presented in Article 4 show only small differences
(Figure 1 therein). In Panel 7.2b is a one-dimensional plot of the magnetic
field magnitude along the X-axis, that would be a horizontal line in the middle of Panel 7.2a. In this plot the sharpness of the magnetic barrier is very
evident, while the area within the conducting ionosphere has no magnetic
field.
By restricting the color range from 1 to 8 nT, as in Panel 7.2c, the
magnetic structure within the magnetic tail lobes is revealed. The current
sheet between the lobes is parallel to the Z = 0 plane, perpendicular the
upstream magnetic field in the −Z direction. In the tail there are several
radial lines of lower absolute magnetic field (these were somewhat stronger
in the Y = −0.5 RT plane chosen for Panels 7.2c and 7.2d). These lines
seem to have a symmetry with respect to the current sheet, most likely corresponding to plasma wave modes present in the tail. The Alfvén waves,
with wave speed vA = 60 km s−1 for the Voyager 1 type conditions and the
~ | = 120 km s−1 ) could form an angle of 27 degrees, equal
incoming flow (|U
−1
~ | ). This angle seems consistent with the strongest radial
to arctan(vA |U
lines in the magnetic field of both tail lobes. Panel d in Figure 7.2 shows
a one-dimensional plot of the magnetic field magnitude across the tail at
X = −3 RT .
Figure 7.3 shows the absolute magnetic field in a plane perpendicular
the upstream magnetic field with the magnetospheric plasma flow coming
from the right and the convection electric field pointing upwards. There are
strong asymmetries in the magnetotail and in the magnetic barrier and only
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(a) Absolute magnetic field magnitude
on the Y = 0 plane. The limits for the colorbar
are 1 and 18 nT.

(c) Absolute magnetic field magnitude
on the Y = −0.5 RT . The limits for the colorbar
are 1 and 8 nT.

(b) Absolute magnetic field along the
X axis. The limits for the vertical
axis are 0 and 20 nT.

(d) Absolute magnetic field across
the lobes in the Z direction. X =
−3 RT , Y = −0.5 RT . The limits for
the vertical axis are 2 and 7.5 nT.

Figure 7.2: Voyager 1 case: Magnetic field magnitude from the simulation on
the Y = 0 and Y = −0.5 RT planes parallel to the upstream magnetic field.
The horizontal axes in panels a and c are the X axis and the vertical axes
are the Y axis (units are in RT ). Figure 7.1 defines the coordinates used.
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Figure 7.3: Voyager 1 case: Simulated magnetic field magnitude on the Z = 0
plane perpendicular to the upstream magnetic field. The horizontal axis is
the X axis and the vertical axis is the Y axis (units are in RT ). Figure 7.1
defines the coordinates used. The limits for the colorbar are 1 and 18 nT.
minor differences when compared to the results presented in Article 4. The
magnetic barrier extends around Titan’s exobase and into the wake side of
Titan on the anti-Saturn side but extends in a slightly curved line down the
tail on the Saturn side of the wake. This can explain the peak in the magnetic
field magnitude on the antiram side of Titan seen in Panel b of Figure 7.2 at
X ≈ −2 RT . The asymmetries seen here can result from the turning of the
upstream flow close to Titan due to the ion acceleration in the direction of
the convection electric field, as discussed in Article 4 and in Section 3.3.
Figure 7.4 has plots of the total ion density from the simulation on planes
Y = 0 and Z = 0 (same planes as for Panel 7.2a and Fig. 7.3). The total ion
density is the sum of the densities of the five ion species used here (flow: H+
+
+
and O+ ; emitted: N+
2 , CH4 , and H2 ). In Panels 7.4a and 7.4b the high end
of the color range is greatly saturated at 5 cm−3 . Panel 7.4c shows the total
ion density along the X axis.
The three parts of the ionotail in Panel 7.4a (the central tail and the two
on the sides) are similar to those in the simulation presented in Article 4
(Fig. 4 therein) albeit the wing-like division between the three parts seems
much wider and clearer here. The ion density in the lobes seems to have
a defined border where the strongest radial lines in the magnetic field are
located (cf. Panel 7.2c). The bending of the ionotail in the −Y direction
seems to be roughly equal to that of the simulation run presented in Article 4.
Equally similar is the central tail structure appearing at X = −4 or −5 RT
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(a) Total ion density on the Y = 0 plane.

(b) Total ion density on the Z = 0 plane.

(c) Total ion density along the X axis.
The limits of the vertical axis correspond to values 0 and 2.2 cm−3 .

Figure 7.4: Voyager 1 case: Simulated total ion density. The logarithmic
log10 (n [m−3 ]) color ranges correspond to values 0.16 to 5 cm−3 with the high
end saturated. The horizontal axes in all panels are the X axis and the
vertical axes are the Z and the Y axis in panels a and b, respectively. The
units for these axes are in RT . Figure 7.1 defines the coordinates used.
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in Titan’s wake in the Y =0 plane. The ion density rises along the central
line of the wake as seen Panel 7.4c, which corresponds to the central tail
structure formed by the ion acceleration or pickup in the +Y direction from
the bent ionotail. The extension of the magnetic barrier on the Saturn side
seen in Figure 7.3 is located in front of the bent ionotail.

7.2

Cassini T9 Flyby

Most Cassini’s Titan flybys have been close flybys with the closest approach
typically at 950 to 2000 km above Titan’s surface. As the orbit of the Cassini
spacecraft around Saturn is a very elongated ellipse with periapsis close to
Saturn and the apoapsis beyond Titan’s orbit, the Titan flybys are nearly
perpendicular to Titan’s orbit. In situ measurements in Titan’s wake further
from Titan have so far been possible during one flyby: T9 that took place on
26 December 2005 with the closest approach in Titan’s wake at a distance
of 5 RT from the center of Titan. The flyby trajectory was practically along
Titan’s orbital plane.
For the results presented in this and the following section (for the flyby
T9) the Titan interaction coordinate system (TIIS) is used as the observations by various Cassini instrument teams are usually given using these
coordinates [e.g. Backes et al., 2005a]. Figure 7.5 gives an illustration of the
TIIS coordinate system. The ZT IIS coordinate is the same as the Z coordinate in Figure 7.1. The average upstream magnetic field direction detected
during flyby is given in the figure as a projection to the orbital plane (the
component perpendicular to the orbital plane was relatively small).
The upstream magnetic field was far from the ideal dipolar field; the
Cassini magnetometer (MAG) team has estimated the average ambient mag~ 0 =[3.7368, 5.7010, −2.1546] nT in TIIS coornetic field for the T9 flyby: B
dinates (B0 = 7.15 nT). This means that the magnetic field was much more
parallel to Titan’s orbital plane than perpendicular to it. In the MAG measurements the current sheet between the magnetic tail lobes was detected
at YT IIS ≈ −3 RT along the flyby trajectory. The probable cause for this
shift of the current sheet from the nominal (YT IIS = 0) is that the magnetospheric flow was deviated from the nominal direction along Titan’s orbit by
an angle of about 34 degrees outward away from Saturn [see Bertucci et al.,
2007]. The inferred flow direction is also shown in Figure 7.5. This deviation
of the magnetospheric flow from the ideal rotation direction makes the angle
between the sunward direction and plasma flow direction correspond to the
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Figure 7.5: The Cartesian TIIS coordinates in the orbital plane of Titan.
The ZT IIS coordinate would be perpendicular to this plane and towards the
viewer. The estimated directions for the upstream plasma flow and magnetic
field during flyby T9 are indicated with arrows, as is the sunward direction
during T9. The nominal rotating plasma flow would be along the XT IIS axis
while the ideal dipolar magnetic field would be in −ZT IIS direction (into the
plane of the the picture).
nominal case of Saturn local time approximately 0.8 hours, when the real
Saturn local time for Titan’s orbital position during the flyby was 3.0 hours
(see Figure 4.1). Furthermore, the ambient magnetic field was almost perpendicular to the inferred flow direction and the convection electric field was
pointing nearly southward. The subsolar latitude of Titan during the flyby
was −19.9 degrees.
In the following we present early simulation results for this interesting
flyby with the result rotated after the simulation run so that it corresponds
to the 34 degree deviation from the ideal flow as well as to the ambient
magnetic field values from the MAG team. This rotation was necessary as
our hybrid model has the +X wall as the main source of the plasma flow.
The absolute magnetic field values, the XT IIS component of the magnetic
field, and the total ion density from a T9 case simulation run are presented in
Figures 7.7, 7.8, and 7.9, respectively. These simulation results are plotted
on three different surfaces. The surfaces are formed to give a view to the
quantities of the simulation results efficiently around the spacecraft trajectory
and they are drawn in Figure 7.6 in TIIS coordinates. Panels a in these
figures are the YT IIS = 0 plane; the white marker indicates the point were
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Figure 7.6: The three surfaces allowing a view around the Cassini’s trajectory
during the T9 flyby. The black surface is the YT IIS = 0 plane (Panels a).
The blue surface (Panels b) is the trajectory extended along the direction of
the upstream flow and the red surface (Panels c) is the trajectory extended
in +/−ZT IIS directions. The intersection line of the red and blue surfaces is
the T9 trajectory. Coordinates are the TIIS coordinates (see Fig. 7.5) and
units are in RT .

the spacecraft crossed this plane. Due to the orientation of the ambient
magnetic field the YT IIS = 0 plane should be comparable mostly to the Z = 0
plane results for the Voyager 1 flyby in the previous section. Panels b and c
are two surfaces following the spacecraft trajectory, which is indicated with
a white line. The surface in Panels b is the spacecraft trajectory extended
along the flow direction at each point. As the trajectory was very close to
Titan’s orbital plane, the surface in Panels b has a very small difference
to the orbital plane. The view on the projection of this surface is from
the southern side of the surface. Panels c have a projected surface of the
trajectory extended in +/−ZT IIS directions with a view from the upstream.
This surface is perpendicular to the surface in Panels a and is curved along
the trajectory. Titan is on the surfaces of Panels a and b and in front of the
surface in Panels c.
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(a) Absolute magnetic field on the YT IIS = 0 plane. The colorbar is 0
to 28 nT.

(b) Absolute magnetic field from simulation on a surface following the
flyby and projected to a YX plane.
The colorbar is 0 to 20 nT.

(c) Absolute magnetic field from simulation on a surface following the flyby and
projected to a YZ plane. The colorbar is
0 to 12 nT.

Figure 7.7: Flyby T9: simulated magnetic field magnetude. The trajectory is
marked with a white line. Coordinates are the TIIS coordinates (see Fig. 7.5)
and units are in RT .
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(a) X component of the magnetic field on the YT IIS = 0 plane. The
colorbar is −3 to 20 nT.

(b) X component of the magnetic
field on a surface following the flyby
and projected to a YX plane. The
colorbar is −9 to 15 nT.

(c) X component of the magnetic field on a
surface following the flyby and projected to a
YZ plane. The colorbar is −6 to 10 nT.

Figure 7.8: Flyby T9: simulated X component of the magnetic field. The
trajectory is marked with a white line. Coordinates are the TIIS coordinates
(see Fig. 7.5) and units are in RT .
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(a) Total ion density on the YT IIS = 0 plane.

(b) Total ion density on a surface following the flyby and projected to a
YX plane.

(c) Total ion density on a surface following the
flyby and projected to a YZ plane.

Figure 7.9: Flyby T9: simulated total ion density. The trajectory is drawn
as a white line. The colorbars are logarithmic in the range from 0.1 to
100 cm−3 for Panels a and b; for Panel c the colorbar range is 0.06 to 10 cm−3 .
Coordinates are the TIIS coordinates (see Fig. 7.5) and units are in RT .
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In Panel a of Figure 7.7 the magnetotail (the area of low magnetic field)
is north of the Cassini trajectory and Titan’s orbital plane. On the other
hand, the maximum of the magnetic barrier is mainly on the southern side
of Titan. In Panels 7.8b and 7.8c the trajectory passes through the magnetic
tail lobes. In this Figure 7.8 the lobe of positive BX on the Saturn side (in
orange) is much more pronounced (see Panel c) than the other lobe. This
was the case also in the MAG measurements. The difference between the
strengths of the magnetic field in the two magnetic tail lobes follows from
the substantial X component in the average upstream magnetic field.
Titan’s ionotail plotted in the panels of Figure 7.9 is not as well-defined
as in the results for the Voyager 1 flyby in Figure 7.4. This might be due to
flaring of the ionotail in the ambient plasma flow as we were not able to run
this simulation as long as would have been needed for a fully quasi-steady
state to be reached (cf. Section 6.2.2). The high ion density of the ionotail in
Panel 7.9a is co-aligned with the magnetotail in Panel 7.7c, that is the area
of low magnetic field magnitude north of the trajectory (ZT IIS > 0).

7.3

MAG Data Comparison for the T9 Flyby

In this section we compare the simulation run presented in the previous section to other simulation runs made for the same T9 flyby. Especially we show
the effects, that changing the plasma flow composition or the ion emission
rate, can have on the features of the magnetic interaction. Table 7.1 lists the
main physical parameters of the five simulation runs for the T9 flyby. In all
these runs the thermal velocity of the upstream ions was vT H = 180 km s−1
~ i | = 120 km s−1 . The flow direction and the ambient
and bulk velocity |U
magnetic field are as described in the previous section and in Figure 7.5.
Simulation run 1 is the run presented in the previous section (7.2 Cassini T9
Flyby).
Simulation runs 1 to 3 have the upstream plasma flow composition based
on the measurements during the Voyager 1 flyby. This is because these
upstream conditions by Voyager 1 supposedly was only slightly different from
the first results obtained by Cassini. The emitted ion generation rate is varied
for these three cases. In simulation run 4, the plasma flow consists of H+
and H+
2 ions. Based on more recent Cassini/CAPS measurements, these
light-weight ions seemed to dominate the plasma flow around Titan’s orbit
(personal communication with Frank Crary). The total number density and
charge density of these flow ions is assumed to be approximately what was
detected during the Voyager 1 flyby (cf. Table 4.1). The emission rates of the
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Table 7.1: T9 flyby: the five simulated cases.
Listed are the plasma flow composition and the emitted ion species used.
The density of the plasma flow species and the total emission rates of the
emitted ion species are given in parentheses in units of cm−3 and 1025 s−1 ,
respectively. In all runs the bulk velocity of the flow was 120 km s−1 diverted
from the nominal direction by 34 degrees. The ambient magnetic field was
~ 0 = [3.7368, 5.7010, −2.1546] nT.
B
Simulation run

Plasma flow

1.
2.
3.
4.
5.

O+ (0.2), H+ (0.1)
O+ (0.2), H+ (0.1)
O+ (0.2), H+ (0.1)
+
H+
2 (0.1), H (0.3)
—
H+ (2.46)

Emitted ions
+
N+
2 (2.0), CH4 (1.7)
—
CH+
4 (1.7)
+
—
CH4 (0.51)
N+
(2.0),
CH+
2
4 (1.7)
+
+
N2 (0.3), CH4 (0.33), H+
2 (8.6)

ions originating from Titan or its exosphere in run 4 are the same as in run
1. Simulation run 5 has only protons forming the magnetospheric plasma
flow with a density that corresponds to the mass flux observed during the
Voyager 1 flyby. However, the number and charge density of the flow here is
almost tenfold compared to the Voyager 1 observations. This run was more
recently made than the others and therefore it has three emitted ion species
with the updated ion emission functions that were used also in the simulation
presented in Articles 3 and 4.
Figure 7.10 presents the magnetic lobes of the five simulation cases in
the ZT IIS = 0 plane. The magnetic field component in the direction of the
upstream plasma flow is plotted. In these plots the horizontal axis is against
the upstream (non-ideal) plasma flow rather than tangential to Titan’s orbit.
For these reasons the magnetic tail lobes are more symmetric in this figure
than in Figure 7.8.
Simulation runs 1 and 2 have the strongest magnetic tail lobes of the five
simulation cases. The extent of the tail lobes decreases with the decreasing
ion emission rate in runs 1 to 3. The emission rate is high in run 4, but
as the mass density and thus the kinetic pressure of the plasma flow are
quite low, the lobes are very weak and very wide and disappear right after
passing Titan. At the distance of 5 RT in the wake, where the flyby trajectory
was, the lobes cannot be seen anymore in this case. The heavy ion emission
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(a) Projected directions of upstream plasma flow, ambient
magnetic field, and convection
~ C on the Z = 0
electric field E
plane. Also the sunward direction is indicated. All vectors
have an equal absolute length.
(b) Simulation run 1.

(c) Simulation run 2.

(e) Simulation run 4.

(d) Simulation run 3.

(f) Simulation run 5.

Figure 7.10: Flyby T9: the magnetic field component along the upstream
flow direction on the ZT IIS = 0 plane for five cases of varying ion emission
rates and three different compositions of the plasma flow. The horizontal
axes are against the flow direction, the ZT IIS axis is perpendicular to the
plane of the picture and outward. The colorbars are from −10 to 10 nT.
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rates are comparable in runs 3 and 5, and so are the kinetic pressures of the
plasma flows used, even if their compositions are different. The magnetic tail
structures in these two cases have a very similar appearance.
Now we can compare the results from runs 1 to 3 to the magnetic field
measurements from the Cassini/MAG instrument during the T9 flyby. The
plots of the magnetic field measurements by MAG and the simulation results
for the magnetic field along Cassini’s trajectory during this flyby are given
in Figure 7.11. Additional rotations of a few degrees were made in runs 2
and 3 to improve the comparison. This is acceptable since only the projected
direction of the upstream flow on Titan’s orbital plane could be determined
from the location of current sheet in the MAG data. The current sheet is
located between the magnetic lobes that are seen in the X component of
the magnetic field. The 34 degree deviation of the flow direction from the
nominal rotational direction places the current sheet at YT IIS ≈ −3 RT for
all these runs as was found in the MAG data.
In runs 1 and 2 the magnetic lobes seen in BX are significantly stronger
than in the MAG data. In run 3, however, the BX maximum and minimum
values are very close to the measured values, although the lobes seem to
be wider than in the MAG data. The Z component of the magnetic field
seems make a rather poor match to the measured values, even though the
measured values do have more fluctuations in this coordinate than in the
other components. In the Y component of the simulation runs there are
some kind of ’lobes’; in run 1 the BY signature is actually comparable to the
changes in the BX . These Y lobes lessen in runs 2 and 3 either due to lower
emission rates or the additional rotations used. Interestingly, the notch in
the middle of the anti-Saturn side lobe in the BX at YT IIS = −4.5 RT is
reproduced in run 2 and it was also found in several other simulation runs
not presented here. As implied earlier, run 4 showed no tail lobe structure
at the distance of the flyby trajectory and is not therefore included in these
plots.
Number densities and momentum densities of the plasma along the spacecraft trajectory during T9 are presented in Figure 7.12 from simulation run
3. This was the run that gave the right magnitude of the BX signature in the
comparison with the MAG data. In the upper panel, that shows the densities
of the different plasma species, the H+ density drops in the wake of Titan
to a fraction of the upstream value; the minimum is between YT IIS = −6 to
−2 RT . For the heavier flow ions (O+ ) the density seems the have only some
minor fluctuations around the undisturbed value. At this distance of 4 to
5 RT from Titan in the wake the emitted middle-weight ion density (CH+
4)
+
+
barely reaches the number density of the O ions. The mass flux of H ions
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(a) Simulation run 1.

(b) Simulation run 2.

(c) Simulation run 3.

(d) MAG magnetometer measurements.
Courtesy of the Cassini/MAG team.

Figure 7.11: Flyby T9: The magnetic field from three simulation cases of
varying ion emission rates and the MAG magnetometer measurements.
The data and simulation results are plotted against the Y coordinate of the
TIIS system used by the MAG team (+YT IIS points towards Saturn). The
vertical axis for Panels a and b are from −5 to about 10 nT; for Panels c
and d the vertical axis is from −4 to 8 nT. The blue, green, and red lines are
for the X, Y, and Z components of the magnetic field, respectively, while the
black lines show the magnetic field magnitude.
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Figure 7.12: Number and momentum densities along the T9 flyby trajectory
of each ion species from simulation run 4. In the upper panel the thicker
black line is a time averaged total ion density. The horizontal axis is the
YT IIS coordinate (see Fig. 7.11). The vertical axes are both logarithmic. For
the number density in the upper panel the axis is from 4 · 10−4 to 0.4 cm−3 .
Momentum density in the lower panel has the limits for vertical axis at 10−18
and 10−15 kg m−2 s−1 (or 6 · 104 and 6 · 107 amu cm−2 s−1 ). Green, blue, and
+
maroon lines are for O+ , CH+
4 , and H ions, respectively.
drops less than the number density values (see the lower panel); the explanation is that only high velocity protons (and thus with higher magnetic
rigidity) are able to penetrate the magnetic lobes without being deflected.
Therefore the average velocity of H+ ions is significantly higher in the wake
than in the upstream flow.

Chapter 8
Discussion
Among the plasma flow interactions in the solar system, satellites within
giant planet magnetospheres form a special group. The distinct members
of this group are Titan with a dense atmosphere and Ganymede with its
intrinsic magnetosphere. Also the highly-active inner satellites Io and Enceladus are particular with their high mass loading. What sets Titan apart
from other satellites, is both the large Larmor radii of ions at Titan’s orbit
and its dense atmosphere that has an ionosphere capable of deflecting the
magnetic field of the mother planet. Also Titan’s atmosphere and ionosphere
are very much affected by the direction of the Sun and its extreme ultraviolet radiation (EUV) as the illuminated side of Titan changes. EUV causes
photoionization in Titan’s exosphere and also ionization by photoelectrons.
These two ionization mechanisms have very similar ionization profiles, but
according to Backes [2005b] the ionization rates by photoelectrons are only
a fraction of the photoionization rates at Titan.
In many respects Titan’s plasma interaction is very similar to Venus and
Mars, the nearest planetary neighbors of our Earth: They do not have global
magnetic fields of their own. They all have significant ionospheres. They
also have a plasma mantle on the ramside of the ionosphere. The interacting plasma flow for Titan, however, is the typically subsonic rotating plasma
flow of Saturn’s magnetosphere. At times Titan probably enters the magnetosheath and possibly even interacts directly with the solar wind when
the dynamic pressure of the solar wind is exceptionally high and Titan is in
Saturn’s noon sector.
Due to the large Larmor radii of ions the asymmetric behavior of ions is an
important part of Titan’s plasma interaction. The asymmetries are further
affected by changes in the direction, speed, and density of the magnetospheric
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110

CHAPTER 8. DISCUSSION

flow. The mass loading of ions in the vicinity of Titan is important to the
characteristic of the magnetic draping, for instance.
Titan was first visited by the Voyager 1 spacecraft in 1980. It showed
the main characteristics of the plasma interaction taking place between the
Saturn’s magnetospheric plasma flow and magnetic field and Titan’s ionosphere and exosphere. Intrinsic magnetic field was not detected and Titan’s
induced magnetosphere was established.
Studying Titan, the veiled satellite of Saturn, has been an important
driver for the Cassini mission together with the numerous dynamical phenomena of the Kronian system. Titan’s unique subsonic, super-Alfvénic interaction with the magnetospheric plasma flow has intrigued many scientists
in recent years. The Cassini mission, that has been an extremely successful
enterprise, has showed that the age of discovery is not over. The excellent
science accomplished by the instrument teams of Cassini has proved that
the possible outcome of an expensive planetary mission can significantly outweigh their expenditures and be well worth the many risks associated with
such missions.
In the following, we will discuss the results presented in Chapter 7 and
in the refereed articles included. In this discussion we wish to emphasize the
discovery of new features and phenomena that our modelling work has contributed towards. Further, in this chapter we will also provide an outlook for
our hybrid modelling and some important improvements currently underway.
Some of these have already been included in the newer versions of the HYB
model.

8.1

Simulation Results

Hybrid modelling holds an important place among different plasma modelling approaches. Even though the HYB Titan model does not include
sputtering effects and neutral collisions at the moment, it takes into account
self-consistently the effects of the asymmetric ion motion and corresponding
magnetic field behavior. While hybrid models are efficient tools to be used
for the study of a plethora of phenomena in plasma physics, they are not
without possible caveats.
A hybrid model places emphasis on ions and waves and phenomena dependent on the accurate modelling of ion behavior, even individual ion tracking.
Its area of applicability includes phenomena with spatial and temporal scales
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beyond the scales of ion gyromotion. The length scales around the ion inertial length are also included, because the Hall term is part of the Ohm’s law
used.
Possible caveats as with any numerical simulation method are numerous.
It is essential that the Courant condition is validated throughout the simulation region thus ensuring the proper propagation of field quantities and
particles. Global hybrid simulations are computationally intensive, and in
order to keep model computationally feasible, some undue simplifications or
shortcuts in the numerical schemes can occur. Further, the quasi-stationary
nature of the typical solution of a hybrid model is a concern in itself: when
can it be reasonably said that a reliable solution has been reached and how
much does the solution dependent on the set of random numbers generated
during a simulation run?
Our hybrid model naturally incorporates a large number of functional
parts and as in any large programming task should be done, the validation
of the whole code has included the validation of most of the individual parts.
Moreover, when new code versions of the HYB model have been created,
reference simulation runs have always been made for comparisons with the
previous versions and standardized runs. After all this, the physical simplifications made play a role in the results that can be obtained from the
simulation model implemented as a computer program. In the HYB Titan
model, important points to consider in this regard are the inner boundary
conditions for the incoming particle and the way the generation of planetary particles takes place. Our current model uses simple absorption and a
conducting sphere to represent the obstacle created by Titan’s ionosphere.
The generation of planetary ions is simplified by a uniform emission at the
altitude of Titan’s exobase for the heavier ions (N+
2 ions representing more
abundant H2 CN+ and C2 H+
ions).
Photoionization
is well modelled for CH+
5
4
ions
but
the
effects
of
charge-exchange
reactions
and
electron
impact
and H+
2
ionizations are not explicitly included. Also the omission of the pressure
term in the current model is important to note as it likely plays some role in
the simulation results for Titan. Some effects can be expected at the current
sheet or near the polar region (in the case of ideal upstream magnetic field),
where the pressure term in the Ohm’s law (Eq. 3.38) could create electric
fields along the magnetic field lines.
The first published results from a hybrid model for the subsonic and
shockless interaction at Titan (Article 1) was a significant demonstration of
the capabilities of the hybrid model developed at the FMI. In this early paper
the bending of the ionotail was towards Saturn in the studied nominal cases,
both supersonic and subsonic.
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The bending of the tail structures were further studied in Article 2 for
four basic cases along Titan’s orbit. The ionotail in these simulation studies
was found to vary with regard to the extend and the shape with the changing
EUV direction. The turning of Titan’s tail has been identified to be caused
by the turning of the incoming flow in our simulations. In turn, the turning
of the plasma flow in front of and around Titan was claimed in Article 2 to
be due to conservation of momentum as ions are accelerated in the direction
of the convection electric field. The cause for the turning of the flow due
to acceleration of ions has been discussed in more detail in this work (see
Section 3.3, see also the discussion in Article 4).
In Article 2 our first estimates of the outflow and impact rates for ions
at Titan were given. In Article 4 one of the important results was a derived
impact map for O+ ions of the incoming flow. The impact energies were
estimated and they indicate that the rotating O+ provides energy to Titan’s ionosphere with a power of the order of one hundred megawatts. Thus
O+ (together with other middle-weight ions of the flow) seems to contribute
possibly a hundred times more to the energy balance of Titan’s upper atmosphere that the impacts by other ions (H+ of the plasma flow and the
exospheric ions).
Magnetic connectivity is an essential part of the plasma environment at
Titan. As the electron motion is limited by the magnetic field, the electrons
travelling along the magnetic field lines can have a significant impact on
the physical processes taking place. Also ions are guided by the magnetic
fields but to a lesser degree. Ness et al. already in 1982 [see their reference]
suggested, that the magnetic connection of the tail to the dayside or nightside
ionosphere would be important for the mass loading and consequently to the
magnetic signatures in the wake. The magnetic connectivity in the case of
the T9 flyby was studied in Article 3.
Several interesting new features of the plasma interaction at Titan are
among our more recent results. A higher ion density was found near where
the magnetic lobes connect to the exobase (see Article 4) with a reasonable
physical explanation given by the low convection electric field values there
and consequently small acceleration on ions. Further, an Alfvén wave mode
seems a likely explanation for the fine structure in the magnetic wake features
seen in the recent runs (see Section 7.1). Moreover, the co-aligned fluctua+
tions in the escape rates of CH+
4 and N2 (see Fig. 6.9) can be indicative of
some instabilities (such as Kevin-Helmhotz) rising in the ionotail of Titan.
Such plasma instabilities could cause small plasmoids to be released from
Titan’s ionotail.
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As more comparisons with Cassini observations are made, the understanding of many important processes in Titan’s plasma environment will
undoubtedly increase. Interestingly, the comparisons with the MAG data in
Section 7.3 and in Article 3 seem to show that our simulation results can be
used to estimate the density and possibly the composition of the upstream
flow at Titan.

8.2

Outlook and Future Developments

The current HYB model is a versatile tool for studying plasma interactions throughout the solar system: models have been developed for Mercury, Venus, Earth’s Moon, Mars, and Titan. These model developments
have been connected to various planetary and space science missions, such
as BepiColombo for Mercury, Venus Express for Venus, and the Phobos 2
and Mars Express missions for Mars. We have not yet developed a version for
a comet model but that is a model type where the hybrid approach has been
commonly used. Current development versions of the HYB model include
plausible exoplanet scenarios and early Venus and Mars models to study the
effect of the plasma interaction to the evolution of planetary atmospheres.
It is worth discussing the possibilities of using test particles and particle
collectors in our hybrid model that we have not yet taken full advantage of.
Test particle studies as discussed in Section 5.2 are a viable method of gaining
insight of the behavior of individual particles. This is important especially
at Titan, where the thermal velocities of ions often exceed the flow velocity.
Test particle studies are needed to provide input for the understanding of
the whole physical processes taking place at Titan, as clearly this cannot be
obtained solely from the bulk behavior of particles.
The particle collectors, on the other hand, play a vital role in collecting
data for detailed comparisons with in situ measurements by particle instruments. Such comparisons have been made especially for Mars [e.g. Kallio
et al., 2006a and 2006b], while preliminary comparisons with the CAPS/IBS
data for Titan have been presented by I. Sillanpää (COSPAR 2006 in Beijing,
China). Comparisons with energetic neutral images from the MIMI/INCA
instrument present another interesting possibility for the HYB Titan model.
The possibility to include charge-exchange processes and to collect the created energetic neutral positions and velocities in order to create line-of-sight
density estimates has already been provided good results with the Mars
model [for further discussion see Holmström and Kallio, 2003].
There are several exciting developments underway for the HYB model:
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- Second order treatment of the macroparticle accumulation.
The accumulation of macroparticles is the step where the finite number
of macroparticles in the simulation domain are assigned to cells according to a suitable scheme to create discretized functions of ion density
and ion velocity as grid quantities. Hence it is the step where the numerical fluctuations in the particle densities are propagated to the field
quantities. A nearest-grid-point scheme allocates macroparticles to the
cell where they are currently located (zeroth order). First order schemes
allocate macroparticles to a larger area by assuming that macroparticles represent clouds of particles; in our simulation the cloud size is the
local grid size (see Fig. 6.1). Therefore these kind of schemes create
smoother grid functions. The smoothing can be further increased by
assuming that ‘macroparticle clouds’ are even larger than the cell size,
but such a procedure becomes numerically unfeasible, as already in
the first order the accumulation can be the most time-consuming step
of the propagation. Computationally a more feasible solution for the
HYB model appears to be the following: first a first order accumulation
and then smoothing on the obtained grid quantities by interpolating
them from the cell centers to the neighboring nodes and back. The
new results obtained using this method show a dramatic decrease of
the numerical fluctuations in the simulations. Also Titan simulation
runs with 0.1 RT resolution have been successful.
- Inner boundary by a background ion charge density
Currently the use of fully conducting ionosphere within a certain radius creates a sharp boundary for the ionosphere. We have tried setting
up a ‘background charge density’ that would be added to the accumulated ion density obtained from the macroparticles. Such a background
charge density could follow known ionospheric profiles. This way a realistic behavior for the magnetic field near the ionosphere could be
obtained without the need of an excessive amount of macroparticles.
These issues are expected to become more serious when the grid resolution is further increased. Conclusive testing of this method has not
yet been made.
- Pressure term
The often used adiabatic assumption when implementing the electron
pressure term in plasma models is hard to validate for plasma interactions with planetary bodies. Also problematic is the assumption that
the ionospheric electrons would move together with the ionospheric
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ions and the magnetospheric electron and ion populations likewise together (cf. Section 5.3) — even when the ion populations are mixing
[e.g. Simon et al., 2007].
There is, however, another method to determine the electron pressure.
It uses the ideal gas law (Eq. 3.29b) and the electron temperature
Te needed there is obtained by propagating the temperature from the
boundary values (upstream and ionosphere) using the following equation [Brecht and Thomas, 1988]:
~2
∂Te
~ e · ∇Te − (γ − 1) Te ∇ · U
~ e + 2 η |j|
= −U
∂t
d kB n e

(8.1)

Here γ = d+2
is the ratio between the specific heats and d is the degree
d
of freedom (3 for three-dimensional plasma). The last term on the
right-hand-side is the Joule heating acting as a heat source in plasma.
The other terms of this equation follow from the continuity equation
for the electron density (Eq. 3.23), the ideal gas law (Eq. 3.28), and
the adiabatic equation for pressure (Eq. 3.29b).
This method should be computationally quite feasible to implement in
the HYB model, although it certainly would increase the propagation
time of the field quantities. Nevertheless, in the hybrid approach the
field propagation is not very computationally expensive as it is typically the propagation of the macroparticles that is time-critical. While
this method does not answer all concerns on how the ion temperature and the electron temperature should be coupled, it may provide
a significant improvement to the traditional treatment. Our plan is to
try this method and compare the results with simulations runs where
no pressure term is used and also with cases that assume a constant
electron temperature throughout the simulation domain. Such comparisons could reveal the applicability of each method and the role of
the electron pressure term in the various plasma interactions currently
modelled with the HYB model.
- Parallelization
The HYB model is designed to be very efficient when run using a single
processor. While this is currently not a big hindrance to our group, as
we have access to supercomputer environment with a number of processors available for many simultaneous runs, it will be necessary to move
to parallel execution of the program code to make high resolution simulations feasible in the long run. Making the time-critical macroparticle
propagation run parallel should be easily done, but it alone will not
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likely be sufficient in the end. For example including collisional reactions is probably not reasonable without efficient parallelization of the
whole code structure.

The recent modelling efforts on Titan’s interaction by various groups can
provide an insight to the evolution and advancement of the field of scientific
simulations in recent years. As current models evolve and more intricate
models are developed in order to take full advantage of the constantly increasing computational power, it is important not to lose the sight of the
main objectives of scientific research. To accomplish that, more is needed
than just elaborate modelling schemes or sophisticated observational instruments. Posing relevant research objectives as well as considering the impacts
of the research at hand on a larger scale might provide more insight and be
more useful than simply taking the next obvious step to enhance a model or
simulation code.
Many important questions for the Titan interaction remain largely open,
and some of them are:
- What are the total particle impact and outflow rates to and from Titan’s ionosphere? What does the energy balance look like and how
much does it vary in time and around the ionosphere?
- How does Titan’s interaction with the rotating plasma flow depend on
the Saturn local time (i.e. Titan’s orbital position) and how do the
characteristics of the magnetospheric flow vary along Titan’s orbit?
- How significant effects can processes such as electron impact ionization
and charge exchange have on the overall interaction at Titan? Similar
questions could be posed on the effect of the electron pressure or wave
interactions.
- When Titan enters Saturn’s magnetosheath, how does the plasma interaction change?
It is true that many of the open questions could possibly be answered with
a sufficient amount of additional observational data. However, it should be
equally obvious that there are a number of significant questions that require
new insight on the physical processes and argumented scientific reasoning
rather than merely new data points.

Chapter 9
Conclusion
This dissertation work describes the ongoing efforts to model the plasma in
the vicinity of Titan and the physical processes associated there. We have
sought to demonstrate the applicability of the hybrid modelling approach
especially to Titan. The fundamental advantage of a quasi-neutral hybrid
model is that it handles the behavior of individual ions together with selfconsistent electromagnetic fields.
The HYB simulation model has provided important results for the Titan
interaction. The results include the forming of the magnetic barrier just
outside of the ramside ionosphere, the dependence of the ionotail from the
EUV direction, and ion precipitation estimates onto Titan’s exobase. The
results from the HYB Titan model, that have been published in scientific
journals and presented here, have shown the asymmetric behavior of ions
and how this behavior affects the plasma interaction.
In addition to describing the model and the main results, we have also
provided a brief overall picture of plasma interactions in the solar system and
the modelling methods used in modern plasma science. Planetary plasma
physics is a science that relies on in situ measurements of the magnetic field
and plasma characteristics. For this reason research in space plasmas has
greatly benefitted from the recent planetary missions and the new in situ
data obtained through them. The Cassini mission especially has broaden the
scope of high-quality plasma science to the outer planets.
The simulation work connected to this dissertation has made a fundamental impact on the development of the HYB simulation model and the model
is now a general tool for plasma studies and especially for plasma interactions
of planetary bodies. The subsonic magnetospheric flow in itself has been a
fascinating and challenging part of the modelling effort. Development of a
117
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sophisticated, yet efficient, global simulation model is an arduous task that
relies on expertise in a broad scope, and so is it also with our model. The
generality of the HYB model has been a goal all along and so the design is
not fundamentally restricted to any specific set of simulation cases. While
the model development is certainly an ongoing process, the current state of
the HYB Titan model can be seen as an important milestone.

Appendix A

Titan in Numbers

Here we list some key quantities for Titan with their currently known values.
Some quantities for Saturn are included as well. The references that were
used are the following: Hunten et al. [1988]; Lindal et al. [1983]; Karttunen
et al. [2003]; Fulchignoni et al. [2005]; and Waite et al. [2005].

Saturn:
equatorial radius
obliquity of axis
rotation period
semimajor axis
orbital inclination
orbital period
orbital eccentricity

60268 km
26.7 degrees
10.656 hours
1425.7 · 106 km (9.562 AU)
2.485 degrees
29.4235 years
0.0525
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Titan:
mass
radius
density
gravity at surface
escape velocity
geometric albedo
magnitude at opposition
rotation period

1.346 · 1023 kg
2575 km
1881 kg m−3
1.35 m s−2
2.63 km s−1
0.21
8.28
15.9454 days

Titan’s orbit:
semimajor axis
orbital period
orbital inclination
orbital eccentricity
mean orbital velocity

1.22183 · 106 km (20.273 RS )
15.9454 days
0.33 degrees
0.02919
5.58 km s−1

Titan’s atmosphere:
surface pressure
surface temperature
surface density
major species
some minor species
mean molar weight

1467 hPa
93.7 K
5.55 kg m−3
N2 (97 per cent), CH4 (2.2), H2 (0.4)
C 2 H2 , C 2 H4 , C 2 H6 , C 3 H4 ,
C3 H8 , C4 H2 , CHN, HC3 N, C6 H6 , C2 H2
∼ 28.6 g mol−1

Appendix B
Model Details
B.1

Model Schematics

The main functions in the computer code for the HYB model are described
in a schematic below. The other schematic after that is for the main parts of
a timestep in the hybrid model. The different shapes used in the schematics
represent different operations
• Oval (green) — checks for possible actions to take
• Diamond shape — reading (yellow) from files or writing (orange) to
files
• Bowl shape (blue) — setting up of various features of the model by
using different functions as chosen by the user
• Cut pyramid (purple) — computation
• Pizza slice (turquoise) — applying boundary conditions or some other
limits while propagating physical quantities
The main mode of the program is of course the hybrid model simulation.
The initialization before the timestep propagation includes setting up the
initial magnetic field and all particle populations. The code can be run for a
few different purposes named in the green ovals (implemented as command
line options). The other uses for the code are the following: The code can
provide a new configuration file that contains all parameters that can be used
as inputs for the hybrid model. The code can be run to verify the correct
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behavior of time varying parameters in the configuration file without running
the actual simulation. The option not fully implemented currently are the
test particle runs that would set up electromagnetic fields into the simulation
grid from a previously saved fields file (or through some functional forms for
the fields). This would be done in order to propagate test particles for studies
of particle behavior in static electromagnetic fields.
Each timestep begins with the insertion of new macroparticles for the
planetary ion species near the interaction body and for the upstream flow
at the front boundary of the domain. The timestep in the HYB model code
is built from various steps of calculation. The main calculation steps are
propagation of the macroparticle positions, accumulation of the macroparticles to the cells, propagation of the electromagnetic fields, and finally the
propagation of the macroparticle velocities. While the previous steps provide
the self-consistent propagation of particles and fields, there is also the step
of splitting and coalescing of macroparticles that plays a large role in our
model.
Associated with the propagation of particle positions are the particle
collectors, which record the encounters of particles with virtual detectors.
They provide a very useful method of gaining detailed information on the
individual particles in a model run. The method is especially suited for data
comparisons with particle instruments. In the schematic some restrictions
and boundary checks are coupled to the respective calculation step.
The configuration file, that sets up the parameters for a simulation run,
includes various time intervals: Time intervals are used determine when to
reread the configuration file (an update of time dependent parameters), to
save the hc-files (the main output file format), and to write log information,
which includes the escape and impact rates for each particle population and
various other average values for the populations and the fields, which can be
used e.g. for monitoring purposes (see Section 6.2.2). The model includes
magnetic filter option that makes it possible to edit the magnetic fields by a
filter function at certain intervals. In addition to the interval checks, there
are checks for termination of the program, either because of some termination
criteria, or just that the set total run time has been reached. In the schematic
the writing of all field or particle information is indicated with a lighter color
as it is not fully implemented at this point. This dump of all particles or field
values would not be really useful for analysis (due the exceedingly large file
sizes), but rather could be used as a saved state information. Nevertheless,
limited particle dump files have been created from the Mars version of our
hybrid model. This data was used to calculate the production of energetic
neutral atoms through charge-exchange processes.
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Grid Refinements

In Figure B.1 is shown a projection of grid refinement structure for a Titan
simulation. The plasma flow was to enter from the right and the unit of the
axes is the radius of Titan. In the hierarchical refinement approach employed
by the HYB model, first a uniform (equidistant) cubical grid if formed for
the rectangular simulation domain. Then areas of the domain can be refined
so that the one-dimensional size of the cells is divided in two equal parts; in
three dimensions each cell is divided into eight ‘child’ cells of equal volume.
The child cells can be further refined in the same way. The refinements are
restricted so that the boundary cells are unrefined and that the adjacent cells
can differ in their refinement only by one level.
The macroparticle changes its size (used only for accumulation) when
entering a refined area, because in the HYB model the particle size is equal to
the size of the cell it is located in (the centers of the cell and the macroparticle
are not co-aligned, however). The transition of the size of a macroparticle
is done in a way that the accumulation of uniformly distributed particles of
equal weight across the refinement boundary retains uniform density in the
boundary cells. This is accomplished by the following: If cell has (further)
refined cells next to it, the size of a macroparticle is half of the cell size,
when the center of the macroparticle is on a side of the cell that is towards a
(further) refined neighboring cell. Figure B.2 indicates the areas of different
macroparticle sizes in a refined grid. The weight of a macroparticle (the
number of physical particles the macroparticle represents) is not changed in
this scaling of the size of the macroparticle, as the weight of macroparticles
is changed only in the splitting or coalescing process.
Hierarchical enhancement of the grid density has certain implications for
the staggered grid that the HYB model uses. One is the use of sidenodes.
The so-called sidenodes are nodes at a refinement boundary, where there are
on one side four refined cells having common faces with just one cell (see
Figure B.2 for a two-dimensional view). We call this refinement boundary
a refined face of the larger cell. There are a total of 9 nodes associated
with a refined face: 4 at the corners, 1 in the center of a refined face, and
4 sidenodes in the middle of each edge of a refined face. The sidenodes
are used in the calculation of the curl by line integrals on faces that are
not refined themselves but have sidenodes. If we take Figure B.2 to be
a two-dimensional projection of the three-dimensional case, then the faces
that would be affected by sidenodes the calculation of curl are the faces
wherein the arrows indicating the sidenodes are located. As a side note, in
the interpolation from the cell centers to the nodes associated with a refined
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Figure B.1: One possible design for a hierarchically refined grid structure
for simulations of plasma interaction with a spherical body.

B.2. GRID REFINEMENTS

127

Figure B.2: A hierarchical refinement in two dimensions indicating the areas
of different macroparticle sizes: in the areas of white background color the
relative macroparticle size is 1, in areas of pale blue background the size is
0.5, and in pale purple areas 0.25.
The sidenodes at the grid refinement boundaries are indicated with arrows.
√

face, the interpolation distances are not always
larger cell (cf. Fig. 6.5).

3
2

of the cell size for the

The splitting and joining (coalescing) routine applied to macroparticles
is what makes the grid refinements practical. This routine is useful also
in equidistant grid by ensuring approximately equal computer load for each
cell of the simulation grid. Controlling the number of macroparticles in
each cell helps the fields to be more accurately calculated as the number of
macroparticles is increased where they are few — and on the other hand,
avoids wasting resources and run time in the propagation of an excessive
number of macroparticles in some other areas of the simulation domain.
In refined simulation grids where simulation particles are affecting field
quantities, the above mentioned benefits achieved by controlling the number
of macroparticles become very large. By splitting and joining macroparticles in order to keep the number of macroparticles per cell within certain
limits, refined grid structures become a source of great efficiency in kinetic
modelling.
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Figure B.3: Splitting of macroparticles associated to a grid density enhancement.
Figure B.3 shows macroparticles before and after entering a refined area of
the simulation grid. In the HYB model the accumulation size of macroparticles is equal to the simulation cell size, so this size is decreased in the
refinement. In order to keep the number of macroparticles per cell at a certain level, more macroparticles per volume is needed in the refined areas
(in a three-dimensional grid eight times more per refinement level). So when
e.g. a plasma flow composed of macroparticles enters a grid refinement, many
splittings of macroparticles take place. And when such a plasma flow leaves
a refined area and comes into an unrefined area again, many joining events
of macroparticles must occur.
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[65] Karttunen, H., P. Kröger, H. Oja, M. Poutanen, and K.J. Donner (ed.),
Fundamental Astronomy, Springer, ISBN:3540001794, 2003.
[66] Kasprzak, W., H. Niemann, D. Harpold, J. Richards, H. Manning, E.
Patrick, and P. Mahaffy, Cassini Orbiter Ion and Neutral Mass Spectrometer Instrument, in Cassini/Huygens: A Mission to the Saturnian
Systems, ed. L. Horn, Proc. SPIE, 2803, 1996.
[67] Keller, C.N., T.E. Cravens, and L. Gan, One-dimensional Multispecies
Magnetohydrodynamical models of the Ramside Ionosphere of Titan,
J. Geophys. Res., 99 (A4), 6 511–6 525, 1994.
[68] S. Kellock, P. Austin, A. Balogh, B. Gerlach, R. Marquedant, G. Musmann, E. Smith, D. Southwood, and S. Szalai, Cassini Dual Technique
Magnetometer Instrument (MAG), in Cassini/Huygens: A Mission to
the Saturnian Systems, ed. L. Horn, Proc. SPIE, 2803, 1996.
[69] Krankowsky, D., P. Lämmerzahl, I. Herrwerth, J. Woweries, P. Eberhardt, U. Dolder, U. Herrmann, W. Schulte, J.J. Berthelier, J.M. Illiano, R.R. Hodges, and J.H. Hoffman, In situ Gas and Ion Measurements at Comet Halley, Nature, 321, 326–329, doi:10.1038/321326a0,
1986.
[70] Krimigis, S.M., D.G. Mitchell, D.C. Hamilton, S. Livi, J. Dandouras, S.
Jaskulek, T.P. Armstrong, J.D. Boldt, A.F. Cheng, G. Gloeckler, J.R.

BIBLIOGRAPHY

137

Hayes, K.C. Hsieh, W.-H. Ip, E.P. Keath, E. Kirsch, N. Krupp, L.J.
Lanzerotti, R.; Lundgren, B.H. Mauk, R.W. McEntire, E.C. Roelof,
C.E. Schlemm, B.E. Tossman, B. Wilken, and D.J. Williams, Magnetosphere Imaging Instrument (MIMI) on the Cassini Mission to Saturn/Titan, Space Sci. Rev., 114 (1–4), doi:10.1007/s11214-004-1410-8,
2004.
[71] Kivelson, M.G., and C.T. Russell (ed.), Introduction to Space Physics,
Cambridge Univ. Press, ISBN:0521457149, 1995.
[72] Kivelson, M.G., K.K. Khurana, C.T. Russell, R.J. Walker, J. Warnecke, F.V. Coroniti, C. Polanskey, D.J. Southwood, and G. Schubert,
Discovery of Ganymede’s Magnetic Field by the Galileo Spacecraft,
Nature, 384, doi:10.1038/384537a0, 1996.
[73] Kivelson, M.G., Moon–magnetosphere Interactions: a Tutorial, Adv.
Space Res., 33, doi:10.1016/j.asr.2003.08.042, 2004.
[74] Kopp, A., and W.-H. Ip, Asymmetric Mass Loading Effect at Titan’s
Ionosphere, J. Geophys. Res., 106 (A5), doi:10.1029/2000JA900140,
2001.
[75] Krall, N.A., and A.W. Trivelpiece, Principles of Plasma Physics, International Series in Pure and Applied Physics, McGraw-Hill Kogakusha,
1973.
[76] Lammer, H., and S.J. Bauer, Mercury’s Exosphere: Origin of Surface
Sputtering and Implications, Planet. Space Sci., 45 (1), 73–79, 1997.
[77] Lapenta, G., and J.U. Brackbill, Dynamic and Selective Control of the
Number of Particles in Kinetic Plasma Simulations, J. Comp. Phys.,
115, 213–227, 1994.
[78] Leblanc, F., E. Chassefière, R.E. Johnson, D.M. Hunten, E. Kallio,
D.C. Delcourt, R.M. Killen, J.G. Luhmann, A.E. Potter, A. Jambon,
G. Cremonese, M. Mendillo, N. Yan, A.L. Sprague, Mercury’s Exosphere Origins and Relations to Its Magnetosphere and Surface, Planet.
Space Sci., 55, 1069–1092, 2007.
[79] Ledvina, S.A., S.H. Brecht, and J.G. Luhmann, Ion Distributions of 14
amu Pickup Ions Associated with Titan’s Plasma Interaction, Geophys.
Res. Lett., 31, L17S10, doi:10.1029/2004GL019861, 2004.

138

BIBLIOGRAPHY

[80] Ledvina, S.A., T.E. Cravens, and K. Kecskeméty, Ion Distribution in
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32. Syrjäsuo, Mikko T., 2001. Auroral monitoring system: from all–sky
camera system to automated image analysis. 155 p.
33. Karppinen, Ari, 2001. Meteorological pre–processing and atmospheric dispersion modelling of urban air quality and applications in the
Helsinki metropolitan area. 94 p.
34. Hakola, Hannele, 2001. Biogenic volatile organic compound (VOC)
emissions from boreal deciduous trees and their atmospheric chemistry. 125 p.
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