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Abstract. Titan possesses a dense atmosphere, consisting
mainly of molecular nitrogen. Titan’s orbit is located within
the Saturnian magnetosphere most of the time, where the
corotating plasma flow is super-Alfvénic, yet subsonic and
submagnetosonic. Since Titan does not possess a significant
intrinsic magnetic field, the incident plasma interacts directly
with the atmosphere and ionosphere. Due to the characteris-
tic length scales of the interaction region being comparable
to the ion gyroradii in the vicinity of Titan, magnetohydro-
dynamic models can only offer a rough description of Ti-
tan’s interaction with the corotating magnetospheric plasma
flow. For this reason, Titan’s plasma environment has been
studied by using a 3-D hybrid simulation code, treating the
electrons as a massless, charge-neutralizing fluid, whereas a
completely kinetic approach is used to cover ion dynamics.
The calculations are performed on a curvilinear simulation
grid which is adapted to the spherical geometry of the ob-
stacle. In the model, Titan’s dayside ionosphere is mainly
generated by solar UV radiation; hence, the local ion pro-
duction rate depends on the solar zenith angle. Because the
Titan interaction features the possibility of having the dens-
est ionosphere located on a face not aligned with the ram flow
of the magnetospheric plasma, a variety of different scenar-
ios can be studied. The simulations show the formation of
a strong magnetic draping pattern and an extended pick-up
region, being highly asymmetric with respect to the direction
of the convective electric field. In general, the mechanism
giving rise to these structures exhibits similarities to the in-
teraction of the ionospheres of Mars and Venus with the su-
personic solar wind. The simulation results are in agreement
with data from recent Cassini flybys.
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1 Introduction

With its extended neutral atmosphere, Titan orbits Saturn at
a distance of 20.3 Saturn radii and an orbital period of 15.95
days. Titan’s orbit is located inside Saturn’s outer magneto-
sphere for average solar wind conditions, since under these
circumstances the stand-off distance of the bow shock has
been observed to vary typically between 23.6 and 31.5 Sa-
turn radii (Ledvina et al., 2004a). The magnetosphere is po-
pulated by neutral atoms and plasma from several potential
sources. On the one hand, Saturn’s atmosphere and rings as
well as the icy satellites can contribute to the plasma popu-
lation inside the magnetosphere. On the other hand, plasma
from Titan’s ionosphere and solar wind particles are also part
of the plasma population. Theoretical predictions suggest
that the plasma at least partially corotates with the planet
(Saur et al., 2004). Due to Titan’s orbital period being con-
siderable larger than Saturn’s rotational period (10.7 h), Titan
is permanently embedded into a flow of magnetized plasma
with a relative velocity around 120 km/s. The data that have
been collected during the Voyager 1 flyby (Ness et al., 1982)
as well as the magnetic field signature observed during the
first Cassini encounter (Backes et al., 2005) suggest that Ti-
tan does not possess a significant intrinsic magnetic field.
Thus, Titan’s atmosphere and ionosphere interact directly
with the Saturnian magnetospheric plasma in a similar way
as Venus and Mars interact with the solar wind. However,
the Titan interaction possesses several unique features.

The stand-off distance of both Saturn’s bow shock and
magnetopause will decrease at times of high solar wind dy-
namic pressure. Under these circumstances, the bow shock
might be located at a distance of 20 Saturn radii (Schardt
et al., 1984), and therefore, Titan might be able to leave
the magnetosphere in the subsolar region of its orbital pe-
riod and hence, the moon interacts with the unshocked solar
wind. Besides, the ionospheric properties on the side of Ti-
tan that faces the oncoming plasma flow vary with Saturnian
local time. Especially, if solar UV radiation is assumed to
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Fig. 1. Titan’s orbit around Saturn. The abbreviation “LT” in the sketch denotes the Saturnian local time. Titan orbits Saturn at a distance
of 20.3 Saturn radii with an orbital period of 15.95 days. Since this period is significantly longer than Saturn’s rotational period, Titan’s
atmosphere is permanently exposed to a flow of corotating magnetospheric plasma. The blue arrows denote Titan’s rotational direction as
well as the direction of the corotating plasma flow. The plasma flow velocity with respect to Titan is of the order of 120 km/s. As can
be seen from the figure, the Titan situation features the possibility of having the dayside ionosphere located on a face not aligned with
the ram flow of the Saturnian magnetospheric plasma, leading to a variety of different interaction scenarios. Titan’s orbit is located inside
Saturn’s magnetosphere for average solar wind conditions when the stand-off distance of the bow shock is of the order of 24 Saturn radii.
However, when Saturn’s magnetosphere is compressed due to high solar wind dynamic pressure, Titan might leave the magnetosphere in the
subsolar region of its orbital period. Under these circumstances, the ionosphere can interact directly with the supersonic solar wind. Such a
compression of Saturn’s magnetosphere was detected during the Pioneer 11 flyby (Schardt et al., 1984).

be the major ionization source, the region of maximum ion
production is not necessarily located in the hemisphere being
exposed to the upstream corotating plasma flow. This situa-
tion is illustrated in Fig. 1.

Various simulation studies on the subject of plasma inter-
action with Titan have already been carried out. Most of
these models use the magnetohydrodynamic approximation
and hence are only capable of covering the global character-
istics of the interaction region.Keller et al. (1994) used a
one-dimensional multispecies magnetohydrodynamic model
to study the dynamics of hydrocarbon ions in the ramside
ionosphere of Titan. The sources of ionization and the elec-
tron temperature profiles incorporated into this model depend
on the relative locations of Titan, Saturn and the sun. An
analogeous one-dimensional model for the wakeside iono-
sphere has been developed byKeller and Cravens(1994).
In this approach, electron impact ionization of Titan’s atmo-
sphere by radially streaming Saturnian magnetospheric elec-
trons was assumed to be the only source of ion production,
whereas the ramside model included both photoionization
and electron impact.

Cravens et al.(1998) studied the global features of
Titan’s plasma environment by using a 2-D, multifluid

magnetohydrodynamic model which maintains high spatial
resolution in Titan’s ionosphere by means of a grid possess-
ing cylindrical geometry and non-uniform radial grid spa-
cing. Three different ion species have been incorporated into
these model calculations. In agreement with data from the
Voyager 1 flyby, this model shows that no bow shock arises
in front of the obstacle. Besides, the authors suggest that at
the flanks of the wake region, Titan has a noticable effect
on Saturn’s magnetospheric plasma flow only for radial dis-
tances below 10 Titan radii. However, since this model can-
not cover the draping of the ambient magnetic field around
the obstacle, the formation of a magnetotail in the down-
stream region does not occur in the simulation results. In
order to be capable of describing these aspects of Titan’s
plasma environment, the model has been extended to three
spatial dimensions byLedvina and Cravens(1998) who an-
alyzed the global characteristics of the interaction region for
two different cases: On the one hand, the simulation param-
eters have been chosen in accordance to data from the Voy-
ager 1 flyby. On the other hand, the upstream plasma flow
was assumed to be both supersonic and super-Alfvénic. This
scenario might be of importance for those times when Titan
might find itself in the solar wind. The nominal distance of
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Saturn’s bow shock at the subsolar point is larger than Ti-
tan’s orbital distance. Variations in the solar wind can lead
to a compression of Staturn’s magnetosphere so that the or-
bit of Titan may be found in the magnetosheath or even out
in the solar wind. The model results indicate that for up-
stream plasma conditions similar to those observed during
the Voyager 1 flyby, Titan possesses a narrow plasma wake
with a diameter of only 1–2 Titan radii (RT =2575 km). With
respect to the size of the obstacle, such a tail is consider-
able smaller than the induced magnetotails of Venus or Mars
(Kivelson and Russell, 1983; Luhmann et al., 1991; Verigin
et al., 1984). In agreement with the results ofNess et al.
(1982), the authors show that – as long as Titan is located in-
side the Saturnian magnetosphere – the interaction does not
only result in the formation of a strong magnetic draping pat-
tern, but gives also rise to a set of Alfvén wings. On the other
hand, if the upstream plasma flow is supersonic, the simula-
tion results show the formation of a bow shock denoting a
sharp decrease of plasma velocity.

Another 3-D magnetohydrodynamic model covering the
general large-scale features of the interaction between Sat-
urn’s magnetospheric plasma and Titan’s upper atmosphere
has been developed byKabin et al.(1999). The effects of
a conducting ionosphere, exospheric mass loading and ion-
neutral charge exchange are taken into consideration. Al-
though Titan certainly does not possess a strong intrinsic
magnetic field (Ness et al., 1982; Backes et al., 2005), the
authors try to explain several details of the observed plasma
signatures in the vicinity of Titan by assuming the existence
of a small intrinsic magnetic dipole field. In a compan-
ion paper,Kabin et al.(2000b) use the results of a numeri-
cal MHD model to compare the magnetic field topology in
Titan’s wake to an idealized picture of field lines draping
around a conductive, non-magnetic obstacle. Another 3-D
resistive MHD study emphasizing the importance of mass
loading effects in the vicinity of Titan has been carried out
by Kopp and Ip(2001). The authors suggest the existence of
a significant asymmetry in the structure of the mass-loading
patters between the Saturn-facing hemisphere and the anti-
Saturn hemisphere of Titan. The results of this study are in
general agreement with Voyager 1 measurements. In con-
trast to all other simulation studies mentioned above, both
the MHD models ofKabin et al.(2000a) andKopp and Ip
(2001) assume a non-uniform ion production profile, i.e. the
ion production rate is depending on the solar zenith angle.

A similar 3-D MHD simulation model has been developed
by Nagy et al.(2001) who take into consideration the effects
of exospheric mass-loading as well as major chemical reac-
tions and ion-neutral collisions. Three different ion species
are incorporated into the model calculations. In preparation
for the first close flyby of Titan by Cassini,Ma et al.(2004)
developed a 3-D multispecies global MHD model. By us-
ing a spherical structured simulation grid, the authors were
able to achieve an extremely good altitude resolution of about
36 km in the ionospheric region of Titan. In this approach,

Titan’s atmosphere and ionosphere have been approximated
by 10 neutral and 7 ion species, each of them represented by
a continuity equation. The simulation results do not only pre-
dict the magnetic field signatures for the first Cassini flyby,
but are also in reasonably good agreement with the data col-
lected during the Voyager 1 encounter. Recently,Backes
et al. (2005) used a 3-D resistive MHD model to interprete
the magnetic field signature that has been observed in the
vicinity of Titan during the first Cassini encounter on 26 Oc-
tober 2004.

The results of the MHD simulations reproduce the overall
features of the interaction region quite well. However, due
to the ion gyroradius not being small compared to Titan, it is
clear that ion kinetic effects also play a role for the structure
of the interaction region and that the MHD approximation
is not strictly applicable to the case of Titan. Besides, most
MHD codes include only one ion species and do not carry
the Hall term. Since such a model is not capable of display-
ing diamagnetic effects, it must return a symmetric solution.
Such a model is incapable of covering the effects arising from
the ion’s finite gyroradius. However, due to the fluid descrip-
tion of the plasma, these codes have proven adequate to ac-
commodate the complex chemical processes occuring in the
ionosphere. Moreover, they can cover larger regions where
the dynamics and asymmetries due to the Hall effect are only
of minor importance. In contrast to this, large-scale hybrid
or full-particle simulations require extensive computing ca-
pacity.

Nevertheless, the need for a self-consistent model, such as
a quasi-neutral hybrid model, that takes into account finite
gyroradius effects, has already been emphasized by Ledvina
et al. (2004b) who calculated the trajectories of several thou-
sand ions in the vicinity of Titan by using the field parame-
ters obtained from a 3-D MHD model of Titan’s plasma in-
teraction. A similar combination of magnetohydrodynamic
and test particle simulations has been realized byLedvina
et al.(2000) to make predictions for the Cassini orbiter parti-
cle experiments. Besides, by incorporating test particles into
the results of self-consistent MHD simulations, the velocity
space distributions of several ion species in the vicinity of
Titan have been studied byLedvina et al.(2005). The impor-
tance of finite gyroradius effects has also been illustrated by
Luhmann(1996) who analyzed the motion of individual ions
in Titan’s plasma wake. However, neither of these models is
capable of offering a completely self-consistent description
of Titan’s plasma environment.

The first who used a self-consistent hybrid model to study
Titan’s plasma environment wereBrecht et al.(2000), refer-
ing to the case that Titan encounters a supersonic co-rotating
Saturnian magnetospheric plasma. The simulation results in-
dicate that Titan’s magnetotail exhibits an asymmetry with
respect to the direction of the convective electric field and
hence, demonstrated the importance of ion kinetic effects.
Nevertheless, due to the magnetospheric plasma tempera-
ture being neglected, this model is only capable of offer-
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ing a rough approximation to the real Titan situation. Fur-
ther hybrid simulations based on the same assumption have
been carried out byLedvina et al.(2004a). Kallio et al.
(2004) were the first who applied the hybrid approximation
to the case that the upstream plasma flow is super-Alfvénic,
yet subsonic and submagnetosonic. However, this model
does not take into consideration the plasma’s finite electron
pressure, i.e. the electron temperature is put to zero in the
momentum equation describing the dynamics of the elec-
tron fluid. Since the pressure term has already proven to
be of extreme importance in hybrid simulation studies of so-
lar wind interaction with comets (Bagdonat, 2004) and Mars
(Bößwetter et al., 2004), incorporating this term into the mo-
del and analyzing its effects on the global structure of the
interaction region is a primary goal of this work.

The purpose of our work is to analyse Titan’s plasma en-
vironment as a function of Saturnian local time. Emphasis
is placed on identifying the mechanism giving rise to the
plasma signatures in the vicinity of the satellite. To the au-
thor’s knowledge, this is the first hybrid simulation study to
offer a systematic discussion of the changes in Titan’s plasma
environment during the satellite’s orbital period. The data
collected during Cassini’sTA flyby on 25 October 2004 show
that Titan’s plasma wake exhibits a significantly asymmetric
structure (Wahlund et al., 2005). Based on our simulation re-
sults, the mechanism leading to the formation of these asym-
metries can be explained by analyzing the Lorentz forces act-
ing on individual ions. It will be demonstarted that both the
convective electric field and the electron pressure gradient
are of major importance for understanding Titan’s plasma in-
teraction. The paper is arranged as follows: The second sec-
tion deals with the specifications of the 3-D hybrid code as
well as the ionosphere model. In the third chapter, Titan’s
highly variable plasma environment will be analyzed for dif-
ferent upstream conditions:

– At first, the general characteristics of the interaction re-
gion will be discussed for the case of a supersonic, su-
permagnetosonic and super-Alfvénic upstream flow. On
the one hand, the results provided by this scenario will
help to validate the simulation model since it qualita-
tively resembles the interaction of Mars with the solar
wind. The Martian plasma environment has been stu-
died in detail byBößwetter et al.(2004). On the other
hand, it will be demonstrated that the interaction mech-
anism in this case is of major importance for understan-
ding Titan’s plasma environment when the moon is lo-
cated inside Saturn’s magnetosphere.

– When Titan is located inside Saturn’s magnetosphere,
the upstream plasma flow is super-Alfvénic, yet sub-
sonic and submagnetosonic (Wolf and Neubauer, 1982).
As can be seen from Fig. 1, Titan’s dayside is exposed
to the corotating plasma flow at 18:00 Saturnian local
time. This situation will be considered in Sect. 3.2.

– At 06:00 Saturnian local time, the corotating magne-
tospheric plasma interacts with Titan’s nightside iono-
sphere. For this case, a comparative discussion of
the interaction region’s major features will be given in
Sect. 3.3.

– Wolf and Neubauer(1982) have stated that the plasma
flow interacting with Titan’s ionosphere will be sub-
sonic, submagnetosonic and sub-Alfvénic for Titan be-
ing located in Saturn’s tail region. Besides, due to Ti-
tan’s atmosphere not being exposed to solar UV radia-
tion in this case, the satellite’s ionospheric structure will
differ significantly from the other three cases under con-
sideration. This situation will be discussed in Sect. 3.4.

The simulation model does not yet take into account seasonal
variations of Titan’s plasma environment, i.e. we refer to the
situation at the equinoxes of Saturn’s orbital period.

The paper concludes with a summary and an outlook to
future projects.

2 Model description

2.1 Basic equations of the hybrid model

In the hybrid model, the electrons are treated as a massless,
charge-neutralizing fluid, whereas a completely kinetic de-
scription is retained to cover ion dynamics. The simulation
code which has been applied to Titan’s plasma environment
is a modified version of the 3-D hybrid code developed by
Bagdonat and Motschmann (2001; 2002a; 2002b), being ca-
pable of realizing the spatial discretization by means of an
arbitrary curvilinear simulation gird. This code has already
been applied successfully to the Martian plasma environment
(Bößwetter et al., 2004).

As stated, the ions are treated as individual particles.
Hence, their dynamics are described by the equations of mo-
tion

dxs

dt
= vs and

dvs

dt
=

qs

ms

{
E + vs × B

}
, (1)

being equivalent to the characteristics of the Vlasov equation
for the respective ion species. The quantitiesxs andvs de-
note the position and the velocity of an ion of species ’s’,
respectively, whereasE andB are the electromagnetic field
quantities. On the other hand, the description of electron dy-
namics is based on the momentum equation

0 = neme

due

dt
= −ene

(
E + ue × B

)
− ∇Pe , (2)

which yields an explicit expression for the electric field:

E = −ue × B −
1

ene

∇Pe . (3)

The quantitiesne, ue andPe are the electron fluid’s mean
density, velocity and pressure, respectively. However, since
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Fig. 2. Production of molecular nitrogen as a function of altitude above the surface. The figure displays the production rateqν at the
subsolar point (green line), at a solar zenith angle ofχν=75◦ (green line) and at the terminator (magenta line). As can also be seen in Fig. 3,
the altitude of the production maximum increases when moving from the subsolar point to the terminator. In contrast to this, the value of
maximum production diminishes for large solar zenith angles.

the electron temperature in the corotating magnetospheric
plasma differs significantly form the temperature in Titan’s
ionosphere (Roboz and Nagy, 1994; Nagy and Cravens,
1998), two different electron populations, denoted by the
subscripts m (magnetospheric) and i (ionospheric), have been
incorporated into the simulation model:

0 = −ene,m

(
E + ue,m × B

)
− ∇Pe,m (4)

0 = −ene,i

(
E + ue,i × B

)
− ∇Pe,i . (5)

By introducing the cumulative electron density

ne ≡ ne,m + ne,i , (6)

and the mean electron velocity

ue =
ne,m

ne

ue,m +
ne,i

ne

ue,i , (7)

Eqs. (4) and (5) yield the following expression for the electric
field:

E = −ue × B −
∇Pe,m + ∇Pe,i

ene

. (8)

Both electron populations are assumed to be adiabatic, i.e.

Pe,m ∝ βe,mnκ
e,m and Pe,i ∝ βe,in

κ
e,i . (9)

Due to the thermodynamic coupling in a collision-free
plasma being realized in only two spatial dimensions, a value
of κ=2 has been chosen for the adiabatic exponent. The set
of hybrid equations is completed by Faraday’s law,

∇ × E = −
∂B

∂t
, (10)

describing the time evolution of the magnetic field.

2.2 Ionosphere model

At the beginning of each simulation run, Titan does not pos-
sess an ionosphere. Ions of ionospheric origin are continu-
ously produced while the simulation proceeds, i.e. a certain
number of these particles is inserted into the simulation do-
main during each time step. This situation evolves until a
quasi-stationary state is reached.

Titan’s atmosphere is modeled as a spherical symmetric
gas cloud surrounding the obstacle and consisting of mole-
cular nitrogen. Only this single ionospheric species is taken
into account. For the simulations described in this work, a
neutral density profile according to

nn(r) =

= n1 exp

(
r1 − r

H1

)
+ n2 exp

(
r2 − r

H2

)
+ n3

r3

r

has been used. The profile contains three reference densities
(n1, n2 andn3) as well as three reference heights (r1, r2 and
r3), allowing to adjust the profile to the results of ionosphere
model calculations. The scale lengthsH1 andH2 allow the
inclusion of data from ion temperature measurements. The
decrease dI of solar UV intensity due to absorption processes
can be obtained from

dI

I
= σνnn(r)

dr

cosχν

, (11)
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Table 1. Input parameters for the ion production profile according to Eq. (14). The radius of Titan isRT =2575 km.

Parameter Symbol Numerical value

Neutral profile (first term) n1 1.0·1018m−3

r1 700 km
H1 90 km

Neutral profile (second term) n2 1.0·1012m−3

r2 1700 km
H2 120 km

Neutral profile (third term) n3 1.0·1010m−3

r3 2700 km

Absorption cross-section σν 8.37·10−22m2

Photoionization efficiency κν 1
Photoionization frequency ν = σνI∞ 0.2·10−9 s−1

Lower boundary of atmosphere rmin RT + 1000 km
Upper boundary of atmosphere rmax 3RT

Total ion production Q 1.26·1025 s−1

whereσ is the absorption cross-section andχν denotes the
solar zenith angle (Bauer, 1973; Baumjohann and Treumann,
1999; Bauer and Lammer, 2004). Using Eq. (11) yields

I (r) = I∞ exp

[
−

σν

cosχν

∫ rmax

r

nn (r̃) dr̃

]
, (12)

where rmax is the radius of a shell denoting the upper
boundary of the ionosphere (Baumjohann and Treumann,
1999). For the simulations discussed in this work, a value of
rmax=3RT has been chosen. As to be seen in Figs. 2 and 3,
this assumption is uncritical.I∞ is the solar flux at the top
of the atmosphere. The remaining integral can be solved an-
alytically:∫ rmax

r

nn (r̃) dr̃

= n1H1 exp

(
r1 − r

H1

)
+ n2H2 exp

(
r2 − r

H2

)
+ n3r3 ln

( rmax

r

)
−

[
n1H1 exp

(
r1 − rmax

H1

)
+ n2H2 exp

(
r2 − rmax

H2

) ]
. (13)

As the outer radiusrmax is considerable larger than the refe-
rence heightsr1 andr2, the terms in Eq. (13) not depending
on r can be neglected. Hence, the ion production functionqν

is given by

qν(r) = κνσνnn(r)I∞·

exp

{
−

σν

cosχν

[
n1H1 exp

(
r1 − r

H1

)
+

+ n2H2 exp

(
r2 − r

H2

)
+ n3r3 ln

( rmax

r

) ]}
, (14)

whereκν is the photoionization efficiency. To sum up the ma-
jor idea, in the simulation model, the ionosphere is assumed
to be a spherical shell with the upper radiusrmax and a lower
boundary located atrmin=RT +1000 km, i.e at an altitude of
1000 km above the surface. In other words, the atmosphere is
assumed to begin at an altidude ofrmin above the surface and
is cut off at the heightrmax. Thus, the total ion production
Q in this shell, i.e. the number of ions globally produced per
second, can be obtained from

Q =

∫ rmax

rmin

∫ π

0

∫ 2π

0
dr dθ dφ qν(r)r

2 sin(θ) . (15)

Since the argument of the exponential term in Eq. (14) de-
pends on(cosχν)

−1, this expression is not adequate for mo-
delling the production rate near the terminator line. Further-
more, photoionization does not occur at the nightside of Ti-
tan. For the simulations described in this work, the produc-
tion for χν≈90◦ as well as the nightside production have
been approximated in a quite simple way: For both solar
zenith anglesχν>87◦ and the nightside of the obstacle, the
production is assumed to be independent of the solar zenith
angle. The production function in these regions has been set
to

qν (r, χν) = qν

(
r, χν = 87◦

= const
)

. (16)

A value ofχν=87◦ instead ofχν=90◦ has been chosen since
the 1/ cosχν term in the argument of the exponential func-
tion in Eq. (14) diverges at the terminator line. It is clear that
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Fig. 3. Ion production rate of molecular nitrogen as a function of altitude and solar zenith angle. The production function is given by eq. (14), the numerical
values used to generate the profile can be found in tab. 1.

Fig. 3. Ion production rate of molecular nitrogen as a function of altitude and solar zenith angle. The production function is given by Eq. (14),
the numerical values used to generate the profile can be found in Table1.

this is only a rough approximation to the ionization processes
occuring at the nightside.

The values for the free parameters in Eq. (14) are listed in
Table1 and have been chosen to match the profiles discussed
by Nagy and Cravens(1998). The resulting ion production
rates are shown in Figs. 2 and 3, respectively. When Titan is
located in the Saturnian wake at 00:00 LT, solar ultraviolet ra-
diation cannot be considered an ionization source. Since the
electron impact processes becoming predominant in this situ-
ation cannot be covered by our simulation model, an approx-
imative approach has been chosen to mimic the ionosphere
at 00:00 LT. Our approach is based on the assumption that
the ionosphere at 00:00 LT is significantly less pronounced
than in situations where Titan is exposed to solar radiation.
For the 00:00 LT situation, a weak and isotropic production
rate has been incorporated into the model, i.e. the produc-
tion function does not depend on the solar zenith angle. It is
clear that this approach only allows a qualitative analysis of
the interaction region.

2.3 Boundary conditions

The lower boundary of Titan’s atmosphere is represented
by an absorptive sphere, i.e. any particle hitting the sur-
face of the obstacle is removed from the simulation sce-
nario. However, in order to avoid strong electric fields arising
from the resulting pressure gradient, the mean ion density at
the grid points inside the obstacle has to be kept on a spa-
tially constant, non-vanishing value. Due to the ionospheric
denisty increasing continuously as the simulation proceeds, a

time-dependent function has to be chosen for the inner den-
sity. Nevertheless, the model does not include a boundary
condition for the electromagnetic fields, i.e. the field equa-
tions are solved outside as well as inside the obstacle. Al-
though these boundary conditions have already proven to be
adequate for hybrid simulations of planetary plasma environ-
ments (Bößwetter et al., 2004), they allow the magnetic field
to diffuse into the obstacle’s interior. A complete supression
of these numerical diffusion effects seems to be impossible.

2.4 Simulation parameters

Titan’s plasma environment has been analyzed by using a cu-
bic simulation domain with a spatial extension of 15RT in
each direction. In all simulations, the coordinate system’sx

axis is parallel to the direction of the solar UV radiation, i.e.
pointing at the dayside of Titan. For the simulation runs dis-
cussed in this work, the undisturbed upstream magnetic field
is orientated antiparallel to thez axis:

B0 = (0, 0, −5 nT) . (17)

Yoyager 1 determined that Saturn’s magnetospheric plasma
in the general vicinity of Titan is composed ofN+ and
H+ with number densities of 0.1 cm−3 and 0.2 cm−3

(Ness et al., 1982; Hartle et al., 1982). In the simula-
tions, we try to mimic this situation by using a magneto-
spheric plasma flow that consists of a single ion species of
massm=(1·1.0+2·14.0)/3 amu=9.7 amu and particle den-
sity n0=(0.1+0.2) cm−3

=0.3 cm−3. An analogeous ap-
proach has shown to be successful in previous magnetohy-
drodynamic studies (Kabin et al., 1999) as well as in a hybrid
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model developed byKallio et al. (2004). Particles are con-
tinuously injected into the simulation domain from all faces
of the simulation box except for the wall being located in
the wake region behind the obstacle. The upstream plasma
velocity is given byu0=120 km/s. As the Alfv́en velocity is

vA,0 =
B0√

9.7µ0n0mp

= 64 km/s , (18)

the Alfvénic Mach number of the upstream plasma flow
is MA=u0/vA,0=1.87, i.e. the flow is super-Alfv́enic. In
the runs concerning the situation at 06:00 and 18:00 Sa-
turnian local time, the plasma temperatures have been cho-
sen in accordance to the parameters from the Voyager 1
flyby: The magnetospheric ion temperature has been set
to kBT =2003 eV, yielding a plasma beta ofβ=9.69. A
value of kBT =200 eV has been chosen for the magneto-
spheric electron temperature; the corresponding plasma beta
is β=0.97. Hence, the sonic and magnetosonic Mach num-
bers of the upstream plasma flow are

MS = 0.57 (sonic Mach number) (19)

and

MMS = 0.55 (magnetosonic Mach number) (20)

In agreement with the ionospheric temperature profiles pro-
posed byRoboz and Nagy(1994), the electron temperature
in the ionosphere has been approximated bykBT =0.17 eV,
whereas the nitrogen ions of ionospheric origin are assumed
to be cold.

The case of Titan being exposed to a supersonic plasma
flow has been studied in numerous simulation models, but
spacecraft data for this situation are not available. For the
simulation study presented in this paper, the case of super-
sonic flow will provide a reference to understand the ba-
sic principle of the interaction mechanism when Titan is lo-
cated inside Saturn’s magnetosphere, but however, this situ-
ation is only of minor quantitative relevance. Since in this
case, we are only interested in the general characteristics
of the interaction region, the supersonic simulation scenario
has been created from the 18:00 LT run in a very simple
way: The Mach numbers have been altered toMA=1.87,
MS=2.9 andMMS=1.6, whereas all other plasma parame-
ters (including the composition) are the same as for the inner-
magnetospheric runs. Thus, this simulation will offer a gen-
eral impression of how Titan’s plasma environment is struc-
tured in the supersonic case, but it is only of minor quanti-
tative significance. In the present study, emphasis is placed
on analyzing the general features of the interaction region as
a function of the upstream Mach numbers, and not on a pre-
cise quantitative reproduction of Titan’s plasma environment
when the satellite is located in the solar wind. Although the
parameters of the supersonic scenario differ from the real sit-
uation, they allow a direct comparison of the relevant mech-
anism to the subsonic case since only a minor change of the

simulation parameters has been performed. Especially, the
characteristic length and time scales (ion gyroradii and gy-
rofrequencies) in the upstream plasma are the same for both
simulations. The set of Mach numbers has been chosen in
agreement with magnetohydrodynamic simulations carried
out byLedvina et al.(2004a).

In another simulation run, Titan is assumed to be located in
the Saturnian wake.Wolf and Neubauer(1982) have stated
that under these circumstances the impinging plasma flow is
sub-Alfvénic as well as subsonic and submagnetosonic. Due
to lack of concrete data for this situation, the Mach numbers
of the upstream plasma flow have been chosen in accordance
with Ledvina et al.(2004a) who have studied the plasma en-
vironment of Titan being located in Saturn’s wake by means
of a magnetohydrodynamic code. The values of the three
Mach numbers areMA=0.77 (Alfvénic), MS=0.29 (sonic)
andMMS=0.27 (magnetosonic).

The spatial discretization is realized by using a grid with
90×90×90 cells. The center of the cubic simulation domain
coincides with the center of Titan; the box possesses and ex-
tension of±7.5RT in each spatial direction. The simula-
tions have been carried out sufficiently long to reach a quasi
stationary-state. The total simulation time corresponds to a
duration in which the undisturbed plasma flow would cross
the entire simulation domain 28–30 times. Such a long du-
ration is mandatory due to the extremely slow motion of the
ionospheric particles in the tail region beyond the planet. In
order to prevent local gradients from compromising numer-
ical stability, a 27 point smoothing procedure has been ap-
plied.

2.5 Simulation grid

The simulations have been carried out on a curvilinear grid,
taking into account the spherical structure of the obstacle and
its ionosphere. This grid is derived from an equidistant Carte-
sian grid by modifying the radial distance of the grid points
from the center. The following discussion refers to a cubic
simulation domain of volumeL3 and the same numberN of
grid points in each spatial direction. The quantityL as well
as all other lengths occuring in this section are dimension-
less, they are given in units of Titan’s radiusRT . The grid
points of the Cartesian reference grid will be refered to as

rC
ijk =

(
xC
i , yC

j , zC
k

)
, (21)

where the three components are given by

xC
i =

(
i

N
−

1

2

)
L , i = 0, 1, 2, . . . , N ; (22)

yC
j =

(
j

N
−

1

2

)
L , j = 0, 1, 2, . . . , N ; (23)

zC
k =

(
k

N
−

1

2

)
L , k = 0, 1, 2, . . . , N . (24)
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Fig. 4. Curvilinear fisheye simulation grid. In order to avoid the
formation of numerical artifacts in the structure of the heavy ion
cloud, a curvilinear simulation grid taking account for the spherical
symmetry of the obstacle has been used. The inner black circle
in the sketch denotes the position of Titan’s surface, whereas the
outer one marks the inner boundary of the ionosphere. The fisheye
grid is obtained from an equidistant Cartesian grid by means of a
coordinate transformation according to Eq. (29). The basic idea is
to modify the radial distance of the Cartesian grid points from the
center by using a scaling functionf (r). The functionf (r) that
is utilized to generate the fisheye grid resembles the Fermi-Dirac
distribution function. As can be seen from the figure, the major
feature of this grid is a region of curved grid lines in the vicinity of
the obstacle, whereas with increasing distance to the center of the
simulation domain, the grid slightly transforms into a rectangular
one. The scaling functionf (r) includes three free parameters (λ, µ

andν) determining both the curvature of the gird and the location
of the region with maximum curvature.

Thus, the radial distance of the grid point(i, j, k) from the
center can be written as

rC
ijk =

∣∣∣rC
ijk

∣∣∣ =

√(
xC
i

)2
+

(
yC
j

)
+

(
zC
k

)2
, (25)

so that the position of the respective grid point is

rC
ijk =

rC
ijk

rC
ijk︸︷︷︸
=e

rC
ijk = rC

ijk e . (26)

The vectore is a unit vector pointing from the origin of the
Cartesian system to the pointrC

ijk. In order to generate the
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Fig. 5. Titan in subsonic and supersonic flow – simulation ge-
ometry. The interaction of Titan’s ionosphere with the super-
Alfv énic, yet subsonic and submagnetosonic Saturnian magneto-
spheric plasma flow has been studied by using a cubic simulation
domain with a length of 15RT in each direction. The center of
the obstacle coincides with the origin of the Cartesian coordinate
system shown in the sketch. The undisturbed plasma flow velocity
points in (+x) direction; the homogeneous background magnetic
field is orientated in(−z) direction. Thus, the convective electric
field is antiparallel to the(+y) axis and points away from Sat-
urn. The dayside of the obstacle is located in the(x<0) half space,
i.e. the obstacle’s terminator plane coincides with the(y, z) plane.
The boundary that is located in the wake region is denoted by red
lines. The simulation geometry for Titan being exposed to a super-
Alfv énic, supersonic and supermagnetosonic plasma flow is exactly
the same as the one shown in the sketch. Only the numerical values
of the upstream plasma betas differ from the first simulation.

curvilinear fisheye grid, the radial distance is modified ac-
cording to the transformation

rC
ijk → r̃ijk = rC

ijk + f
(
rC
ijk

)
· ξ(i, j, k) , (27)

where

ξ(i, j, k) =
2i(i − N)

L

2j (j − N)

L

2k(k − N)

L
. (28)

The functionf is given by

f
(
rC
ijk

)
=

λ

1 + exp
(
µ

(
rC
ijk − ν

)) . (29)

This function resembles the Fermi-Dirac distribution
known from statistical mechanics. The parametersλ, µ andν

are used to control the curvature of the modified grid. Hence,
the positions of the modified grid points are given by

r̃ ijk = r̃ijk e = r̃ijk

rC
ijk

rC
ijk

. (30)
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Fig. 6. Interaction of Titan’s ionosphere with a supersonic plasma flow – results of a 3-D hybrid simulation. The figure displays the simulation
results for a cut through the(y, z) plane of the simulation domain, coinciding with the terminator plane of the obstacle. The undisturbed
plasma flow is directed in positivex direction, i.e. out of the paper plane, whereas the undisturbed magnetic field is orientated antiparallel
to thez axis. The figure shows(a) the mean(N+/H+) plasma density,(b) the ionospheric plasma density and(c) the magnetic field. The
color scale denotes the field strength, whereas the arrows indicate the projection of the magnetic field vectors on the cutting plane. Due to
the upstream plasma flow being supersonic, a bow shock arises in front of the obstacle. Since the phase velocity of the fast magnetosonic
mode is not isotropic, but depends on the angle between wave propagation and the magnetic field, the shock structure in the terminator plane
is not circular. The elliptic structure of the bow shock is clearly identifiable in the magnetic field signature, cf. (c).

As can be seen from Eq. (29), the modified grid is asymptoti-
cally Cartesian at the outer boundaries of the simulation box,
i.e.

ξ(i = 0, j, k) = ξ(i, j = 0, k) = ξ(i, j, k = 0) = 0 (31)

and

ξ(i = N, j, k) = ξ(i, j = N, k) = ξ(i, j, k = N) = 0 (32)

The resulting curvilinear grid is shown in Fig.4 for the
parametersλ=15.0RT , µ=0.7, ν=0.35. As can be seen,
the grid possesses a spherical symmetrically structure in the
vicinity of the obstacle, whereas with increasing distance to
the center, it slightly transforms into a Cartesian grid. This
type of grid has already been used successfully to study the
interaction of the solar wind with the Martian ionosphere
(Bößwetter et al., 2004).

3 Simulation results

In order to understand the mechanism of Titan’s interaction
with the subsonic Saturnian magnetospheric plasma flow, it
is helpful to discuss the interaction between Titan’s iono-
sphere and a supersonic plasma flow at first. This situa-
tion qualitatively resembles the characteristics of the Martian
plasma environment which have been discussed in detail by
Bößwetter et al.(2004).

3.1 Titan in supersonic flow

The simulation geometry for both supersonic upstream flow
and the 18:00 Saturnian local time scenario is shown in
Fig. 5. The velocity vector of the undisturbed plasma flow is

orientated parallel to thex axis, yielding a convective electric
field that is directed antiparallel to they axis. When Titan is
located inside the Saturnian magnetosphere, they axis points
towards Saturn.

The results for the quasi-stationary state of the simulation
are displayed in figs.6, 7 and 8, respectively. The mean
plasma densitynm of the (N+/H+) plasma1 as well as the
mean ionospheric ion densityni and the magnetic field for
the terminator plane are shown in Fig.6. In all vector plots,
the color scale denotes the field strength, whereas the arrows
indicate the projections of the respective vector field on the
cutting plane. The results for the polar plane are shown in
Fig. 7. Specifically, the color plots display the mean density
as well as the mean velocity of both the(N+/H+) plasma
and the ionospheric plasma in the vicinity of the obstacle.
Besides, the magnetic and electric field configurations are
shown. In an analogeous manner, the simulation results for
the equatorial plane are shown in Fig.8.

Due to the impinging plasma flow being supersonic, a bow
shock is formed in front of the obstacle. As can be seen
from Fig.6, the bow shock does not possess a spherical, but
an elliptical shape in the terminator plane. This asymme-
try emerges from the anisotropic propagation velocity of the
involved wave mode: The phase speed of the fast magne-
tosonic mode depends on the angle between the directions
of wave propagation and the magnetic field vector. Besides,

1In all simulation results presented in this paper, the index “m”
denotes the magnetospheric(N+/H+) plasma component. Of
course, the(N+/H+) plasma cannot be interpreted as magneto-
spheric plasma in the supersonic case. Neverless, the abbreviation
“m” has been chosen to keep the notation consistent with all other
results concerning this plasma component.
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Fig. 7. Interaction of Titan’s ionosphere with a supersonic plasma flow – cut through the(x, z) plane of the simulation box which coincides
with Titan’s polar plane. The undisturbed plasma velocity vectoru0 is parallel to the positivex axis; the background magnetic fieldB0 points
in (−z) direction. The figure shows(a) the mean(N+/H+) plasma density,(b) the ionospheric plasma density,(c) the magnetic field,(d)
the mean(N+/H+) velocity, (e) the mean ionospheric ion velocity and(f) the electric field in the cutting plane. The magnetic field clearly
drapes around the obstacle. On the one hand, this process results in the formation of an extended magnetic pile-up region at Titan’s dayside;
on the other hand, two pronounced magnetic lobes are formed in the downstream region. As displayed in the density plots, the(N+/H+)

plasma and the ionospheric ion population scarcely mix in the tail region. The separating boundary is called ion composition boundary. In
the tail region, the ionospheric ions become the predominant species. Due to these ions being considerable slower than the ambient plasma
flow, an extended region of reduced (convective) electric field strength is formed downstream of the obstacle. In general, the structure of
the interaction region is symmetric in the displayed cutting plane, wheras a strong asymmetry with respect to the direction of the convective
electric field occurs in the equatorial plane of the obstacle.

the structure of the bow shock is asymmetric with respect to
the polar plane. This asymmetry results from a reduction of
the downstream fast mode velocity due to the incorporation
of the escaping ionospheric ions into the plasma flow (mass
loading).

As can be seen from Fig.7c, the magnetic field exhibits
a strong draping pattern. An extended magnetic pile-up re-
gion is formed at the dayside of the obstacle, whereas the
draping results in the formation of two magnetic lobes in the
downstream region. Between these lobes, the magnetic field
strength lies significantly below the undisturbed upstream
value.

A wake region denoting a significantly reduced(N+/H+)

density is formed downstream of the obstacle. As can
be seen from Fig.7, the (N+/H+) plasma and the iono-
spheric plasma scarcely mix. In the vicinity of Titan, the
(N+/H+) density is high in regions where the density
of ionospheric ions is low and vice versa. The bound-
ary layer between both plasma species is often called the

Ion Composition Boundary (ICB). A similar separation of
both plasma populations is also characteristic for the in-
teraction of the Martian ionosphere with the solar wind
(Bößwetter et al., 2004).

As can clearly be seen from Figs.7 and 8, the(N+/H+)

ion density is significantly reduced in regions where theN+

2
ions are the predominant species. However, the structure
of the interaction region is highly symmetric in the polar
plane, whereas an asymmetry with respect to the direction
of the convective electric fieldE0 = −u0×B0 occurs in the
equatorial plane. In the following, the half space where
E0 points towards Titan, will be refered to asE− hemi-
sphere, whereas the hemisphere where the electric fieldE0
is directed away from Titan will be called theE+ hemi-
sphere. In the inner-magnetospheric simulations discussed
in this work, theE− hemisphere is always Titan’s Saturn-
facing hemisphere. In the equatorial plane, a sharp bounda-
ry layer between the ionospheric ion tail and the(N+/H+)

plasma manifests in theE− hemisphere. Besides, theN+

2
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Fig. 8. Interaction of Titan’s ionosphere with a supersonic plasma flow – cut through the(x, y) plane of the simulation box which coincides
with Titan’s equatorial plane. The undisturbed plasma flow is directed in(+x) direction, whereas the background convective electric fieldE0
is antiparallel to thez axis. The figure shows(a) the mean(N+/H+) plasma density,(b) the ionospheric plasma density,(c) the magnetic
field, (d) the mean(N+/H+) velocity, (e) the mean ionospheric ion velocity and(f) the electric field in the cutting plane. The simulation
results exhibit an asymmetry between both hemispheres. The ionospheric tail as well as the region of reduced electric field strength cover
a large area in theE+ hemisphere, whereas they are confined by a sharp boundary layer in theE− hemisphere. In theE+ hemisphere, an
extended pick-up region is formed where ionospheric ions are incorporated into the ambient plasma flow. Since their velocity is comparable
to the ambient plasma velocity, the pick-up ions make a significant contribution to the convective electric field. For this reason, the decrease
of electric field strength in the tail region is less strong than in theE− hemisphere. In theE+ hemisphere, the convective electric field points
inward the ionospheric tail preventing these ions from crossing the ICB from inward to outward and mixing with the ambient plasma flow. In
this half space, the sharp decrease of ionospheric ion density at the ICB gives rise to a strong electron pressure gradient pointing inward the
tail region. Hence, the ambient plasma is forbidden to cross the ICB from outward to inward by the electric field arising from the negative
electron pressure gradient. As can be seen from (d), in theE− hemisphere the plasma flow is almost tangential to the boundary layer. In
contrast to the situation in theE− hemisphere, the convective electric field points away from the ionospheric tail in theE+ hemisphere.
Hence, the focussing effect being responsible for the sharp separation of both plasma populations in theE− hemisphere does not occur and
the boundary layer cannot be formed. The electric force acting on the ionospheric ions makes them mix with the ambient plasma flow where
they are picked up and begin to perform a cycloidal motion in(+x) direction. This gives rise to the extended ionospheric tail region in the
E+ hemisphere. Both the convective electric field and the field resulting from the electron pressure gradient are essential for the occurence
of asymmetries in the structure of the ICB.

tail does not expand significantly into this hemisphere. As
displayed in Fig.7d, the(N+/H+) plasma in theE− hemi-
sphere flows almost tangential to the boundary layer between
both populations. On the other hand, in theE+ hemisphere,
the ionospheric tail possesses a diameter of about five Titan
radii. Furthermore, the boundary between both plasma popu-
lations is less pronounced in this hemisphere; the ionospheric
density decreases in a slight way where the(N+/H+) ions
become predominant and their density similarly increases in
a slight manner.

As will be discussed in the following, the convective elec-
tric field E = −u×B is a major condition for this asymmetry

to arise. In the tail region, the electric field is significantly
weaker than the background field in the undisturbed, homo-
geneous plasma outside the interaction region. As can be
seen in Figs.7f and 8f, the region characterized by a re-
duced electric field strength is symmetric in the polar plane,
whereas an asymmetry occurs in the equatorial plane. These
structures result primarily from the convective electric field
term which can be written as

Econv = −

{
nm

nm + ni

um +
ni

nm + ni

ui

}
× B . (33)
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Fig. 9. Interaction of Titan’s ionosphere with the subsonic Saturnian magnetospheric plasma at 18:00 local time. The figure displays the
results for a cut through the(y, z) plane of the simulation box which coincides with Titan’s terminator plane. The undisturbed magnetospheric
plasma flow is directed in(+x) direction, i.e. out of the paper plane. The background magnetic fieldB0 is orientated antiparallel to thez
axis and thus, the convective electric fieldE0 points in(−y) direction. The figure displays(a) the magnetospheric ion densitynm, (b) the
ionospheric ion densityni and(c) the magnetic field. Again, the arrows denote the projection of the field vectors in the cutting plane. Since
the upstream plasma flow is subsonic, no bow shock is formed in front of the obstacle. As in the case of a supersonic flow, the obstacle’s
ionospheric tail is more extended in theE+ hemisphere than in theE− hemisphere. Due to Saturn’s intrinsic magnetic field being draped
around the obstacle, a magnetic pile-up region which is characterized by an increased field strength arises in the immediate vicinity of Titan.
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Fig. 10. Interaction of Titan’s ionosphere with the subsonic Saturnian magnetospheric plasma at 18:00 local time. The figure shows a cut
through the(x, z) plane which coincides with Titan’s polar plane. The undisturbed plasma velocity points in(+x) direction; the background
magnetic field is antiparallel to thez axis. The figure displays(a) the magnetospheric ion density,(b) the heavy ion density,(c) the magnetic
field, (d) the magnetospheric ion velocity,(e) the ionospheric ion velocity and(f) the electric field. In the polar plane, the interaction region
exhibits a symmetric structure. As in the case of supersonic plasma flow, the magnetic field exhibits a strong draping pattern, giving rise to a
magnetic pile-up region at Titan’s dayside and to two magnetic lobes in the wake region. The region between these lobes is characterized by
a significant decrease of magnetic field strength. In contrast to the case of supersonic flow, the magnetospheric plasma is no longer separated
from the ionospheric tail by an ion composition boundary. Due to both plasma components contributing to the convective electric field, only
a slight reduction of electric field strength occurs in the downstream region.
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Fig. 11. Interaction between Titan’s ionosphere and the subsonic Saturnian magnetospheric plasma flow at 18:00 local time. The figure
displays a cut through Titan’s equatorial plane. The undisturbed plasma flow is directed in(+x) direction, whereas the convective electric
field E0 is orientated antiparallel to thez axis. In analogy to the case of supersonic flow, the structure of the interaction region exhibits a
strong asymmetry between both hemispheres. The convective electric field, being antiparallel to they axis, forbids the ionospheric tail to
expand into theE− hemisphere. On the other hand, the electric force drags the ions away from the obstacle in theE+ hemisphere, resulting
in the formation of an extended pick-up region. However, in theE− hemisphere, the increase of ionospheric density at the outer flank of
the tail is not as sharp as in the case of supersonic flow. Due to the resulting electron pressure gradient being significantly weaker than in
the supersonic case, the magnetospheric ions are no longer prevented from entering the tail region and mixing with the ionospheric plasma.
For this reason, only a slight, but still asymmetric decrease of magnetospheric plasma density occurs downstream of the obstacle. In regions
where the ionospheric ion velocity is low, an area of reduced electric field strength is formed. On the other hand, in theE+ hemisphere the
ionospheric velocity is comparable to the ambient plasma velocity and hence, these ions are able to make a significant contribution to the
convective electric field. For this reason, the reduction of electric field strength diminishes in regions where the ionospheric particles are
accelerated due to the pick-up process.

In the polar plane, the(N+/H+) ions are forbidden to
enter the tail region and thus, the convective electric field
is mainly governed by the motion of the predominant iono-
spheric ions. Due to their velocity being considerable smaller
than the ambient plasma velocity (cf. Figs.7d and8e), a cav-
ity denoting a reduced convective electric field strength is
formed in the downstream region. A similar process occurs
in the equatorial plane. However, in this plane, an extended
pick-up region where ionospheric ions are incorporated into
the ambient plasma flow occurs in theE+ hemisphere. In
this area, the pick-up ion velocity becomes comparable to the
ambient plasma velocity and hence, the accelerated pick-up
ions are able to make a significant contribution to the con-
vective electric field. For this reason, a significant reduction
of electric field strength occurs only in the immediate vicini-
ty of theE− hemisphere’s ion composition boundary where
the pick-up ion velocity is negligible. In contrast to this, the

slight reduction of(N+/H+) density in theE+ hemisphere
is compensated by the presence of fast pick-up ions. In or-
der to understand the occurence of the asymmetric structures
in the equatorial plane, the electric field signatures in the vi-
cinity of the ion composition boundary, i.e. near the outer
flanks of the ionospheric ion tail, are of major importance.
In the E− hemisphere, the convective electric field outside
the ICB is directed perpendicular to the boundary, pointing
inside the tail. Hence, the ionospheric ions are forbidden to
cross the ICB from inward to outward. This results in the
formation of a sharp boundary layer denoting a significant
density jump at the flank of the tail. On the other hand, the re-
sulting electron pressure gradient is directed inward the ICB.
Hence, the ambient plasma is prevented from crossing the
ICB from outward to inward due to the electric field arising
from the−∇Pe,i term.
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Fig. 12. Lorentz force acting on ionospheric ions (18:00 Saturnian
local time). For a cut through the terminator plane, the figure dis-
plays E+ui×B in normalized units. In regions where the iono-
spheric density does not vanish, this quantity is the average Lorentz
force acting on the ionospheric ions. In regions withni≈0, the
quantity displayed in the figure is identical to the electric field.
Since the Lorentz force is orientated perpendicular to the upper
flank of the ionospheric tail and points inward the tail, it is responsi-
ble for preventing the tail from expanding into theE− hemisphere.
The figure also illustrates the acceleration of the ionospheric nitro-
gen ions parallel to the direction ofE×B ↑↑ u0 at the tail’s outer
flank in theE+ hemisphere.

A quite different situation occurs in theE+ hemisphere.
Again, the convective electric field is directed perpendicular
to the flank of the ionospheric tail, but in this half space, it
points outward the tail region. Thus, theN+

2 ions are dragged
away from the ionosphere and are picked up by the ambient
plasma flow. They can mix with the surrounding flow and
form a cycloidal tail. This is the major reason for the ICB
not to be sharply developed in theE+ hemisphere. To sum
up the major result, the convective electric field as well as the
−∇Pe term have to be considered essential for the ICB to be
formed.

Finally, the results shall be compared with another hybrid
simulation study carried out byKallio et al. (2004). The
authors have used a 3-D hybrid code to examine the inter-
action of Titan’s ionosphere with a super-Alfvénic, super-
sonic and supermagnetosonic plasma flow. However, this
model neglects the electron pressure term in the generalized
Ohm’s law and consequentely, the electron temperature is set
to zero. Nevertheless, the results of this study are at least
in rough agreement with the simulations presented above.
The formation of a bow shock as well as a magnetic pile-
up region in front of the obstacle and an induced magnetotail
on the wakeside are reproduced by both simulation codes.
Moreover,Kallio et al. (2004) also show that the density of
the ambient plasma is low in the center of the tail where the

To S
atu

rn

Sunlight

u0

B0

0

y

z

x

E

Fig. 13.Titan’s plasma environment at 06:00 Saturnian local time –
simulation geometry. The center of Titan coincides with the cen-
ter of the cubic simulation domain. Again, the positivex axis
is parallel to the direction of the solar UV radiation, whereas the
undisturbed Saturnian magnetic field is orientated antiparallel to
thez axis. Hence, the velocity vector of the undisturbed corotating
plasma flow is directed antiparallel to thex axis. The convective
electric field points in(+y) direction, i.e. away from Saturn. The
(x, y) plane of the coordinate system coincides with Titan’s equa-
torial plane; the terminator line is located in the(y, z) plane.

ionospheric ions become predominant. Besides, the simu-
lation model developed byKallio et al. (2004) also demon-
strates the existence of asymmetries in the density of the es-
caping ions.

3.2 Titan at 18:00 local time

The simulation results for a subsonic upstream plasma flow
are displayed in Figs.9, 10 and11, respectively. The mag-
netic field strength as well as the mean magnetospheric and
ionospheric plasma densities in the terminator plane are dis-
played in Fig.9. The characteristic plasma and field param-
eters for the polar plane are displayed in Fig.10, whereas
Fig. 11 shows the simulation’s quasi-stationary state for Ti-
tan’s equatorial plane. In accordance with the results for the
case of a supersonic upstream flow, the structure of the in-
teraction region is symmetric in the polar plane. In both the
subsonic and the supersonic case, asymmetries betweenE−

andE+ hemisphere occur in Titan’s equatorial plane.
Due to the upstream plasma flow being subsonic, no bow

shock is formed in front of the obstacle. However, Saturn’s
intrinsic magnetic field clearly drapes around the obstacle,
resulting in the formation of two pronounced magnetic lobes
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Fig. 14. Titan’s plasma environment at 06:00 Saturnian local time – cut through the(y, z) plane of the coordinate System, coinciding with
Titan’s terminator plane. The figure displays(a) the magnetospheric ion density,(b) the ionospheric nitrogen density, and(c) the magnetic
field. The global features of the interaction region, especially the asymmetry of the nitrogen tail with respect to the direction of the convective
electric field, are in complete correspondence to the situation at 18:00 local time.

in the wake region and a magnetic pile-up region at Titan’s
dayside, denoting an increased field strength. Between the
two lobes, a region where the magnetic field strength lies sig-
nificantly below the upstream value of the undisturbed mag-
netospheric plasma is formed. The magnetotail possesses a
spatial extension of about 4RT in ±z direction and still af-
fects the magnetic field structure at a distance of (at least)
7.5RT from the center of the obstacle. Thus, even in the
case of subsonic plasma flow, the presence of Titan has a
noticable influence on the magnetospheric plasma flow.

In contrast to the case of supersonic plasma flow, only
a slight decrease of plasma density and velocity occurs in
the downstream region. Besides, the interaction region is no
longer characterized by a clear separation of the magneto-
spheric and ionospheric plasma component. Furthermore,
the interaction region does not exhibit a pronounced outer
boundary.

Only a slight reduction of the electric field strength mani-
fests in the tail region. On the one hand, the decrease ofE

is not as significant as in the case of supersonic flow because
the magnetospheric ion density downstream of the obstacle
does no longer vanish and hence, the magnetospheric ions
can make a significant contribution to the convective elec-
tric field. On the other hand, an extended pick-up region
arises in theE+ hemisphere of the equatorial plane. In this
area, the ionospheric ions are accelerated in the direction of

E×B, their velocity being comparable to that of the magne-
tospheric plasma. Because of the resulting contribution to the
convective electric field, only a minor decrease ofE occurs
in the E+ hemisphere. By comparing the structure of the
ionospheric tail in Fig.11e with the shape of the area denot-
ing a reduced electric field strength in Fig.11f, it can clearly
be seen that the reduction of electric field strength diminishes
in exactly the same regions where theN+

2 velocity increases
due to the pick-up process. In contrast to this, only a minor
acceleration of the ionospheric ions occurs in theE− hemi-
sphere. In this half space, the slight reduction of electric field
strength arises from the decrease of the magnetospheric ion
density and velocity in the downstream region. The decrease
of electric field strength manifesting in the polar plane has
to be explained in an analogeous manner since the heavy ion
velocity in the downstream region is sigificantly smaller than
in the equatorial plane. In the polar plane, theN+

2 ions form
a narrow tail whose diameter is of the order of only two Titan
radii, as to be seen in Figs.10b and e.

The mechanism giving rise to the asymmetric structure of
the interaction region in the equatorial plane can be explained
in analogy to the previous discussion of the supersonic case.
Again, the convective electric field at the outer flanks of the
ionospheric tail has to be considered to be of major conse-
quence. On the on hand, in theE− hemisphere, this field is
directed perpendicular to the ionospheric tail pointing inward
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Fig. 15. Titan’s plasma environment at 06:00 Saturnian local time. The figure displays the magnetospheric and ionospheric ion densities
in (a) and(b), and velocities in(c) and(e), as well as the electromagnetic field quantities in(c) and(f) for a cut through the(x, z) plane
of the coordinate system. The simulation results show the formation of a strong magnetic draping pattern and a slight reduction of both
magnetospheric ion density and velocity in the downstream region. Due to the dayside of the obstacle being located in the wake region, the
ionospheric nitrogen density in the tail is about four times higher than in the 18:00 LT scenario. Again, the interaction region exhibits an
asymmetric structure in the plane parallel to the convective electric field.

it. In exactly the same manner as in the case of a supersonic
upstream flow, the focussing effect arising from the electric
force on the ions forbids the heavy ion tail to expand in the
E− hemisphere. On the other hand, the convective electric
field in theE+ hemisphere points away from the ionosphere
and thus, it drags the ionospheric ions away from the ob-
stacle. These ions are incorporated into the magnetospheric
plasma flow, resulting in the formation of an extended pick-
up region in theE+ hemisphere.

The crucial question is why both plasma components are
no longer clearly separated from each other. As discussed
in the previous section, the electric force emerging from the
negative electron pressure gradient is most important for the
formation of a sharply pronounced ion composition boun-
dary in theE− hemisphere. Due to a sharp decrease of
ionospheric ion density occuring near the outer flank of the
ionospheric tail in theE− hemisphere, the resulting force is
capable of preventing the ambient plasma from entering the
ionospheric tail in the case of supersonic flow. However, the
ionospheric density in theE− hemisphere decreases only in
a slight manner when the upstream flow is subsonic. Hence,
the resulting electron pressure gradient at the outer flank of
the tail is significantly weaker than in the supersonic case
and can no longer forbid the magnetospheric plasma to cross

the outer boundary of the ionospheric tail from outward to
inward. Nevertheless, as can be seen from Fig.11f, at least
a weak decrease of magnetospheric plasma density occurs
in the equatorial plane, being less pronounced in theE−

hemisphere than in theE+ hemisphere. This structure in-
dicates that the electron pressure gradient at the outer flank
of the ionospheric tail in theE− hemisphere still influences
the magnetospheric ions, preventing at least some of them
from entering the ionospheric tail region. The mechanism is
also illustrated in Fig.12, displaying the Lorentz force that
acts on nitrogen particles of ionospheric origin. At the iono-
spheric tail’s outer flank in theE− hemisphere, this force is
directed inward and thus, forbids the tail to expand into the
E− hemisphere. On the other hand, in the outer regions of
the tail in theE+ hemisphere, the Lorentz force possesses a
significant component parallel to the(+x) axis, illustrating
the pick-up force acting in the direction ofE×B. Inside the
tail region itself, where ions of ionospheric origin become
the predominant species, the Lorentz force almost vanishes
due to both the mean ion velocity and the electric field being
significantly weaker than the undisturbed upstream values.

In general, the basic principle of the mechanism giving
rise to the asymmetries in the equatorial plane seems to be
the same for the case of a subsonic as well as for a supersonic
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Fig. 16.Titan’s plasma environment at 00:00 Saturnian local time –
simulation geometry. Again, thex axis is pointing from the sun to
Titan, whereas the undisturbed magnetic field is orientated antipar-
allel to thez axis. The undisturbed plasma flow is directed in(+y)

direction and yields a convective electric field that is parallel to the
x axis, pointing away from Saturn.

upstream plasma flow. In theE+ hemisphere, the force ari-
sing from the convective electric field drags the ionospheric
tail away from the obstacle, whereas in theE− hemisphere
it confines the tail and forbids it to expand. In the supersonic
case, this results in the formation of a sharp density jump
and hence, a strong electron pressure gradient near the outer
flank of the ionospheric tail in theE− hemisphere, preven-
ting the surrounding plasma from entering the tail region. On
the other hand, the outer boundary of the heavy ion tail is
less pronounced and less sharp in the case of subsonic flow,
so that the resulting weak pressure gradient is only capable
of causing a slight, but still asymmetric decrease of magneto-
spheric ion density downstream of the obstacle. Although the
mechanism generating the asymmetries is the same in both
cases, the resulting boundaries are extremely sharp in the su-
personic case, whereas no significant separation of magneto-
spheric and ionospheric plasma -consequently no ion com-
position boundary- is formed in the case of subsonic plasma
flow. Due to the plasma flow being subsonic beyond a bow
shock, a qualitative resemblence of the interaction mecha-
nism for the case of subsonic and supersonic upstream flow
is absolutely expectable.

The hybrid simulations carried out byBrecht et al.(2000)
also show an asymmetric structure of the interaction region.
On the one hand, this study showed that the global struc-
ture of the interaction region resembles the results obtained

from MHD simulations (cf.Cravens et al., 1998; Ledvina and
Cravens, 1998; Nagy et al., 2001). On the other hand, the
magnetic pile-up region has proven to be more prominent in
the direction of the convective electric field. In agreement
with the results presented above,Brecht et al.(2000) demon-
strate that the ionospheric tail region is not aligned with the
undisturbed plasma flow, but is offset towards theE+ hemi-
sphere of Titan. Recent hybrid simulation results fromKallio
et al. (2004) also indicate that the tail structure is not sym-
metric because the system exhibits a definite preference of
forming an extended ion tail in theE+ hemisphere.

The simulation results are also in qualitative agreement
with Cassini measurements of cold plasma in the ionosphere
of Titan, as discussed byWahlund et al.(2005). During the
Voyager 1 encounter (cf.Gurnett et al., 1982) as well as du-
ring Cassini’s passage through Titan’s wake on 13 December
2004, a large asymmetry in the structure of the mass-loading
region has been detected. In theE+ hemisphere, plasma of
ionospheric origin (indicated by the enhanced number den-
sity and slowed ion ram speed) has been detected as far as
9RT away from Titan. Hence, data obtained during this flyby
confirm the existence of an extended mass-loading region in
theE+ hemisphere, as it has been proposed by the theoreti-
cal models (see alsoBrecht et al., 2000; Kallio et al., 2004).
On the other hand, the mass-loading region’s outer boundary
in theE− hemisphere has shown to be located much closer
to Titan than in the anti-Saturn-facingE+ hemisphere. Nev-
ertheless, the data collected during the first Cassini flyby on
26 October 2004 revealed no large asymmetry in the struc-
ture of the mass-loading region (Wahlund et al., 2005). Based
on our simulation results, the lack of an asymmetry cannot
be explained. However, the existence of an asymmetry is not
only confirmed by our study, but its occurence has also been
demonstrated byBrecht et al.(2000), by Kopp and Ip(2001)
and byKallio et al. (2004).

3.3 Titan at 06:00 local time

The simulation geometry is shown in Fig. 13. The orienta-
tions of thex andz axes have been chosen in analogy to the
18:00 LT situation: Thex axis is parallel to the direction of
the solar UV radiation, whereas thez axis is antiparallel to
the homogeneous backgound magnetic field. The simulation
results are shown in Figs.14 and15. In general, the global
features of the interaction region are the same as in the 18:00
LT situation: The magnetic field drapes around the obsta-
cle, giving rise to a magnetic pile-up region at the ramside
and two magnetic lobes in the wake region. The results of
Brecht et al.(2000) who have performed 3-D hybrid simu-
lations of Titan’s interaction with a cold (T =0 K) magneto-
spheric plasma also indicate that the global magnetic field
topology does not change significantly during Titan’s orbital
period. Besides, the structure of the interaction region ex-
hibits a strong asymmetry with respect to the direction of the
convective electric field since the Lorentz force prevents the
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Fig. 17. Titan’s plasma environment at 00:00 Saturnian local time. The figure displays a cut through the obstacle’s polar plane which
coincides with the(y, z) plane of the coordinate system. The figure displays(a) the magnetospheric ion density,(b) the ionospheric nitrogen
density,(c) the magnetic field strength,(c) the magnetospheric ion velocity,(e) the ionospheric ion velocity and(f) the electric field. The
magnetic draping pattern is not as pronounced as in the 06:00 LT and the 18:00 LT scenario. On the one hand, the magnetic lobes are less
confined to the immediate vicinity of Titan; on the other hand, the peak magnetic field strengths in the lobe regions as well as in the pile-up
region at Titan’s ramside are significantly weaker than in the simulations assuming the upstream plasma flow to be super-Alfvénic. Moreover,
the area of reduced magnetic field strength between the two lobes, being characteristic for both the 06:00 LT and the 18:00 LT case, has
almost vanished. Compared to the other simulations presented in this work, the characteristic time scale for the formation of the magnetic
field pattern is significantly smaller, allowing the field lines to pass the obstacle in the direction perpendicular to the cutting plane. The
ionospheric tail’s extension perpendicular to the flow direction is larger than in the 06:00 LT and the 18:00 LT simulation. In the downstream
region, the electric field strength and the magnetospheric plasma parameters exhibit only a minor reduction.

nitrogen tail from expanding into theE− hemisphere. How-
ever, due to Titan’s dayside being located in the wake region,
the nitrogen density in the tail is about a factor 4 higher than
in the 18:00 LT case.

However, the results presented byBrecht et al.(2000) sug-
gest that the location of maximum ionospheric production
has a significant influence on the global structure of the inter-
action region. As our simulations do not confirm this signifi-
cance, it must be assumed that neglecting the ambient plasma
temperature has a noticable influence on the structure of the
interaction region.

3.4 Titan at 00:00 local time

This scenario refers to the case of Titan being located in Sa-
turn’s wake at 00:00 Saturnian local time. The simulation
geometry is displayed in Fig. 16. Although the satellite is
protected from the solar ultraviolet radiation by Saturn, the
x axis is still pointing from the sun to Titan in order to be
consistent with the other simulations discussed in this work.

In consequence, the undisturbed upstream plasma flow is di-
rected in(+y) direction, yielding a convective electric field
that is parallel to the positivex axis. The plasma and field
parameters for the polar plane are shown in Fig.17, whereas
Fig. 18 displays the results for Titan’s orbital plane which is
perpendicular to the undisturbed Saturnian magnetic field.

As to be seen in Fig.17c, the magnetic draping pattern in
the vicinity of Titan is significantly less pronounced than in
the simulation results for 06:00 and 18:00 local time, where
the upstream plasma flow is assumed to be super-Alfvénic,
subsonic and submagnetosonic. In the 00:00 local time sce-
nario, the two magnetic lobes possess an extension of about
±6RT in the direction of thez axis. In contrast to this, the
magnetic draping pattern is significantly sharper in the cases
of Titan being exposed to a super-Alfvénic plasma flow, its
extension in the direction perpendicular to he flow being of
the order of±4RT . Moreover, the simulation results for the
06:00 LT as well as for the 18:00 LT scenario show the for-
mation of a pronounced region between the two lobes where
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Fig. 18. Titan’s plasma environment at 00:00 Saturnian local time. The figure displays a cut through the equatorial plane of Titan which is
perpendicular to the undisturbed magnetic field. The figure displays(a) the magnetospheric ion density,(b) the ionospheric nitrogen density,
(c) the magnetic field strength,(d) the magnetospheric ion velocity,(e) the ionospheric ion velocity and(f) the electric field. As in the
06:00 LT and the 18:00 LT scenarios, the ionospheric tail exhibits a strong preference to expand into theE+ hemisphere. However, since
the value of the upstream plasma velocity is about 60% smaller than in the other simulation runs, the convective electric field and hence the
Lorentz force that drags the ionospheric ions into theE+ hemisphere are significantly weaker, yielding a tail diameter of only 5RT in E+

direction. In contrast to this, when the upstream flow is super-Alfvénic, particles of ionospheric origin can be found in a distance of more
than 7RT perpendicular to the flow direction. Because the ionospheric ion velocity in the tail is comparable to the ambient plasma velocity,
only an insignificant decrease of (convective) electric field strength occurs downstream of the obstacle.

the magnetic field strength almost vanishes. As displayed
in Figs. 17c and18c, the interaction does not give rise to
such a structure when Titan is located in Saturn’s wake. Be-
sides, in the 00:00 LT scenario, only a minor increase of mag-
netic field strength occurs in front of the obstacle: Figs.17c
and18c indicate that a peak field strength of about 9 nT is
achieved at Titan’s ramside, i.e. the magnetic field in this re-
gion is around a factor 2 stronger than in the undisturbed up-
stream plasma flow. In contrast to this, when Titan is located
in Saturn’s magnetosphere at 06:00 LT or at 18:00 LT, the
magnetic pile-up yields a field strength of more than 12 nT
at the side of Titan facing the corotating plasma flow. In ge-
neral, due to the upstream plasma velocity in the 00:00 LT
scenario being about 1−0.77/1.87=60% smaller than in the
other situations under consideration, the characteristic time
scale for the formation of the magnetic lobes in the 00:00 LT
simulation is significantly larger than in the case of Titan be-
ing exposed to a super-Alfvénic upstream flow. Thus, in-
stead of draping around the satellite, the magnetic field lines
are capable of passing the obstacle in the third spatial direc-

tion, i.e. they get beyond Titan by evading the obstacle in
(±x) direction. This aspect also emphasizes that a 2-D sim-
ulation code would be incapable of covering all features of
Titan’s plasma environment.

The only other simulation study refering to the 00:00 LT
scenario has been conducted byLedvina et al.(2004a). As
the Mach numbers of the upstream plasma flow have been
chosen in complete agreement with this magnetohydrody-
namic study, a direct comparison between the results is pos-
sible. In complete qualitative agreement with the results dis-
cussed in this section,Ledvina et al.(2004a) demonstrate
that for the case of Titan being located in Saturn’s wake, the
magnetic draping pattern is significantly less confined to the
immediate vicinity of Titan than in the 18:00 LT scenario.
Nevertheless, a quantitative agreement to the results of the
magnetohydrodynamic model cannot be achieved. On the
one hand, the results presented byLedvina et al.(2004a) indi-
cate no large difference between the structure of the magnetic
pile-up region in the 00:00 LT and the 18:00 LT scenario: in
both simulations, the peak magnetic field strength at Titan’s
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ramside is about a factor 3–4 higher than the undisturbed
upstream magnetic field. Besides, the authors suggest that
the peak field strength in the magnetic lobes is also almost
the same in both situations. As stated above, these quan-
titative aspects are not confirmed by the hybrid simulations
discussed in this chapter, even though the results concerning
the global features of the interaction region are in good qual-
itative agreement.

As to be seen in Fig.17b, which displays the ionospheric
ion density in the polar plane, the ionospheric tail possesses
a larger extension perpendicular to the obstacle than in the
06:00 LT and in the 18:00 LT situation. However, the tail
is still symmetric in the polar plane, whereas it exhibits a
strong asymmetry with respect to the direction of the con-
vective electric field, as displayed in Fig.18b. Nevertheless,
when Titan is located in Saturn’s wake, the tail possesses an
extension of only 5RT in theE+ hemisphere, whereas nitro-
gen particles of ionospheric origin can be found at a distance
of more than 7RT in E+ direction in both the 06:00 LT and
the 18:00 LT scenario. As discussed in the previous chapter,
the convective electric field is of major importance for drag-
ging the ionospheric particles away from Titan, leading to the
formation of an extended tail region in theE+ hemisphere.
However, since the upstream plasma velocity in the 00:00 LT
scenario is about 60% smaller than in the 06:00 LT and the
18:00 LT run, the convective electric field in the 00:00 LT
simulation is significantly weaker than in the other cases un-
der consideration. Thus, the force acting on the ionospheric
particles parallel to theE+ direction is weaker than in the
simulations where the upstream flow is super-Alfvénic, lead-
ing to the formation of a pick-up region which is less ex-
tended inE+ direction than in the 06:00 LT and the 18:00 LT
scenario.

When Titan is located in Saturn’s wake at 00:00 LT, only a
small cavity denoting a reduced electric field strength arises
downstream of the obstacle, as to be seen in Fig.18f. Be-
sides, the decrease of electric field strength is less significant
than in the 06:00 LT and in the 18:00 LT scenario. On the
one hand, the slight reduction of magnetospheric plasma ve-
locity in the downstream region causes only a minor decrease
of convective electric field strength. On the other hand, this
reduction is almost entirely compensated by the ionospheric
pick-up ions, whose velocity in theE+ hemisphere is com-
parable to or even significantly higher than the undisturbed
upstream plasma velocity, giving a significant contribution
to the convective electric field. This situation is clearly il-
lustrated in Figs.18d and18e, respectively. As displayed in
Fig. 18a, in the 00:00 LT scenario, a reduction of magneto-
spheric plasma density downstream of the obstacle is prac-
tically not existent, implying that the electron pressure gra-
dient is too weak to have a noticable influence on the global
structure of the interaction region.

4 Summary

Titan’s plasma environment has been studied by using a three
dimensional hybrid simulation code, treating the electrons as
a massless, charge-neutralizing fluid, whereas a completely
kinetic approach is used to cover ion dynamics. The model
includes two different electron populations, taking into ac-
count the significantly different temperatures of the magne-
tospheric and ionospheric electrons. The simulation code
contains a sophisticated ionosphere model with a production
rate depending on the altitude above the surface as well as
on the solar zenith angle. The ionosphere is assumed to be
generated by solar ultraviolet radiation. A curvilinear grid
has been used to match the spherical geometry of the plan-
etary obstacle. Several different scenarios have been taken
into consideration, the purpose being to identify the general
characteristics of the interaction region as a function of Sat-
urnian local time.

When Saturn’s magnetosphere is compressed due to high
solar wind dynamic pressure, Titan’s orbit might be loacted
in the magnetosheath or even in the supersonic solar wind.
Titan’s interaction with a supersonic plasma flow exhibits
many similarities to the Martian plasma environment: a bow
shock arises in front of the obstacle, and the ionospheric ni-
trogen ions are clearly separated from the ambient plasma
flow by means of an ion composition boundary. The con-
vective electric field gives rise to a significant asymmetry
in the structure of the interaction region. In theE− hemi-
sphere, this field points inward the ionospheric tail, preven-
ting the ions from entering this hemisphere. The resulting
electron pressure gradient, on the other hand, forbids the am-
bient plasma to mix with the ionospheric ions. In theE+

hemisphere, the convective electric field points away from
the obstacle, resulting in the formation of an extended pick-
up region. The general results for the supersonic case fea-
ture a strong analogy to hybrid simulation studies of the
Martian plasma environment conducted byBößwetter et al.
(2004). When Titan is located inside Saturn’s magnetosphere
at 18:00 local time, a strong magnetic draping pattern as well
as a pronounced pile-up region arise in the vicinity of the
obstacle. An extended pick-up region is formed in the down-
stream region, again being highly asymmetric with respect
to the direction of the convective electric field. However,
since the density jump at the outer flank of the ionospheric
tail is not as pronounced as in the supersonic scenario, the
pressure gradient is no longer strong enough to prevent the
ambient magnetospheric plasma flow from mixing with the
ionospheric nitrogen ions. The general features of the inter-
action region in the 06:00 LT scenario do not differ signifi-
cantly from the situation at 18:00 LT, except for the nitrogen
density in the wake being around a factor 4 higher.

When Titan is located in Saturn’s wake region, the up-
stream plasma flow is sub-Alfvénic, subsonic and submag-
netosonic. In this situation, the magnetic draping pattern
is significantly less pronounced than in the other scenarios
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under consideration. The peak field strength that is reached
in the lobes as well as in the pile-up region at Titan’s ramside
is only about a factor 2 higher than the undisturbed back-
ground magnetic field. The magnetic field strength in the
region between the two lobes is comparable to the undis-
turbed field, whereas it almost vanishes in both the 06:00 LT
and the 18:00 LT scenario. In the 00:00 LT run, the interac-
tion gives rise to an asymmetric ionospheric tail, even though
the asymmetries are not as pronounced as in the other sim-
ulation runs. Because the convective electric field dragging
the ionospheric particles away from Titan is weaker than in
the 06:00 LT and the 18:00 LT scenario, the ionospheric tail
possesses an extension of only 5RT in E+ direction. The
magnetospheric ion density in the vicinity of Titan remains
almost uninfluenced by the presence of the obstacle.

In order to improve the existing plasma model for Titan,
incorporating other ionization sources, such as electron im-
pact, will be necessary. Besides, the effects arising from a
multi-component ionosphere will have to be taken into con-
sideration. Including at least a rough approximation to the
particle impact ionization processes, distinguishing between
ramside and wakeside, will be the first step of these improve-
ments. Moreover, future simulation scenarios will be de-
signed to study the situation during specific Cassini flybys.
One important aspect that we will analyze is the question
whether the kinetic treatment of the ions results in the ge-
neration of electromagnetic ULF waves and what role these
waves play in the overall nature of the interaction.
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