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Abstract. The interaction between Titan's ionosphere and Keywords. Magnetospheric physics (Magnetosphere inter-
the Saturnian magnetospheric plasma flow has been studictions with satellites and rings; Magnetosphere-ionosphere
ied by means of a three-dimensional (3-D) hybrid simulationinteractions) — Space plasma physics (Kinetic and MHD the-
code. In the hybrid model, the electrons form a mass-lessory; Numerical simulation studies)

charge-neutralizing fluid, whereas a completely kinetic ap-
proach is retained to describe ion dynamics. The model in-

cludes up to three ionospheric and two magnetospheric ion

species. The interaction gives rise to a pronounced magl Introduction

netic draping pattern and an ionospheric tail that is highly

asymmetric with respect to the direction of the convective In the year 2004, ESA and NASA scientists celebrated the ar-
electric field. Due to the dependence of the ion gyroradiirival of the Cassini spacecraft in the Saturnian system, mark-
on the ion mass, ions of different masses become spatiallyng the beginning of an extensive exploration of the giant
dispersed in the tail region. Therefore, Titan’s ionosphericplanet and its complex system of rings and satellites. One
tail may be considered a mass-spectrometer, allowing to disef the major objectives of the mission is the exploration of
tinguish between ion species of different masses. The ki-Titan, Saturn’s largest moon. T flyby on 26 October
netic nature of this effect is emphasized by comparing the2004 was the first visit of a spacecraft since the pass of Voy-
simulation with the results obtained from a simple analyti- ager 1 more than 20 years ago. One of the most interesting
cal test-particle model of the pick-up process. Besides, theaspects of Titan is its extremely complex and variable inter-
results clearly illustrate the necessity of taking into accountaction with the surrounding plasma.

the multi-species nature of the magnetospheric plasma flow As both Voyager 1 and Cassini measurements have shown
in the vicinity of Titan. On the one hand, heavy magneto- that Titan does not possess a noticeable intrinsic magnetic
spheric particles, such as atomic Nitrogen or Oxygen, expefield (Ness et al., 1982; Backes et al., 2005), Titan’s iono-
rience only a slight modification of their flow pattern. On sphere interacts directly with the impinging plasma flow.
the other hand, light ionospheric ions, e.g. atomic HydrogenFor the case of Titan being located inside Saturn’s magne-
are clearly deflected around the obstacle, yielding a wideniosphere, the obstacle faces the hot and slow magnetospheric
ing of the magnetic draping pattern perpendicular to the flowplasma, providing a variety of different interaction scenar-
direction. The simulation results clearly indicate that the na-ios. On the one hand, depending on Titan's orbital posi-
ture of this interaction process, especially the formation oftion, the dayside ionosphere is not necessarily located at the
sharply pronounced plasma boundaries in the vicinity of Ti-ramside of the satellite. On the other hand, both Voyager 1
tan, is extremely sensitive to both the temperature of the magand Cassini measurements indicate that the Mach numbers of
netospheric ions and the orientation of Titan's dayside iono-the impinging magnetospheric plasma flow are also a func-
sphere with respect to the corotating magnetospheric plasmiion of Titan's orbital position \Wolf and Neubauer, 1982;

flow. Ledvina et al., 2004; Ma et al., 2006). When Saturn’s mag-

netosphere is compressed due to high solar wind dynamic
Correspondenceto: S. Simon pressure, Titan’s plasma environment is likely to undergo
(sven.simon@tu-bs.de) the most remarkable transition, as the satellite is capable of
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118 S. Simon et al.: Hybrid simulation of Titan’s plasma environment

leaving Saturn’s magnetosphere in the subsolar region of itsopology on the satellite’s orbital position and on the analy-
orbit and interact directly with the solar wind. Such extreme sis of the highly asymmetric tail structure. The simulations
solar wind conditions have been observed during the visit ofcarried out by Simon et al. (2006c,b) have also shown hat the
Pioneer 11 in the Saturnian system (Schardt et al., 1984). Thenechanism giving rise to both the asymmetric tail structure
strong analogy between the Titan scenario and the interactioand to a so-called lon Composition Boundary when the ob-
between the unmagetized planets Venus and Mars with theistacle leaves the magnetosphere can be understood in strong
plasma environment has been emphasized in several conanalogy to the Martian interaction with the solar wind, as
parative studies (Kivelson and Russell, 1983; Verigin et al.,discussed by BRwetter et al. (2004).
1984; Luhmann et al., 1991). However, in earlier hybrid simulation studies, Titan's
During the last decade, Titan’s plasma interaction has beeplasma environment has been analyzed in terms of a two-
the subject of numerous numerical simulation studies. Mag-species hybrid model. The results allowed to obtain a gen-
netohydrodynamic and multi-fluid approaches, such as theral picture of how the major features of the satellite’s plasma
models developed by Keller et al. (1994), Keller and Cravensenvironment change as a function of orbital position. Never-
(1994), Cravens et al. (1998), Ledvina and Cravens (1998)theless, the real Titan situation is significantly more complex.
Kabin et al. (1999, 2000), Kopp and Ip (2001), Nagy et al. Onthe one hand, numerous ionospheric models, especially
(2001) and Ma et al. (2004), are able to provide a globalthose designed by Keller et al. (1992, 1994, 1998), Keller and
picture of Titan’s plasma interaction and have, for instance,Cravens (1994), and Cravens et al. (2006) clearly illustrate
shown to be able to reproduce the magnetic field signaturghat Titan’s ionosphere exhibits a complex ion chemistry and
observed during the Voyager 1 flyby. However, due to thethat interaction processes between different species make up
characteristic length scales of the interaction region beinga major feature of this region. These aspects can be taken into
comparable to the mean ion gyroradii in the ambient magneaccount by magnetohydrodynamic models of Titan’s plasma
tospheric plasma flow, the fluid approximation is not strictly environment (cf. Ma et al., 2004, 2006; Backes et al., 2005;
applicable to the case of Titan. Specifically, the MHD mod- Backes, 2005). However, covering these features of Titan’s
els are unable to reproduce the highly asymmetric structurgplasma environment in the framework of hybrid simulations
of Titan’s ionospheric tail, as it has e.g. been detected duris presently difficult. Even a parallel computer would be in-
ing the first Cassini flybys (Wahlund et al., 2005). How- capable of storing the data of a sufficiently high number of
ever, these features of Titan’s plasma interaction can be exparticles. Of course, one could design a simulation scenario
plained in the framework of the hybrid model, retaining the that allows an extremely high spatial resolution in the im-
particle character of the ionospheric ions. The first who ap-mediate vicinity of the obstacle. However, it is presently
plied the hybrid model to the case of Titan were Brecht et al.impossible to create a simulation scenario that allows more
(2000). The results of this simulation study indicate that thethan 90 grid nodes in each spatial direction. Therefore, in
magnetic pile-up region at Titan’s ramside exhibits a definitesuch a scenario Titan itself would fill almost the entire sim-
preference to expand into the hemisphere where the conveatation domain, i.e. the outer boundaries of the simulation
tive electric field is directed away from Titan. Brecht et al. box would be located quite close to the interaction region
(2000) were also the first who studied the influence of dif- and would possibly affect the plasma flow in the vicinity of
ferent ionospheric pick-up masses in the framework of theTitan. For this reason, enhancing the spatial resolution of
hybrid model. However, the model used by Brecht et al.the ionosphere region by reducing the total size of the sim-
(2000) did not consider the extremely high temperature ofulation box is definitely not an option. Using a curvilinear
the impinging magnetospheric plasma flow, i.e. the tempersimulation grid, as also suggested Bggdonat (2004) and
atures of both electrons and ions were set to zero. EvemolRwetter et al. (2004), is a step in the direction of achieving
though the hybrid model presented by Kallio et al. (2004) a sufficient resolution in Titan’s ionosphere region, but even
was the first kinetic approach to retain the finite ion tem- by means of this grid, it is impossible to gain access to spatial
perature, the finite electron temperature has been neglectedcales below @ Rr. Besides, when increasing the curvature
The same simplifying assumption has been used by Séianp of the grid, it becomes more and more likely that numerical
et al. (2006). The first hybrid model that considered bothstability is compromised. For this reason, a hybrid simulation
the electron and ion temperature and was even able to digncluding a detailed multispecies model of Titan’s ionosphere
tinguish between magnetospheric and ionospheric electronis beyond the scope of any existing simulation code. Never-
has been presented by Simon et al. (2006c¢,b). Since thitheless, the first question that such a multi-species ionosphere
code allows to conduct simulations on an arbritrary curvi- model should adress is how the presence of severel species of
linear grid (Bagdonat and Motschmann, 2001, 2002a,b; Bagdifferent mass would affect the global structure of the iono-
donat, 2004; BRwetter et al., 2004), the simulations could spheric tail. For this reason, the first stage of expansion for
be carried out on a grid with spherical symmetry that canthe model used by Simon et al. (2006c) is the incorporation of
be adapted to the geometry of the obstacle. This simulatiora simple production profile for several different ionospheric
approach allowed a detailed analysis of Titan’s plasma in-species.
teraction, focussing on the dependence of the magnetic field
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On the other hand, according to Voyager 1 measurements — In the second step, the multi-species ionosphere has
(Neubauer et al., 1984), the upstream plasma flow in the  been retained. In addition, the upstream plasma flow
vicinity of Titan consists of two major species, Hydrogen and will be splitted up in the two species that have been de-
Nitrogen (or Oxygen which possesses a comparable mass). tected during the Voyager 1 flyby. Hence, the simulation
For the simulations that have been presented by Simon etal.  scenario will include five different ion species. Due to
(2006¢,b), these upstream plasma conditions have been ap- the high number of particles, this kind of simulation re-
proximated by using a singe ion species with an average par-  quires a huge amount of storage capacity. These simula-
ticle mass and number density. The simulation results have  tions are expected to allow a detailed analysis of Titan's
shown that for the case of Titan being located inside Saturn’s  effect on the upstream plasma flow.
magnetosphere, the ambient plasma density and velocity are
not significantly affected by the presence of the obstacle. Otn
course, a region of redgced plasma density and velocity mang
ifests downstream of Titan, but nevertheless, the effect on th?he pick-up process at Titan will ailow to validate the simu-

upstream fiow is definitely not as significant as in the case o lation approach. In addition, the applicability of the different

Titan being exposed to a supersonic plasma flow. As the tWOsimulation approaches to the plasma environment of Titan

species that make up th_e upstream flow inside Sa'Furn S Madgi| pe analyzed in an extensive comparative discussion.
netosphere have siginificantly different masses, it must be

expected that the plasma densities and velocities of Nitrogen

and Hydrogen are modified on different scales. In general2 The hybrid model
the smaller is the ion mass of an upstream species, the more

significant should be the acceleration of the respective ion®.1 Basic assumptions

by the Lorentz force. For this reason, splitting up the up- ) ] ] ] ) .

stream plasma flow in two different species is a necessary N€ Simulations are carried out by using a three-dimensional

extension of the models presented in former papers. ybrid code that can operate on an arbitrary curvilinear
The extension of the hybrid code to the case of multi- 9id (Bagdonat and Motschmann, 2001, 2002a,b; Bagdonat,

species conditions has been realized in two different steps: 2004). The present version of the code has already been suc-
cessfully applied to the solar wind interaction with magne-

— In the first step, two additional ionospheric species havetized asteroids (Simon et al., 2006a) as well as to the plasma
been incorporated into the model. In agreement withenvironments of Mars (83wetter et al., 2004) and Titan (Si-
Modolo (2004), Titan's ionosphere is assumed to bemon et al., 2006¢,b). Since an extensive discussion of the
consisting of molecular Nitrogen @, Methane (CH) ~ major features of the simulation code is given in earlier pa-
and molecular Hydrogen Q‘-) The upstream plasma pers, only a short overview of the mostimportant aspects will
flow, on the other hand, is still assumed to be consist-be presented in the following paragraphs.
ing of a single species of mass=9.6 amu and density In the hybrid model, the electrons are treated as a massless,
n=0.3x10° m~3 (see also Kallio et al., 2004; Sillatp  charge-neutralizing fluid, whereas all ion species occuring in
et al., 2006). In the following, this species will be re- the simulation are represented by macroparticles. The basic
ferred to as thgN*/H') mixed plasma. Hence, the equations of this model can be written as follows:
model will include one species Q\) which is signif-
icantly heavier than the upstream plasma species, an-
other species (CH) whose mass is comparable to the
ion mass in the upstream plasma flow, and finally a third
species whose mass is around a factor 5 smaller than
the ion mass in the upstream flow. Such an extension
of the model should at least allow to identify major fea-
tures of the ionospheric tail structure as a function of

the relative ion mass as well as changes in the overall _ Ejectric field equation: Simon et al. (2006c) have intro-
magnetic field topology arising from the multi-species duced the basic concept of a hybrid model for Titan that

After discussing the major features of the multi-species
ybrid code in the next section, the results of the simula-
ons will be presented. A simplifying analytical model of

— Equations of motion for individual ions:

dx; doy qs

— = and — = —{E B}, 1

dr Vg dr m, {E +vs; x B} 1)
wherex; andv; denote the position and the velocity of
an ion of species, respectively. The vectorE and B
are the electromagnetic fields.

description of the ionosphere. At the present stage, a
high resolutive study of the ionosphere region must be
left to MHD models. However, in contrast to fluid ap-
proaches, the model will provide the first self-consistent
description of Titan’s plasma environment that consid-
ers the influence of finite gryoradius effects under multi-
species conditions.

www.ann-geophys.net/25/117/2007/

includes two different electron fluids, one for the mag-
netospheric and one for the ionospheric electrons. This
discussion can easily be generalized to the case of a hy-
brid code that takes into account an arbitrary number
of N ion species. In consequencé,different electron
species (with different temperatures) should be incorpo-
rated into the model. In the following, the electric field
equation for such a scenario will be briefly discussed.

Ann. Geophys., 25, 117-144, 2007
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It is assumed that the simulation contaiNsdifferent

ion species whose electron populations possess, in gen-
eral, significantly different properties. The subscript
(j=1,..., N)isintroduced to distinguish between dif-
ferent ion species and the corresponding electron popu-
lations. However, at this point, it is not relevant whether
the ions are of magnetospheric or of ionospheric origin.
The dynamics of each electron population are described
by the momentum equation

0= —en,;(E+u.jxB)—VP,; ; ()
j=1,...,N. The quantitiest,. ;, u.; and P, ; de-
note the mean density, velocity and pressure of electron
speciesj, respectively. In order to obtain a single equa-
tion for the electric field, thev momentum equations

velocity u.. The distinguishment between the electron
populations corresponding to different ion species is re-
alized only by means of the electron pressure terms. For
the simulations discussed in this paper, the electrons are
assumed to be adiabatic, i.e.

k] N ’

j=1... 8)

Pe X ﬂe,j (ne,j)K >
whereg, ; are the plasma betas of the different electron
populations, allowing to introduce an independent tem-
perature for each of them. A valueof2 has been cho-
sen for the adiabatic exponentdBwetter et al., 2004;
Simon et al., 2006a,c,b). By including this setvdftou-
pling expressions, a closed set of equations is obtained.

— Magnetic field equation: by using Faraday’s law, an ex-

(2) are added, yielding

N N
0= —¢E Zne,j —e (Z”e,jue,j> x B —
j=1 j=1
N
—> VP,
j=1

In analogy to the hybrid model with two electron pop-
ulations, a total electron density, is introduced by
means of

N
Ne = Z Ne,j
j=1

In exactly the same manner, a mean electron veloci
can be defined by means of

pression describing the time evolution of the magnetic
field is obtained:

§=Vx(uix3)—Vx|:Mi|. 9)
at noene

3
@ Because of the adiabatic description of the electrons, the
electron pressure terms do not occur in this equation.

2.2 Simulation geometry and parameters

The simulation box possesses an extensiontGt5 Ry
(R7=2575 km) in each spatial direction; the center of Ti-
tan coincides with the origin of the coordinate system. The
simulations are carried out on a curvilinear simulation grid (a
so-calledFisheye Grid) which can be adapted to the spher-
tyical geometry of the obstacle. It also allows a high spatial
resolution in the immediate vicinity of the planet. This grid
is obtained from an equidistant Cartesian grid by means of

(4)

u, = 1 ine,]‘ue,; (5)  anon-linear coordinate transformation (cf. Bagdonat, 2004;
e 74 BoRwetter et al., 2004). In each spatial direction, the simu-
lation grid consists of 90 grid nodes. In correspondence to
Hence, the electric field reads our earlier simulations, the upstream magnetospheric plasma
parameters have been chosen in agreement with Voyager 1
Z;-V:l VP, j data, as presented by Neubauer et al. (1984): The undis-
E=-u.xB- en, (6) turbed magnetic field strength By=>5 nT, the field vector
is directed perpendicular to Titan's orbital plane. A value
Introducing the total electron current density of ug=120 knys has been chosen for the upstream plasma

Jje=—en.u, and the charge density.=en,=en;
(n;: total ion density) yields

velocity. In the simulations using a single-species repre-
sentation for the magnetospheric plasma flow, the upstream
ion species is characterized by a mas#ef9.6 amu and a
number density 0f=0.3x10° m~3. These parameters may
be considered average values obtained from the Voyager 1
data. On the other hand, in the simulations applying a multi-
for the electric field. In this expression; denotes the species model to the magnetospheric flow, two different ion
mean ion velocity at the respective position. However, species, Nitrogen (N) and Hydrogen (Fi) , have been in-

it is important to notice that the simulation model is able corporated into the simulation model. It should be noticed
to distinguish between different ion densitargl veloc-  that, even though this does not take noticeable influence on
ities, whereas it takes into account only a single electronthe simulation results, recent Cassini measurements indicate

(VxB)xB Y)1VPe,
J0Pe pe

E=—-u; xB+

Ann. Geophys., 25, 117-144, 2007 www.ann-geophys.net/25/117/2007/
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Oxygen (O) to be the predominant species in the magneto-
sphere.

Their upstream densities are given by
n(Nt)=0.2x10° m~3 and n(H")=0.5n(N*); the cor-
responding temperatures argéz7(N*t)=2900 eV and
kpT(HT)=210 eV. In all simulation runs, the tempera-
ture of the charge-neutralizing magnetospheric electron
population has been set to a valuekgf7,=200 eV. The
parameters given above yield the following set of Mach
numbers for the impinging magnetospheric plasima=1.9
(alfvenic), Ms=0.57 (sonic) and4,;s=0.55 (magnetosonic).

Due to the subsonic nature of the magnetospheric flow, Sunlight
no bow shock will form in front of Titan. A value of
kpT,=0.1 eV has been chosen for the ionospheric electron
temperatures, which is in good agreement with the models
discussed by Roboz and Nagy (1994) as well as Nagy anc
Cravens (1998).

The inner boundary of the simulation obstacle is located at
an altltudg 0fR=1100 km above th.e SL_lrface of Tlt"fm' Th'.s Fig. 1. Simulation geometry. The simulation box possesses a spa-
boundary 'S, assumed to be absorpt've’."e' any particle h'tt'.ngial extension of£7.5 Ry in each spatial direction; the center of
the sphere is removed from the simulation. In contrast to thiSiritan coincides with the origin of the Cartesian coordinate system.
no boundary conditions are imposed on the electromagnetig, all simulations presented in this work, the (+x)-axis is directed
fields (cf. BORwetter et al., 2004; Simon et al., 2006c). from the sun to Titan, referring to the situation at the equinoxes of

The ionosphere is assumed to be a spherical shell with th&aturn’s orbital period. In the 18:00 local time scenario, which is
inner radiusRg and with an outer radius of By. The obsta-  displayed in the figure, the upstream magnetospheric plasma flow
cle’s dayside ionosphere is represented by a Chapman Iayéﬁ directed parallel to the (+x)-direction, whereas the homogeneous
i.e. photoionization is assumed to be the dominant source ofackground magnetic field is oriented antiparallel to the z-axis.
newly generated ionospheric ions. Thus, the production pro- Nus: the convective electric field vector is pointing in the-@)-
file ¢ (r, x) depends on both the altitudeabove the surface direction, away from Saturn. The face of the simulation box that is

qir, X

. . . . ; located in Titan’s wake region is denoted by red lines. The second
and the solar zenith angje The nightside production profile situation that has been investigated is the case of Titan’s nightside

is assumed to be independent of the solar zenith angle and i§ing exposed to the upstream plasma flow at 06:00 local time. The
given byg=q(r, x=87"). For each ionospheric species, the simulation geometry is the same as in the 18:00 case, except for the
total production rate is set to a value 0&=1.3x10°° s™1.  yndisturbed magnetospheric plasma flow being directed antiparallel
An extensive description of our ionosphere model has beero the (+x)-axis. Thus, the convective electric field points in (+y)-
given by BRwetter et al. (2004) and in the companion Ti- direction, but—in analogy to the 18:00 local time scenario — is again
tan papers. In order to achieve a stationary state, the totalirected away from Saturn.

duration of the simulations corresponds to a time in which

the undisturbed magnetospheric plasma passes through the t Titan f litati int of Vi tfirst. Specif
entire simulation domain 3040 times. Each simulation sce- 55 & 'tah Irom a quaiitative point ot view at first. Specit-

nario contains more than 12 million macroparticles. In thelca"y' the (;inaly&s re;‘](_errs] _to_a S|r}[glde_|(;n(:§pherlg_ patrtlcle of
following section, the subscripis andi are used to distin- massn and charge which Is Inserted Into Ine amuient mag-

guish between particles of magnetospheric and ionospheri(@e'[OSpherIC plasma flow. The particle’s equation of motion
origin. reads

It should be noted that in the following sections, the termx = v = < (E+vxB), (10)
two-species hybrid model refers to earlier simulation at- mn
tempts assuming the magnetospheric plasma to consist of Wherex andv denote its position and velocity, respectively.
single species, while another species is used to represent the The discussion refers to the case of Titan being located in-
ionosphere. The termulti-species hybrid model refers to ~ side Saturn’s magnetosphere at 18:00 Saturnian local time,

any scenario taking into account more than two ion species.i-. the dayside of the obstacle faces the corotating magne-
tospheric plasma flow. The geometry of this scenario is dis-

played in Fig. 1. The undisturbed magnetospheric plasma
3 lon pick-up at Titan flow is directed parallel to the (+x)-axis, whereas the ho-

mogeneous background magnetic field is pointing in (-z)-
In order to understand the simulation results presented in théirection. Therefore, the convective electric fidid is ori-
following sections, it is useful to discuss the ion pick-up pro- ented antiparallel to the y-axis.

www.ann-geophys.net/25/117/2007/ Ann. Geophys., 25, 117-144, 2007



122 S. Simon et al.: Hybrid simulation of Titan’s plasma environment

Assuming that the electric field in the tail region is mainly whereé1, & andé&s are integration constants. Transforming
governed by the convective terBy= —u,, x B, as stated by  V in the rest frame of Titan by means of Eqg. (14) and as-

Simon et al. (2006c¢), yields suming that the ionospheric particle’s initial velocityratO
. is negligible, i.ew(+=0)=0, yields

V= m (—um+v)xB . (11) Ve (1) = uy (1 — cosQu)  ; (19)

vy (1) = uy SinQr - ; (20)

In this expressionu,, denotes the mean magnetospheric
plasma velocity. In the following, the discussion focusses?z(1) =0 . (21)

on the situation in Titan's equatorial plane where, accordingThe cosinus and sinus terms in Egs. (19) and (20) represent
to earlier simulation results, the magnetospheric plasma veg,e particle’s gyration in the plasma rest frame. Due to the
locity is not significaqtly distort.ed by the presence of the ob- constant term in Eg. (19), a uniform motion in x-direction
stacle. Therefore, without losing generaliy, is assumed i jmposed on this circular trajectory. Assuming that the

to be directed parallel to the x-axis, particle is inserted into the ambient plasma flow at point
x(t=0)=(0, 0, 0) leads to the following expressions for the
Mm . . .
article trajectory:
U, = ( 0 ) . (12) p ) J y
0 x(1) = 5’" (Qt —sinQt) (22)
For simplicity, u,, is assumed to be spatially constant. Even ;) — Um (1—cosQt) (23)
in the case of highly draped field lines, the magnetic field is Q
oriented almost perpendicular to the equatorial plane, i.e. () = 0 . (24)
Hence, the pick-up ion moves in a plane perpendicular to the
magnetic field, i.e. it remains confined to Titan’s equatorial
B={0 ’ (13) plane in the simplified case discussed here. It is important to
B notice that, due t® <0, the ion gyrofrequencg is negative.

By introducing
eB

whereB is negative and, for simplicity, is assumed to be spa-
tially constant. Now, Eq. (11) is transformed into the rest

frame of the plasma by means of the Galilei transformation: 121 = (25)
and the ion gyroradius
V=v—u, . (14)
= (26)
The transformed equation of motion is T
) B ) the particle trajectory takes the form
V= n—1v x B orequivalently V=MV (15) () = Ry (1901 —sinl1) 27)
with the 3x 3 matrix y(1) = Ry (cos|Q|z —1) (28)
zt)=0 . (29)

0 Q0 . . .
M=1|_-900 ) (16) According to Egs. (27-29), the ionospheric ion performs a
= 0 00 cycloidal motion in the plane perpendicular to the magnetic

field, as displayed in Fig. 2. The heightof one arc of the
The ion gyrofrequency is given by cycloid is given by
eB h = = l =2R, = 2umm 30
Q= (17) y<t |sz|>‘ NPT G0

whereas its widthw can be written as
The solution of Eg. (15) is obtained by diagonalizing the ma-

trix M and can be written as w=x (, = 2_”) — x(t = 0)
- |€2]
0 1 = 2R, =21 — i (31)
V=&|0]|+&exp@i)|i ]|+ e|B|
1 0 As to be seen from Egs. (30) and (31), batandw depend

1 linearly on the masa: of the pick-up ion. Therefore, itis im-
+Ez3exp(—iQu) | —i , (18) portant to notice that in Titan’s equatorial plane, the param-
0 eterh determines the extension of the particle trajectory in

Ann. Geophys., 25, 117-144, 2007 www.ann-geophys.net/25/117/2007/
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Table 1. Due to the pick-up process, ionospheric ions are moving

Ay on cycloidal trajectories in the direction &x B. For three repre-
sentative ion species, the table shows the widtand the heighi
E w of the cyclodial trajectories, as given by Egs. (30) and (31). The
> extensions of the cylcoids are of the same order or even larger than

the diameter ofTitan. It can also be seen that, perpendicular to the
undisturbed flow direction, the cylcoids are well located inside the
777777777 simulation boxes, possessing an extension.6i% in E1 direc-

tion. The radius of Titan i®R7=2575 km.

Fig. 2. Schematic illustration of the pick-up process at Titan. The lon species  Molecular weight Height Width w
homogeneous ambient plasma flow is directed parallel to the x-axis, T

whereas the background magnetic field is oriented antiparallel to the Hz 2 amu 04 Ry L2Ry
z-axis. The sketch shows the cycloidal motion of three ions with CHj 16amu 3lRy  98Ry
different masses which have been inserted into the magnetospheric Nzr 28 amu 54 Ry 17.1 Ry

plasma flow ate (r=0)=0, their initial velocity beingv(:=0)=0.
Both the height: and the widthw of the cycloidal particle trajecto-
ries depend linearly on the mass. This is illustrated for three pick-up
ions of massn (blue), 2n (red) and 3: (cyan). Due to these dif-

ferences in the height of the cylcoids, the spatial extension of the . | lexi fthe i h del. Thi N
ionospheric tail in the direction of the convective electric field de- _merlca complexity of the |0no_sp ere model. IS Set_t'.ng IS
pends on the particle mass. in correspondence to the hybrid study presented by Séanp

et al. (2006) and recent MHD results discussed by Ma et al.
(2006), where the production rates of Methane and molecu-

the direction of the convective electric field. Consequently,!ar Nitrogen are also of at least the same order. Besides, as
the extension of the ionospheric tail in the direction of the the discussion will focus on analyzing the global features of
convective electric field is a measure of the mass of the re:ritan,S induced magnetotail instead of Covering the detailed
spective ion species. For three ion species with representativerOperties of the ionosphere, such an approach is absolutely

masses, the parametessand/ are listed in Table 1. justified. Specifically, earlier simulation results clearly illus-
trate that the global structure of the interaction region is not

significantly modified by minor changes in the form of the
production function (cf. Bagdonat, 2004pBwetter et al.,
2004). Of course, for a direct comparison with data from
the Cassini plasma spectrometer, both the resolution near the

In the first step, two additional ionospheric species haveSurface and the quality of the ionosphere model would have

been incorporated into the simulation model. The heavi-i© Pe enhanced. , _ ,

est of the three ionospheric species is molecular Nitrogen 10 Sum up the major idea, the simulations presented in the
(m (NJ) =28 amu), the corresponding production parame_foIIow_mg will help understanc_i the global featur(_as of the in-
ters are given in detail by Simon et al. (2006c). Methanete_ractlpn betweep the Saturnlgn magnetospheric pla§ma flow
has been chosen as the second ionospheric species. QJfith Titan's multi-component ionosphere. Three different

the one hand, it is one of the predominant neutral specie§pedes have been selected to represent Titan’s ionosphere.

(Nagy and Cravens, 1998). On the other hand, its molecut he mass of the first species (molecular Nitrogen) is around

lar weight ¢n (CH}) =16 amu) does not differ significantly a factor 3 higher than the mass of the upstream ions, whereas
from the mass of atomic Nitrogen, being another impor- the mass of the second species (Methane) is compe_\raple to
tant constituent of Titan’s ionosphere (Keller et al., 1992), that of the magnetospheric particles. Finally, the third ion
In agreement with the model developed by Modolo (2004),Mass (molecular Hydrogen) is around a factor 5 smaller than
molecular Hydrogeng (H;“) —2 amu) is assumed to be the the mass of the_upstreqm ions. Thu_s, the model _should pro-
third component of the model ionosphere. The model doeYide a_general impression of the talil structur_e arising from
not include interaction processes between ions of differenf mylh-component |on0§phere due t.o_the p"?"'”p process.
species, such as collisions or charge exchange reactions. BE€SIdes, by means of this approach, it is possible to gain ac-

sides, due to the large size of the simulation box, the spatiaf€SS t0 the problem of how the magnetic field topology in
resolution in the ionosphere region is limited, the diameterth€ Vicinity of Titan is affected by the multi-component na-

of a single cell of the simulation grid being of the order of {Ure of the ionosphere. Comparison with a study of Titan's
400 km. For simplicity, the same production function has |onpspher|c t"?“l C(_)n(_jucted by Luhmann (1996) will allow to
been utilized for Nitrogen as well as for Methane and Hydro- Validate the simplifying approach presented above.

gen. Of course, this is also quite useful for restricting the nu-

4 First step: single-species upstream flow and multi-
species ionosphere
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Fig. 3. Titan’s plasma environment at 18:00 Saturnian local time. In contrast to the simulations presented by Simon et al. (2006c,b),
the ionosphere is assumed to be consisting of three different species. The figure depthgsmagnetospheric plasma density) the

magnetic field strengtlfc) the magnetospheric plasma velocity gdjithe electric field strength for a cut through the polar plane, coinciding

with the (x, z) plane of the coordinate system. Both the magnetospheric plasma parameters and the electromagnetic field configuration are
quite similar to the results obtained by using a two-species code, i.e. these quantities are not affected by the incorporation of two additional
ionospheric species into the simulation model.

In the following discussion, the three ionospheric speciesother words, the€~ hemisphere is always the side of Titan
are denoted by the subscripts 1 (Nitrogen), 2 (Methane) andhat faces Saturn.
3 (Hydrogen). As to be seen from Fig. 3, the situation in the polar plane is
quite similar to the results obtained by using a single-species
ionosphere model. Neither the magnetospheric plasma den-
sity nor the velocity is dramatically affected by the presence
. ) i of the obstacl§, i.e. only a slight reduction of both the mag-
For a cut through Titan’s pc_)lar plane, Fig. 3 displays the magfnetospheric ion density and velocity manifests in the down-
qetosphenc_ plasma (_jensny as well as the_electromagnengtream region. Besides, the magnetic draping pattern remains
fields. The ionospheric densities and velocities for the Sam%early unaffected by extending the complexity of the iono-
cutting plane are shown in Fig. 4. Figures 5 and 6 display thepere model. In agreement with the results presented by
plasma parameters and the electromagnetic field quantitiegimon et al. (2006c¢), the magnetic lobes are still confined to
for a cut through thex, y) plane of the coordinate system, , eqion with a diameter of arounsi3 Ry perpendicular to
b_emg |d_ent|cal to T'tf_’m’S equatorial plane. "_1 the following the direction of the undisturbed flow. The peak field strength
(j_|scu55|or), t_he hemls_ph_ere e th? und|§turbed CONVEGichieved at Titan's dayside as well as the magnetic field en-
tive electric field is pointing towards Titan will be referred hancement in the lobes have almost the same values as in

toas Fhefj* hem.isphere, whereas the hemisphe_re where th(?he two-species results. The magnetic field topology in the
electric field is directed away from the obstacle is called thevicinity of Titan arises mainly from the transport of the field
E™T hemisphere. Thus, in the 18:00 local time scenario, the

(y>0) hemisphere is identical to thE~ hemisphere, while IThe reason for this phenomenon will be revealed when the up-
the (y<0) hemisphere corresponds to the hemisphere. In  stream plasma flow is split up in two species with different masses.

4.1 General features
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Fig. 4. Titan's plasma environment at 18:00 Saturnian local time. The figure shows the ionospheric plasma parameters for a cut through
Titan’s polar plane(a) and(d) display the mean densiby ; and velocity; 1 of molecular Nitrogenl@l;) ions, whereagb) and (e) show

the same parameters for the MethacTeHQ) component of the ionosphere. The density and velocity of the lightest ionospheric species,
molecular hydrogenl{;), are displayed irfc) and(f). Each of these species forms a narrow tail downstream of the obstacle. At least in the
polar plane, no significant difference manifests in the tail structures of ions of different masses.

lines by the plasma flow. Due to the ionospheric ion densityaround a factor 5 smaller, in the polar plane, the overall tail
in the magnetic lobe regions being negligible, the convectionstructure of the three species is nearly identical.

of the field lines along the flow is primarily governed by the  In strong analogy to the results shown by Simon et al.
magnetospheric plasma, i.e. the convective electric field carf2006c,b), a pronounced magnetic pile-up region is formed

be expressed as

Hm
E. = —(—um +
Nm + 22:1 Nk

3
N
D S OEL
3 . ’
T m DMk

X —Uu, X B

(32)

The changé); B of magnetic field strength arising from this
term can therefore be written as

at Titan’s dayside. As to be seen from Fig. 5b, the region of
enhanced magnetic field strength is asymmetric with respect
to the direction of the electric field. The major reason for the
formation of this structure is the incapability of the magnetic
field to penetrate the dayside ionosphere region. In the im-
mediate vicinity of Titan's dayside, the ionospheric particles
become predominat, i.e. the convective electric field can be
expressed as

OB

rYi V X (uy x B)
i.e. the magnetic field dynamics in the lobe regions are al-
most entirely controlled by the magnetospheric plasma. As
the magnetospheric flow remains almost unaffected by the
modification of the ionosphere model, the magnetotail struc-

(33)
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(34)

tures obtained from the different simulation approaches aréAs the velocity of the newly generated ionospheric particles
almost identical. As to be seen in Fig. 4, in the downstreamalmost vanishes — in fact, these particles are inserted into
region, each of the three ionospheric species forms a narrowhe simulation domain with an initial velocity af;=0, —

tail. Except for the particle densiy; 3 in the H; tail being the convective electric field near Titan's dayside is almost
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Fig. 5. Titan's plasma environment at 18:00 Saturnian local time. In analogy to Fig. 3, the figure displays the magnetospheric plasma
parameters and the electromagnetic fields for a cut through th@ plane which is identical to Titan’s orbital plane. As the formation of the
magnetic pile-up region at Titan’s dayside is mainly governed by the field convection along the magnetospheric plasma flow, the magnetic
field signature in the vicinity of Titan is very similar to the results obtained by using a single-species ionosphere model.

zero. Despite the relatively rough spatial resolution in thecycloidal particle trajectories for molecular Nitrogen ions is
immediate vicinity of the obstacle, a region of reduced elec-given by
tric field strength at the dayside can be clearly identified in
Fig. 5d. Hence, the change of magnetic field strength in- . = 227 ~ 120 knys - 28m,,
side the ionosphere region almost vanishes, so that the field > e|B| e-5nT
lines are pressed against the obstacle and a pile-up region {ghere the undisturbed upstream values given by Neubauer
formed. As to be seen from Fig. 6e, in the dayside ionospheret al. (1984) have been used. As displayed in Fig. 6a, in a dis-
region, even the density of a single ionospheric species isance of about 5 R perpendicular to the undisturbed flow
around a factor B.3=16.7 higher than the ambient magne- direction, the Nitrogen density in the tail is comparable to or
tospheric plasma density. Thus, according to Eq. (34), theaven larger than the ambient magnetospheric plasma density.
presence of a single ionospheric species is absolutely suffion the other hand, the orientation of the tail with respect to
cient for preventing the magnetic field lines from penetrat-the direction ofE is also in complete correspondence to the
ing the ionosphere. Consequently, the structure of the magtheroretical discussion (cf. Fig. 2).
netic pile-up region at Titan’s dayside is not affected by the The mass of Methane ions is around a factdi5lsmaller
incorporation of two additional ionospheric species into thethan the molecular weight ofj\] Therefore, the ionospheric
model. This is the reason why the magnetic signatures obtail of this species should possess an extension of about
tained with the two-species model are almost identical to the
situation displayed in Fig. 5b. ot A Ml
As to be seen from Fig. 6, each of the three ionospheric ~ * 175
tails exhibits a strong asymmetry with respect to the directionin the direction of the electric field. As to be seen from
of the convective electric field. However, it is also obvious Fig. 6b, ionospheric Methane ions can be found in distances
that the tail extension in th&* hemisphere differs signifi- below 27 Ry perpendicular to the x-direction. As both the
cantly for the three species. This effect depends on the masgelocity and the magnetic field strength in the area covered
of the respective ion species and is in complete agreemerity the Methane tail differ from the undisturbed upstream val-
with the analytical discussion given in the previous section.ues, the simulation results are in reasonable agreement with
On the one hand, according to Eq. (30), the heigbf the the theoretical prediction.

=54R; ,  (35)

=3.1Rr (36)
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Fig. 6. Titan's plasma environment at 18:00 Saturnian local time. The figure shows the ionospheric plasma parameters for a cut through
Titan’s equatorial plane. Specifically, the figure displays the densé)ed molecular Nitrogen iongp) of Methane ions an¢t) of molecular
Hydrogen ions. The corresponding plasma velocities are shown in pah€)s As the convective electric field at the tail's Saturn-facing

flank is perpendicular to the tail and points inside the tail, each of the three ionospheric species is confined to the anti-Satérh facing
hemisphere. The particles are moving on cycloidal trajectories, their extelngiothe direction of the convective electric field depending
linearly on the ion mass (Mass Spectrometer Effect).

Finally, the tail developed by the molecular Hydrogen ions which is almost identical to the value obtained from the ho-
shall be investigated. As to be seen from Fig. 6c¢, the particlesnogeneous upstream parameters. Besides, one should keep
of this species are definitely forbidden to enter the Saturnin mind that the theoretical estimation of the tail extensions
facing hemisphere of Titan. Besides, it is important to noticepresented in the previous section is based on the simplifying
that significant Hydrogen densities can be found only in aassumption of a point-like ion source.
narrow tail region between>0 andy<1.5 Rr. Setting both In general, due to their large gyroradii, the cycloidal tra-
the magnetic field strength and the magnetospheric plasmgctories of the newly generated Nitrogen ions traverse al-
velocity on the undisturbed upstream values yields a heighinost entirely those regions of the* hemisphere where

of neither the magnetic field strength nor the mean magneto-
3.1Ry spheric plasma velocity is significantly affected by the pres-
hyy ~ =04Rr (37)  ence of the obstacle. For this reason, best agreement between

theoretical calculations and the simulation results could be

for the cycloidal particle trajectories. Thus, the tail developedachieved for the Nitrogen ions. In other words, the larger is
by the Hydrogen ions is practically not shifted in the direc- the mass of an ionospheric ion species, the more adequate
tion of the convective electric field. Since the plasma velocityis the simplified analytical model of a point-like source in a
directly beyond Titan is around a factoSismaller than the  homogeneous flow for covering the motion of these newly
upstream value aig=120 knys (cf. Fig. 5c) and the mag- generated particles in the equatorial plane.

netic field strength also differs from the homogeneous back-

ground value, the deviation of the analytical value from the 4 2  Titan’s jonospheric tail: a natural ion mass spectrome-
simulation result is absolutely expectable. Assuming a field ter!

strength ofB~4 nT and a mean plasma velocity of around

u,,=80 knmy/s in the tail region (cf. Figs. 5¢ and d) yields a
height of

5

5 (38)

]71+$§: hy+
H3 H3
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The spatial dispersion of the pick-up ion trajectories in Ti-

tan’s ionospheric tail has also been investigated by Luhmann
(1996) who has applied a simple test particle model to the
situation during the Voyager 1 flyby. In complete agreement
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with the simulation results presented in the previous sectionjonospheric species is slowed down by the heavy ones.
Luhmann (1996) predicts the formation of a broad and highly |, 5y case, the major features of the electric field topol-

asymmetric vyake ih which ion .species of different MasseSygy in the equatorial plane seem to be determined by the
become spatially dispersed. It is also demonstrated that thReayiest ionospheric species, for their gyration trajectories
ionospheric wake region significantly exceeds the region thapsssess the largest extension. Since the tails of the lighter
is covered by the magnetic field distortions in the near—TitanSpeCieS ~ e.g. CHand H — are completely located in-

region. Due to the spatial dispersion of different ion species,Side the area covered by the;NIaiI they are unable to al-
Luhmann (1996) suggests that Titan’s ionospheric tail may, '

b idered ai : ter the extension of the electric field cavity. Of course, if
€ considerec aaFur lon| lassspect.ro'me.ter. n agreeme.nt the two-species hybrid simulations presented by Simon et al.
with the hybrid simulation results, it is illustrated that light

Hvd : fined b heric ol 2006¢) had contained molecular Hydrogen or Methane in-
ydrogen lons are contine _to the magnetosp EriC plaSMatead of molecular Nitrogen as the only ionospheric species,
flow wake directly beyond Titan, whereas the heavier ions

loidal trai ies in Titan’ ial ol h an additional incorporation of the heavgl‘ibns would have
move on cyclolda trapctqnes n !tan S equatorial plane, t egone along with a widening of the cavity in the electric field
extension of the cyloids in the direction of the convective

Do ) , trength. Therefore, if a simulation model is meant to pro-
electric field depending on their masses. Thus, a spacecr

fivi Titan's i heri ke should be abl d ide a global picture of the electric field structure in the vicin-
ying to Titan's lonospheric wake should be able to eteCtity of Titan, it is sufficient to include the heavy ionospheric

gsequhen?ehof '0'?) beams r?f o::jffirent (rjnasses. The |ofn ﬂuhépecies, such as molecular Nitrogen. The incorporation of
In each of these beams should be a direct measure for the, ey light ions like Methane or Hydrogen is mandatory
ion production rate as well as for the corresponding neutral or covering the ionospheric mass-spectrometer effect, but

den(sj,ity Ofd tge rﬁspectivleg;%ecr:]ies. 'I;]he resull;ts of thel Stl:d%annot significantly alter the electric field topology. Besides,
conducted by.uhmann ( ) have shown to be completely the major feature of the magnetic draping pattern have also

reproducible in the framework of_the hybrid model. As Luh- roven to be completely covered in the framework of the two-
mann (1996) has also found evidence for the occurence OEpecies model

such a mass spectrometer effect in the data obtained by Voy- . o
ager 1, it is absolutely reasonable to expect the formation of 1Nese aspects are also illustrated in Fig. 7. For the case of
such a spatially dispersive tail structure, at least in the casd itan’s dayside being exposed to the upstream plasma flow,
of sufficiently homogeneous ambient magnetospheric condithe figure displays the situation in the equatorial plane when

tions. If Titan’s plasma environment is highly perturbed due Methane ions (CE}D are the only species of ionospheric ori-

to local magnetospheric variations, it is likely that the forma- 9in that is taken into consideration. Compared to the runs

tion of the mass spectrometer is suppressed and therefore Y4th both a Methane and a molecular Nitrogen component,

clear distinction between different species is no longer posth€ diameter of the electric field cavity has clearly dimin-
sible. ished, since the gyroradii of Methane ions are smaller than

those of molecular Nitrogen. In addition, the peak velocity
4.3 Multi-species versus single-species ionosphere modelthat is achieved in the anti-Saturn-facing pick-up region is

comparable to the value achieved by t@ ins in the mul-
Due to the height of their cycloidal trajectories being largest, iSP€cies simulations. As to be seen in Fig. 7e, even in the
the extension of the ionospherig*l\tail in the direction of f:entral |onqspher|cta|l_reg|on beyond Titan, thg mean veloc-
the electric field exceeds the tail diameters of the two lighter'ty Of the pick-up flow is about a factor of.3 higher than
species. Therefore, thefNons also determine the extension " the Methane tail that is developed when the ionosphere is
of the cavity in the electric field strength, being characteristic2/S0 consisting of molecular Nitrogen. This clearly illustrates
for the field topology in the equatorial plane. The trajecto- that the pick-up process of the lighter speciesnsaved by
ries of newly generated C}|and ,_g ions are almost com- the heaviest one. Of course, a major condition for such a be-
pletely located in this electric field cavity and consequently, Naviour is that the procuction rates and therefore the number
the pick-up force acting on these ions is significantly weakerdensities of light and heavy species are of the same order of
than the force on the Nitrogen ions. Thus, as displayed inmagmtugie. If, for instance, the proQuctlon rate of h'eawest
Figs. 6d—f, the velocity of the Nitrogen ions at the tail's anti- SP€cies is so small that the dynamics of these particles are
Saturn-facing flank exceeds the maximum velocity of bothgoverned by a simple test-pa_rtlc_le model, these ions vx_MI nei-
other species by almost a factor of 2 and is even significantlyiher affect the electromagnetic field topology nor the pick-up
larger than the upstream magnetospheric flow velocity. Al-Process of the lighter ions.
though the Clj‘ and I—E’ ions are lighter than the molecular ~ Hence, in the case of a multi-species ionosphere, the heavy
Nitrogen particles and hence, even a reduced Lorentz forcélitrogen ions form an extended tail in thet hemisphere
should be able to give rise to an acceleration that is compaand, at the outer flank of this tail, achieve a velocity that
rable to the effect on the}\lions, the CI{ and I—g velocity even exceeds the magnetospheric flow velocity by a factor
near the tail’'s flank in th&+ hemisphere does not match the of 2. However, directly beyond Titan, the formation of this
N{ velocity. For this reason, the pick-up process of the lighttail goes along with the development of a region denoted by a
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Fig. 7. Titan’s plasma environment at 18:00 local time. The figure displays a cut through the equatorial plane for the case of Methane being
the only species of ionospheric origin. Compared to the case of a multi-species ionosphere, the peak ionospherig Vvekiétychieved
in the E* hemisphere is about a factor of 2 higher.

reduced electric field strength. Due to their small masses, thepecies. Of course, average values have been chosen for both
newly generated Methane and molecular Hydrogen ions aré¢he mass and the charge of these particles (seekabmn
developing a tail structure that is completely located in theet al., 1999, 2000; Kallio et al., 2004; Sillagipet al., 2006)
electric field cavity. Therefore, they experience a reducedand therefore, the results should provide an adequate impres-
pick-up force and are unable to match the high velocities atsion of the global magnetospheric plasma signatures in the
the outer flank of the §l tail. Since in the case of an iono- vicinity of Titan. Nevertheless, according to Voyager 1 data,
sphere that is consisting only of Qche Methane ions are the plasma flow that impinges on Titan’s ionosphere consists
able to achieve a noticeably higher velocity (cf. Fig. 7), it is of two major species: atomic Nitrogen {iland Hydrogen
obvious that the heavy ionospheric species affect the pick-ugH™) ions. At a certain position, both species experience
process of the lighter ones. the same electromagnetic fields, and consequently, the same

Lorentz force is acting on magnetospheric ions of different

species. However, due to the mass of Hydrogen ions being
5 Second step: multi-species upstream flow and multi- around a factor 14 smaller than the mass of Nitrogen, the

species ionosphere acceleration of the H™ particles should be about one order

of magnitude larger than the modification of the Narticle
The previous section dealt with the analysis of Titan's plasmagrajectories. It must therefore be expected that the plasma
environment by means of a hybrid model that considers thejensities and velocities of the two species develop signifi-
multi-component nature of the obstacle’s ionosphere. It hagantly different features. This aspect of Titan's plasma inter-
been demonstrated that on the one hand, neither the magction will be adressed in the following. Of course, the sim-

netospheric plasma parameters nor the electromagnetic fielgjations will also retain the multi-species nature of Titan's
quantities are significantly affected by such an extension ofionosphere.

the model. On the other hand, the necessity of taking into ac-

count several different ionospheric species has been clearly

demonstrated as the structure of the ionospheric tail, i.e. its It is interesting to notice that, even though the tem-
extension in the direction of the electric field, depends on theperature of the Hydrogen component is of the or-
mass of the particles. However, the most critical issue thader of kpT+=210 eV and is therefore around a factor
has remained in the model is the approximation of the ambi-2900 eV/210 e\k*14 smaller than the temperature of the Ni-
ent magnetospheric plasma conditions by using a single iotrogen ions (Neubauer et al., 1984; Backes, 2005), the mean
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Fig. 8. Titan’s plasma environment at 18:00 local time. On the one hand, the multi-species nature of the ionosphere has been retained, but
on the other hand, the magnetospheric plasma flow is now represented by two distinct ion species. For a cut through the polar plane, the
figure displayqa) the magnetosphericNdensitynmsl, (b) the magnetosphericﬂdensitynmsz, (c) the magnetic field(d) the mean N
velocity u,, 1, (€) the mean F velocity u,,.2 and(f) the electric field strength. The heavy Nitrogen ions behave similar to the hypothetical
(N+/H+) ions that have represented the magnetospheric plasma flow in earlier simulations carrie®mnbbet al. (2006c), since the

masses of these two species differ only by a factor.5f 1

thermal velocities be analyzed. This situation will be directly compared to the
case of the upstream flow interacting with Titan’s nightside
kT (39) ionosphere at 06:00 LT. Besides, a comparative discussion of
m the different simulation approaches will be given, emphasiz-
of both species are almost identical. Due to the mass of théng the importance of the high thermal velocity of the light
Hydrogen ions being about a factor 14 smaller than the massi™ ions. In all figures presented in the following section,

Uth =

of atomic Nitrogen, the mean thermal velocity of tieads ~ the magnetospheric ion species will be denoted by the sub-
scriptsm, 1 (Nitrogen) andn, 2 (Hydrogen). The notation

_ /E 14 N (40) that is used for distinguishing between the three species of
UhHT =\ 5900 TN T BT ionospheric origin is the same as in the previous section.

N——————
- 5.1 18:00 Saturnian local time

Since the mean velocity value
The simulation results for the case of Titan's dayside be-
ing exposed to the upstream plasma flow are presented in
is around a factor 2 higher thaa=120 knys, the dynamics  Figs. 8-11. Figure 8 displays the magnetospheric plasma pa-
of both the Hydrogen and the Nitrogen ions are governed byrameters and the electromagnetic fields for a cut through the
nondirectional thermal motion. The hypotheti¢alt /H™) polar plane, coinciding with théx, z) plane of the coordinate
ions used in simulations with a single-species representatiosystem. The ionospheric plasma densities and velocities for
of the magnetospheric plasma flow featured the same propthe polar plane are shown in Fig. 9. For a cut through Titan’s
erty. orbital plane, the magnetospheric and ionospheric parame-

In the following sections, the simulation results obtained ters as well as the field quantities are displayed in Figs. 10
with this multispecies code will be presented. Two casesand 11, respectively.
shall be compared: On the one hand, the case of Titan's day- As to be seen from Figs. 8a and d, the signatures devel-
side being exposed to the upstream flow at 18:00 LT will oped by the heavier magnetospheric specigésriNthe polar

Vth H+ & U N+ = 244 Kny's (41)
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Fig. 9. Five-species simulation of Titan's plasma environment at 18:00 local time — lonospheric plasma parameters. For a cut through
the polar plane, the figure displays the densitietapimolecular Nitrogen(b) Methane andc) molecular Hydrogen. The corresponding
velocities are shown ifd—f), respectively. Each of the three species forms a narrow tail downstream of the obstacle. The tail structure
corresponds to the results obtained from the more simplifying single-species ionosphere model. Due to the small velocity of the ionospheric
ions, a narrow cavity of reduced electric field strength is formed directly beyond the obstacle.

plane feature many similarities to the results obtained by asthetical(N*/H™) particles. Moreover, in the scenario under
suming the upstream flow to consist only of a single speciesonsideration, the mass of the Hydrogen ions is about a fac-
(cf. Sect. 4). Obviously, a slightly pronounced cavity of re- tor 14 smaller than the mass of the other upstream species
duced N plasma density arises downstream of the obstacleN™. At a certain position, a Hydrogen particle experiences
the particle density being around a factor 8maller than in  the same electromagnetic fields as a Nitrogen particle and
the undisturbed upstream flow. In the same region, the velochence, the Lorentz force acting on both ions is of the same
ity u,, 1 decreases from values around 120/krto a veloc-  strength. However, as expressed by Eqg. (42), the acceleration
ity of only 80—90 kmy/s. This weak reaction of the Nitrogen of the Hydrogen ion is around a factor 14 larger. Therefore,
component on the presence of the obstacle is in complete coas can be seen in Figs. 8b and e, in the vicinity of Titan, the
respondence to the interaction of a single-species flow withplasma parameters of this species undergo a noticeable modi-
Titan’s ionosphere, as discussed in Sect. 4. This analogy ification. The Hydrogen particles are clearly deflected around
absolutely expectable for the mass of Nitrogen ions differsthe obstacle, giving rise to a cone-shaped region of slightly
only about a factor of 5 from the mass of the hypothetical reduced Hydrogen density in the downstream region. In con-
(N*/H™) ion species that has been applied to represent thérast to the velocity of the Nitrogen component, the velocity
impinging magnetospheric plasma flow. In other words, at avectors of the Hydrogen flow are noticeably distorted near
certain position in the simulation box, a Nitrogen ion and the flanks of the tail; i.e. these particles are guided along the
a hypothetical(N*/HT) ion experience the same Lorentz flanks of the cone-like region and are at least partially for-
force as well as, due to their masses being of the same obidden to penetrate this structure. As the Hydrogen ions are

der, the same acceleration pressed against the outer flanks of the magnetotail when en-
e tering the vicinity of Titan, the interaction leads to the forma-
= - (E+vxB) . (42)  tion of a parabolically shaped area of slightly enhanced Hy-

drogen density that is surrounding the Mrake. This struc-
Hence, the global topology of the plasma paramaters shoul@ure is clearly identifiable near the dayside of the obstacle (cf.
exhibit an almost similar structure. Fig. 8b).
However, the mass of the second upstream speciesH
one order of magnitude smaller than the mass of the hypo-
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Fig. 10. Five-species simulation of Titan’s plasma environment at 18:00 local time — Magnetospheric plasma parameters and electromagnetic
fields in the equatorial plane. The figure displays thedénsity and velocity(a) and(d), the H™ density and velocity(b) and(e), and the
electromagnetic field{c) and(f). In the E* hemisphere, a certain fraction of the light Hydrogen ions is clearly incapable of gaining access

to the central tain region, i.e. these particles are moving along the outer flank of the electric field cavity that forms an angle df alithut 45

the (+x)-direction.
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Fig. 11. Five-species simulation of Titan’s plasma environment at 18:00 local time — lonospheric densities and velocities in the equatorial
plane. The figure displays the density and velocity of molecular Nitro@rand(d), Methane:(b) and(e), and molecular Hydroger(c)
and(f). The mass-spectrometer effect in the ionospheric tail structure is clearly identifiable.
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The increase of Hydrogen density in the polar plane arisesmlong the flow is described by the expression

from the incapability of a certain amount of Hydrogen par- 4 p R 1
ticles to enter the tail region, so that these ions are presseddT =VX [(ﬁum,l +
against and deflected around the outer boundary of the cen- m,d T, 2
tral tail, denoted by the outer boundary of the magnetic drap- —l—Lum 2) x B] , (43)
ing pattern. Due to the electron pressure terms, this slight M1+ nm2
density enhancement goes along with the formation of eleci.e. the formation of the magnetic draping pattern is gov-
tric fields that are directed radially away from the obstacle,erned by the dynamics of both upstream species. The Nitro-
as to be seen in Fig. 8f. Since the velocity of the ionospheriogen component behaves similar to the hypothe(Naﬂ/HJf)
ions in the tail region (cf. Figs. 9d—f) almost vanishes, theirions, i.e. in the entire interaction region, the bulk velocity is
contribution to the convective electric field is practically neg- almost parallel to the positive x-axis. In contrast to this, the
ligible. Consequently, the electric field strength in the polar H* bulk velocity is significantly modified by the deflection
plane achieves its minimum value directly beyond the obsta-of this species around the central tail region. Of course, due
cle where the magnetospheric ion densities are smallest.  to the upstream N density being around a factor 2 higher
The velocity plots of Nitrogen and Hydrogen for the polar than the density of A, t_he dr_aplng mechanlsm 'S still "_‘a'”!y .

) . . governed by the heavier Nitrogen ions, behaving quite simi-
plane (cf. Fig. 8) clearly illustrate that the smaller is the mass . .

lar to the single-specigdN+/H+) upstream plasma. Never-

flecton hat he respecive paricles experience i he viginiye1855: I /€G0S of high Haensit - or instance, near the
b P P Youter flanks of the cone-like wake region, the Hydrogen den-

of the obstacle. Thus, in analogy to the ionospheric talil, thesit may become comparable to the density 8t Knhancin
magnetospheric plasma flow in the vicinity of Titan exhibits ymay P y 9

some kind of spectrometer effect. The light upstream the influence of the term that dependsum_z (cf. Eq._43).
D . ) LS Because near the flanks of the wake regimp,» deviates
species is at least partially incapable of gaining access to the

central tail region, whereas only a slight reduction of Nitro- noticeably from the (+x)-direction, this may yield a certain

) X LS widening of the draping pattern perpendicular to the undis-
gen density occurs. Thisagnetosphericion mass spectrom- L . .
o turbed flow direction. In other words, it is possible that the
eter should at least allow a rough distinction between heavy . . . TR
extension of the magnetic lobes HiZ)-direction is underes-

and light upstream ions for the latter ones should not be Pres ated by a two-species simulation approach, assuming the

dominant in the central tail beyond the obstacle. In contrast . . .
. C ; pstream flow to consist only of a single heavy species whose
to the ionospheric ion mass spectrometer, this effect shoul . T
low pattern is not significantly altered. Nevertheless, com-

be observable in the polar plane which is directed perpendic- aring the magnetic field pattern in Fig. 8¢ with the results
ular to the convective electric field. Besides, the mechanisnPresented in Fig. 3 clearly indicates that. this effect may only
f[hat I_eads_to the partial separgti_on OT Nitrogen and Hydr_ogerﬁe of minor rele.vance i.e. neither the qualitative structure
ions is quite different to the distinguishment between differ- of the draping pattern nor the peak field value in the lobes

ent ionospheric species, the width of their cycloidal pick-up L -
. . : . undergoes a remarkable modification when splitting up the
trajectories depending on the particle masses. In any case

a critical issue is the extremely high thermal velocity of the ragnetospheric upstream flow in two distinct species.

magnetospheric ions. The extent to which this aspect takes In strong analogy to the SImuIatlon presentgd n S?Ct' 4
n the polar plane, each of the three ionospheric species ex-

influence on the Hydrogen and Nitrogen tail structures ano‘hibits a narrow tail, being confined to an area with a diam-

thelspectro.meter phenomenon will be investigated in the foI—eter of less than-2 Ry perpendicular to the flow direction.
lowing section.

The ionospheric mass-spectrometer effect does not manifest
The magnetic draping pattern in the polar planein this cutting plane. Thus, even though in the polar plane,
(cf. Fig. 8c) resembles the field topology obtained from the flow patterns of the two upstream species are modified on
the simulation runs with a single upstream species, exceptlifferent scales, the tail structure may not be adequate for a
for minor changes in the maximum value that is reacheddiscrimination between different ionospheric populations.
in the dayside pile-up region. Besides, in the five-species The simulation results for Titan's equatorial plane are
model, the extension of the magnetic lobes perpendicular tehown in Figs. 10 and 11, respectively. In analogy to the
the undisturbed upstream flow direction is lightly increased.behaviour of the hypotheticdN*/H™) ions, a slightly pro-
Generally, the region of noticeable magnetic field enhancenounced, but highly asymmetric cavity occurs in the Nitro-
ment in the lobes possesses an extension of ati&uRy gen density downstream of the obstacle. Besides, in com-
perpendicular to the flow direction, whereas in the simula-plete correpondence to the results obtained by using a single
tions presented in the previous section, the same structurepstream species, a cavity of reduced electric field strength
covered an area with a diameter of ol R7. When ex-  is formed in the wake region. In thB~ hemisphere, this
tending the upstream plasma model to multi-species condicavity is sharply confined, whereas it possesses an extension
tions, a slight modification of the magnetic topology is ab- of more than 3Ry in the direction of the undisturbed con-
solutely expectable because the convection of the field linesective electric field, its flank in th€+ hemisphere forming
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an angle of about 45with the direction of the undisturbed beyond the obstacle. As the magnetic field strength in the
plasma flow. A slight cavity of reduced Hydrogen density ionospheric tail region is about a factor a¥kmaller than in
arises downstream of the obstacle (cf. Fig. 10b), its flank inthe indisturbed flow, the dynamics of the"Hons should be
the E~ hemisphere being located at the same position as thenainly governed by the electric field.

flank of the ionospheric tails and the outer boundary of the On the one hand, the velocity plot (cf. Fig. 10e) illustrates
electric field cavity. As to be seen from Fig. 10e, in thie that inside the tail region itself, the"Hions possess a non-
hemisphere, the Hbulk velocity is directed almost parallel vanishing velocity component in (+y)-direction, i.e. antipar-
to the outer flank of the electric field cavity, illustrating that allel to the electric field orientation in the ionospheric tail.
this species seems to be at least partially incapable to cros®n the other hand, in the same region, the meardensity

the tail's boundary in the Saturn-facing hemisphere from out-(cf. Fig. 10b) is also increased by a factob,lcompared to
ward to inward. The electron pressure term at the tail’s flankthe undisturbed upstream valuemgf »=0.1 cnT3. To sum

in the E~ hemisphere has proven to be the major reason foup, those H ions that have been able to cross the tail’s flank
this deflection process (Simon et al., 2006c¢). in the E* hemisphere are capable of entering the central tail

In the anti-Saturn facingz*t hemisphere, the Hydrogen region by moving antiparallel to the electric field. Thus, these
ions are also deflected around the ionospheric tail regiorions may be able to refill the cavity of reduced Hydrogen den-
which is denoted by an enhanced density of slow ionospherisity that arises from the incapability of the'Hons to enter
ions and, in consequence, a reduced electric field strengthihe ionospheric tail region by crossing the tail’'s flank in the
As displayed in Fig. 10e, in thE™ hemisphere, the Hion E~ hemisphere. This is clearly illustrated by their mean flow
velocity is directed nearly parallel to the flank of the iono- velocity which is parallel to the boundary layer. Near the
spheric tail, the velocity vectors forming an angle of about Saturn-facing flank of the tail, the deflection mechanism aris-
30° with the (+x)-direction. As H ions are at least partially ing from the ionospheric electron pressure terms still seems
incapable of gaining access to the tail region beyond the obto be present, but the resulting reduction of Hydrogen den-
stacle, they are pressed against the anti-Saturn-facing flank afity is partially compensated by thosé kbns who enter the
the ionospheric tail and are guided along this boundary layerionospheric tail region in th€ ™ hemisphere and then move
This gives rise to a pronounced, highly asymmetric region ofantiparallel to the potenial barrier arising from the reduced
enhanced Hydrogen density near the ramside of Titan. electric field in the tail. This may be one reason why the

In contrast to this, the flow pattern of the magnetosphericcavity in the H™ density is by far not as pronounced as in
Nitrogen ions is practically not affected when encounteringthe case of Titan being exposed to a supersonic flow, where
the tail's flank in theE* hemisphere. As to be seen in a fully developed lon Composition Boundary is formed. In
Fig. 10f, at the tail's flank in the&™ hemisphere, the con- analogy to their flow pattern in the polar plane, the heavy Ni-
vective electric field inside the tail is directed perpendiculartrogen ions are only minorly affected by the presence of the
to the tail and pointing outward it, posing a potential bar- obstacle, i.e. their mean velocity does not exhibit a deviation
rier to any positive ion that attempts to enter the tail regionfrom the (+x)-direction that is as remarkable as the modifica-
from outward to inward. Even though both magnetospheriction of the Hydrogen flow. An explanation for this behaviour
species experience the same electric field barrier, the accehas been given above.
eration of the heavy Nions is about a factor 14 smallerthan ~ The high temperature of the'Hions must be considered
the effect on the light i particles. Thus, the velocity of the a major reason for their quite complex flow pattern. Due to
N* ions is practically not altered, whereas a larger fractiontheir low mass, they are more affected by the potential barrier
of the H' ions attempting to gain access to the central tail at the ionospheric tail’'s flank in thB* hemisphere than the
region is decelerated, making them incapable of passing intdveavy N ions. However, the relative velocity change/v
the ionospheric tail region. In fact, the region of maximum that a certain Fi ion undergoes when attempting to cross
electric field strength near the tail’'s anti-Saturn-facing flankthe barrier is strongly depending on its thermal velocity. As
in Fig. 10f can be found at the same location as the regiorstated above, due to their low mass, the idn can possess
of enhanced H density. The component of theHselocity a thermal velocity that exceeds the mean bulk velocity of the
tangential to the boundary layer cancels with the deceleraupstream flow by more than a factor of 2. In general, the
tion arising from the electric field. This yields the deflection velocity of an individual ion can be obtained by adding its
of the H™ flow along the flank of the electric field cavity. thermal velocity vector to the mean flow velocity:

However, in addition to this deflection phenomenon, the
flow pattern of the H ions is also affected by a second pro-
cess. As displayed in Fig. 10e, at least a certain amount off the vectorsu,, » andv, » are parallel, the particle velocity
the H' ions is able to cross the boundary of the tail in ffe may exceed the mean flow velocity by more than a factor of
ionosphere. Due to the reduced electric field strength in the8. Hence, the relative change /v that the velocity vector
central tail region, these Hions are to a certain degree able of such a fast particle undergoes when attempting to cross
to move antiparallel to the direction of the convective elec-the potential barrier is significantly smaller than the effect
tric field and therefore to gain access to the region directlyon a particle with a negligible thermal velocity. Thus, it is

V2 =Upm2+ Vth2 . (44)
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justified to expect that especially those kbns that possess 5.2 Influence of the proton temperature
a high thermal velocity parallel te,, » are able to cross the
oblique tail flank from outward to inward. On the other hand, A major result of the two-species simulations presented in
if the thermal velocity of a particle is negligible or if the two earlier papers has been that in the case of Titan being exposed
vectors in Eq. (44) are antiparallel, the particle may be for-to a supersonic flow, the ambient plasma is clearly separated
bidden to cross the potential barrier. In any case, the fractiodrom the ionospheric flow by means of an lon Composition
of H ions that possess a sufficiently high velocity to crossBoundary, whereas in the case of Titan being exposed to the
the potential barrier, and consequently the sharpness of thiglow and hot magnetospheric plasma, this boundary layer is
boundary layer, should depend on the ion temperature. In th&0 longer present and at most, a weak tendency to form such
following section, this aspect will be investigated in more de- & boundary layer can be identified in the simulation results.
tail by comparing the simulation results to the case ofta H One major reason that leads to the disappearence of the lon
component that is about a factor 5 colder than in the currenfeomposition Boundary could be attributed to the changes in
scenario. This investigation will also yield new insights into the ionospheric tail structure when Titan re-enters the mag-
the question of why the lon Composition Boundary vanisheshetosphere: Since the density gradient near the tail's Saturn-
when Titan is located inside the Saturnian magnetosphere_ facing flank is weaker when the obstacle is located inside the
Compared to the results presented in the previous Sect. (cBaturnian magnetosphere, the electric force arising from the
Fig. 6), the ionospheric densities displayed in Fig. 11 areelectron pressure term is too weak to forbid the magneto-
around a factor 5 higher. However, the global structure of theSpheric plasma flow to gain access to the central tail region.
tail is not significantly modified by splitting up the upstream However, the results presented in the previous section also
flow in two distinct species. In correspondence to the resultssuggest that the high thermal velocity of the ambient magne-
presented in the previous section, the ionospheric tail structospheric plasma is of consequence for Titan's tail structure.
ture again exhibits the mass-spectrometer effect suggestdd fact, for the simulations presented by Simon et al. (2006c),
by Luhmann (1996). Because in the central ionospheric taithe case of Titan's interaction with a supersonic flow has not
the densities of slow ionospheric particles clearly exceed thé€en obtained from the inner-magnetospheric scenario by al-
magnetospheric ion density, the electric field cavity, espetering the alfvenic, but the sonic and magnetosonic Mach
cially its outer boundaries are sharper pronounced than imumbers of the magnetospheric flow. The temperatures of
the results displayed in Fig. 5d. In the tail region, the iono- both magnetospheric ions and electrons have been reduced

spheric particles definitely make the major contribution to theto generate a hypothetical scenario with a super-alfvenic, su-
convective electric field. personic and supermagnetosonic upstream plasma.
Compared to the results shown in Fig. 5, the magnetic pile- The extent to which the high thermal velocity of the mag-
up region in the equatorial plane has undergone a noticeablBetospheric particles takes influence on the wake structure,
transition. In the simulation run that used a single-speciegspecially on the sharpness of the boundaries evolving from
representation for the ambient magnetospheric plasma flo#he interaction, can be studied by analyzing the dynamics of
(cf. Sect. 4), the pile-up region in the equatorial plane pos-the magnetospheric Hions in the five-species simulation
sessed an extension of only abou-23 Ry in the direction ~ scenario. Due to their low mass, their flow pattern is —in con-
of the convective electric field. In contrast to this, in Fig. 5c, trast to the heavy N.and (N*/H*) ions — clearly modified
a sharply developed enhancement of magnetic field strengtRY the distorted magnetic environment of Titan. Therefore,
is identifiable in a distance of more tharp in E* direc-  another simulation run for the 18:00 local time scenario has
tion, the structure of this pile-up signature coinciding with been conducted, assuming thé kemperature to be about a
the outer flank of the ionospheric tail and the cavity in the factor of 5 smaller than in the run presented in the previous
electric field strength. The mechanism giving rise to this Section.
structure is clearly based on splitting up the magnetospheric The results of this simulation scenario are displayed in
plasma flow in two distinct components. As expressed byFigs. 12-14. The magnetospheric plasma parameters and
Eq. (43), the formation of the pile-up region is mainly basedthe electromagnetic fields in the polar plane are to be seen
on the convection of the field lines along the magnetospheridn Fig. 12, whereas Figs. 13 and 14 show the situation in
plasma flow. Since the lighter species experiences a signifithe equatorial plane. Both the*Nand the H ions are
cant deflection, i.e. the Hvelocity vectors a noticeably al- injected into the simulation box with a mean velocity of
tered in the vicinity of Titan, it is evident that the magnetic #o= (120 knys, 0, 0). However, while the mean thermal ve-
field topology is also affected. The extension of the pile- locity of the Nitrogen component has been set to a value of
O i : . :
up region in theE™ hemisphere is stretched, following the \/3kBT \/3' 5900 6V

motion of the H ions along the oblique outer flank of the y,, =
; i~ tai 14 amu
ionospheric tail.

~ 244 kny's (45)

m

and therefore exceeds the mean plasma velocity by a factor
of two, the mean thermal velocity of the™Hons is about
a factor 5 smaller. Thus, the dynamics of th& tns are
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Fig. 12. Five-species simulation of Titan’s plasma environment at 18:00 local time — Influence of the proton temperature. In the real Titan
situation, the mean thermal velocities of magnetospheric protons and Nitrogen ions are almost equal and exceed the average velocity of the
impinging magnetospheric plasma flow by a factor of 2. In order to investigate the influence of the proton temperature on the sharpness
of the plasma boundaries in the vicinity of Titan, the value has been reduced by a factor of 5. For this situation, the figure displays
the magnetospheric plasma parameters and the electromagnetic fields in the polatg)lahieogen density(b) Hydrogen density(c)

magnetic field,(d) Nitrogen velocity,(e) Hydrogen velocity andf) electric field. As to be seen from (b), a cone-shaped cavity of nearly
vanishing Hydrogen density is formed in the downstream region, its outer flanks being clearly identifiable.

governed by nondirectional thermal motion, whereas mosiindicate the formation of some kind of shock-like structure,
of the H" ions possess a velocity vector that is almost par-as it is developed when Titan is located outside of Saturn’s
allel to the (+x)-direction. The influence of the reducetl H magnetosphere. Besides, a definite tendency to form of an
temperature on the plasma flow in the polar plane are dision Composition Boundary manifests in the proton density
played in Figs. 12b and e. The proton flow is now clearly directly beyond Titan. A narrow region of almost vanishing
deflected around the obstacle, giving rise to a cone-shapeH™ density has evolved downstream of Titan, being clearly
region where the density almost vanishes. Practically no proeonfined to theE+ hemisphere. Since the proton tempera-
tons are present in the central tail region. As displayed inture is the only simulation parameter that has been altered, it
Fig. 12b, the structure of theHwake exhibits a strong sim- is obvious that the ion temperature definitely has an influence
ilarity to the cavity of reduced magnetospheric density thaton the structure of the plasma boundaries near Titan.

was formed in the case of Titan being exposed to a super- The ionospheric tail region is surrounded by potential bar-
sonic upstream plasma flow (see also Simon et al., 2006cYyiers: In the E~ hemisphere, the relatively sharp decrease
Again, the H" ions are pressed against the outer flanks ofof the ionospheric denisty gives rise to an electric field that
the central tail, but now, the density in these regions exceedss directed outward the tail and therefore prevents magneto-
the upstream value by more than a factor of 2. Thus, thespheric particles from entering the ionospheric tail region in
colder are the H ions, the more pronounced is the mass- the E~ hemisphere. On the other hand, at the tail’s oblique
spectrometer effect exhibited by the magnetospheric plasm#ank in theE™ hemisphere, it is the convective electric field
flow in the polar plane. An analogous effect occurs in theinside the tail that poses a barrier to the impinging magneto-
equatorial plane: The proton density is now increased alongpheric plasma flow.

the entire tail flank in the€* hemisphere, the peak density ~ Comparing the ionospheric densities and velocites in
in this region is more than a factor of 3 larger than the back-Fig. 14 with the situation when the magnetospheric Hydro-
ground value. However, because an analogous change manyen component is assumed to be hot (cf. Fig. 11) clearly in-
fests neither in the velocity nor in the electromagnetic fields,dicates that the ionospheric tail structure itself is not affected
it is obvious that the enhancement of th& Hensity does not by altering the temperature of the magnetospheric Hydrogen
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Fig. 13. Five-species simulation of Titan's plasma environment at 18:00 local time — Influence of the proton temperature. For the case of
a reduced F temperature, the figure displays the magnetospheric plasma parameters as well as the electromagnetic fields in the equatorial
plane. Since directly beyond Titan, a pronounced cavity of reduced Hydrogen density is formed, it is obvious that the smaller is the thermal
velocity of the particles, the more pronounced is the tendency to form an lon Composition Boundary.

component. The density and velocity distribution inside thetospheric hydrogen plasma is sufficiently cold, the magneto-
tail, but the electromagnetic fields as well, are almost iden-spheric mass spectrometer effect occurs in both the polar and
tical in both simulations. Thus, both the warm and the coldthe equatorial plane. In the polar plane, the cavity of reduced
protons are facing the same obstacle when encountering TH™ density is cone-like and symmetric, whereas in the equa-
tan’s ionospheric tail. As will be discussed in the following, torial plane, it is confined to the region directly beyond Titan,
this makes the thermal velocity to be the relevant parametethe proton density exhibiting an asymmetric structure.
for the penetration problem. Another important conclusion that can be drawn from this
numerical experiment concerns ttamospheric mass spec-
Whether a particle is able to cross these barriers is detrometer effect. In general, the simulation discussed in this
termined by two factors: first of all, the larger is the mass section indicates that only if a certain plasma component is
of an ion, the smaller is the acceleration that it experi- sufﬁcienﬂy cold, the interaction gives rise to Sharp|y pro-
ences when encountering the potential barrier surroundingiounced boundary layers in the corresponding density sig-
the ionospheric tail. Therefore, the effect on the Nitrogen nature. The warmer is the'iHcomponent’ the less Sharp
ions, i.e. their tendency to form an lon Composition Bound- s its separation from the ionospheric plasma flow. This
ary, is not as pronounced as the deflection of the light protongjso means that a major condition for the formation of the
around the tail region. On the other hand, the thermal VE|OC-ionospheriC mass spectrometer is the low temperature of the
ity of the particles is of major consequence. The larger is theionospheric plasma flow. In fact, in all simulations pre-
temperature of the protons, the more of them are able to passented here, the initial ionospheric ion temperature is set
the potential barrier surrounding the ionospheric taiI, i.e. theto zero, assuming that it is Comp|ete|y neg||g|b|e Compared
lon Composition Boundary becomes more and more peneto the magnetospheric ion temperature. A similar assump-
trable. If the sum of thermal and mean velocity of an ion tion has also proven to be adequate for the simulation of
is sufficiently large, the relative velocity change/v thatit  the interaction between the ionosphere of Mars and the solar
undergoes when attempting to access the ionospheric tail reyind (cf. BoRwetter et al., 2004). If the temperature of the

gion is negligible, to a certain degree even for the light H jonospheric plasma was increadethe dynamics of these
ions. Thus, the sensitiveness of the magnetospheric mass

spectrometer can be considered a function of the tempera- 20f course, this would only be a hypothetical simulation sce-
tures of the involved ion species. In any case, if the magnenario.
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Fig. 14. Five-species simulation of Titan's plasma environment at 18:00 local time — Influence of the proton temperature. For a cut through
the equatorial plane, the figure displays the ionospheric plasma densities and velocities. The characteristic features of the ionospheric tail are
almost identical to the case of a warm ambieft plasma flow, as displayed in Fig. 11. Therefore, the electric field barrier thattHeris

must pass when attempting to access the tail region is nearly the same in both cases. This is why the simulation results clearly illustrate the
importance of the plasma temperature for the question of whether an lon Composition Boundary is formed.

particles become more and more dominated by nondirecthe z-axis, yielding a convective electric field that is directed
tional thermal motion, which will most likely interfere with in the anti-Saturn-facingy>0) hemisphere. The simulation

the ionospheric mass-spectrometer effect. results for the polar plane are displayed in Figs. 15 and 16,
whereas Figs. 17 and 18 illustrate the electromagnetic field
5.3 06:00 Saturnian local time signatures and plasma parameters for a cut through the equa-

torial plane. As to be seen from Fig. 15c, the draping pattern

In the preceding sections, Titan's plasma environment ain the polar plane clearly resembles the magnetic signatures
18:00 local time has been discussed in the framework of abtained by using a two-species hybrid model. However, in
five-species hybrid model. It has been shown that the globahnalogy to the situation at 18:00 local time, the magnetic
features of the interaction region are well covered by a two-pile-up value achieved at Titan’s dayside has slightly dimin-
species approach, whereas several slight modifications dghed. While earlier two-species simulations show only a
both the electromagnetic field and the ionospheric tail struc-minor reduction of the magnetic field strength in the equa-
tures have to be attributed to the multi-species nature of theorial plane, the results obtained from the five-species model
ambient magnetospheric plasma. In the following, the sit-indicate that the field strength between the lobes nearly van-
uation at 18:00 local time shall be compared to the case ofshes (cf. Figs. 15c¢ and 17c). In this region, the electric field
Titan being located inside the magnetosphere at 06:00 locahagnitude also drops to values belovi m~—1. Due to
time, i.e. the obstacle’s dayside ionosphere is assumed to be nightside of Titan being exposed to the upstream plasma
located in the wake region. As discussed by Simon et alflow, the density of slow ionospheric ions in the tail region
(2006c¢), the results obtained from the two-species model inexceeds the magnetospheric ion density by several orders
dicate that the situation at 06:00 local time differs only in- of magnitude, yielding this strong reduction of electric field
significantly from the case of Titan’s dayside ionosphere be-strength (cf. Fig. 17f). As in the tail region directly beyond
ing exposed to the upstream plasma flow. the obstacle, neither the magnetic nor the electric field makes

Since in the simulation geometry, the (+x)-axis is still di- a significant contribution to the Lorentz force, a newly gen-
rected from the Sun to Titan, the undisturbed magnetospherierated ionospheric particle that is entering the wake is practi-
plasma flow is now directed antiparallel to the x-axis. The cally not accelerated. Especially the Q:Idnd the I—I ions do
undisturbed magnetic field is assumed to be antiparallel to
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Fig. 15. Five-species hybrid simulation of Titan's plasma environment at 06:00 local time — Magnetospheric plasma parameters and electro-

magnetic fields in the polar plane. In correspondence to the 18:00 local time scenario, the Hydrogen ions are clearly deflected around the
obstacle, whereas the magnetospheric Nitrogen flow is decelerated, but does not undergo a significant modification of its flow direction. The
region of reduced magnetic field strength between the two lobes is sharper pronounced than in the results of the two-species model develope
by Simon et al. (2006c): the field magnitude diminishes to values well below 3 nT.

not experience a noticeable pick-up force, since -due to theithe ions away from Titan sufficiently fast and therefore to
small gyroradii- their tails are almost completely located in- compensate for the ongoing production of new ionospheric
side the cavity of reduced electromagnetic field strength. Beparticles. As a result of this, the flanks of both th§ Bind
cause these particles are not transported away from the ohke Cl—g tail in the ET hemisphere are located nearly at the
stacle in an efficient manner, they accumulate in the vicinitysame position, making it impossible to distinguish between
of Titan, as to be seen in Fig. 18. Besides, in contrast to thehese two species by means of the ionospheric mass spec-
18:00 local time scenario, the region of major ion productiontrometer effect. In other words, a substantial pick-up pro-
is now located in the wake region. For this reason, the dencess, determined by a sufficiently high electromagnetic field
sity of slow ionospheric ions in the tail clearly exceeds the strength in the tail region, must be considered a major condi-
densities in the 18:00 local time scenario. An accumulationtion for the mass spectrometer to be clearly identifiable. Be-
of the slow ionospheric ions beyond the obstacle also occursides, the tail's flank in th&~ hemisphere also undergoes
in the polar plane, as to be seen in Fig. 16. a certain deformation: Compared to the two-species simu-
lations, the ionospheric tail exhibits a widening antiparallel
The massive concentration of slow ionospheric particlesio the electric field. Due to their small gyroradii, this phe-
especially of Methane and Hydrogen, also yields a certaimomenon yields an almost symmetric tail structure for the
deformation of the ionospheric tail structure. In correspon—H; ions.
dence to the situation at 18:00 local time, the Nitrogen tail '|n the polar plane, the density signature of the magneto-
is clearly shifted in the direction of the convective electric spheric H ions qualitatively resembles the situation in the
field, its extension clearly exceeding the diameters of the18:00 local time scenario, showing a slight reduction of the
CH; and the H tails perpendicular to the flow direction. number density beyond the obstacle. However, in the case of
Again, the mass-spectrometer effect should allow to dis-Titan's nightside being located in the wake region, a massive
criminate between the heavief;Nons and the two lighter increase of H density manifests near the entire flank of the
species. However, as their ionospheric tails are almost comionospheric tail, as to be seen from Fig. 17b.
pletely located inside the electromagnetic field cavity beyond
Titan, the pick-up of both Kl and CH{ ions is massively
suppressed, i.e. the Lorentz forces are too weak to transport
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Fig. 16. Five-species hybrid simulation of Titan’s plasma environment at 06:00 local time — lonospheric densities and velocities in the polar
plane. Again, the molecular Nitrogen component is denoted by the subscript 1, whereas the subscripts 2 and 3 refer to the Methane and the
molecular Hydrogen component, respectively. Each of the three species forms a narrow tail directly beyond the obstacle. Because the elec
tromagnetic field strength in the tail region almost vanishes, a newly generated ionospheric particle experiences practically no acceleration.
Besides, the dayside ionosphere is now located in the wake region. Due to these two factors, the ionospheric densities in the tail are about al
order of magnitude larger than in the 18:00 scenario.

6 Summary and outlook this mass spectrometer have shown to be in good agreement
with both a simplified analytical model of the pick-up pro-
The main objective of the work presented in this paper iscess and earlier test particle simulations conducted by Luh-
the study of the interaction between the multi-species Saturmann (1996). Compared to simulations that used a single-
nian magnetospheric plasma flow and the multi-componentpecies ionosphere, neither the electromagnetic field topol-
ionosphere of Titan. In the simulations discussed in formerogy nor the magnetospheric plasma flow in the vicinity of
papers, Titan’s complex ionosphere had been represented bjitan are noticeably affected by the extension of the iono-
only a single ion speciedN; ). Therefore, in a first step, the  sphere model. Especially the topology of the magnetic drap-
ionosphere model has been extended to multi-species cofing pattern remains practically unaffected. In the equatorial
ditions by introducing Methane and molecular Hydrogen asplane, each of the three ionospheric species develops a tail
additional species. The three selected ion species are aghat is shifted in the direction of the convective electric field.
sumed to be representative for Titan’s ionosphere as the mass
of N3 ions is about a factor 2 larger than the mean magne- |n a second step, the multi-species ionosphere conditions
tospheric ion mass, whereas the mass oﬁ@%-lcomparable have been retained and the magnetospheric upstream flow
to the mass of the hypotheticdl* /H™) ions used in earlier has been split up in a Nitrogen tN and a Hydrogen (H)
simulations. Finally, the tail structure developed by th? H component. At first, the case of Titan's dayside being ex-
ions should illustrate the interaction of a relatively light iono- posed to the upstream flow has been investigated. The dy-
spheric species with the Saturnian magnetospheric plasma.namics of the Nitrogen ions have proven to be quite similar
Due to the height and the width of the cycloidal pick- to the behaviour of the hypothetic(iN+/H+) ions as the
up trajectories depending linearly on the particle mass, thenasses of these two species differ only by a factor.6f 1
tail's extension in the direction of the electric field is sig- The characteristics of the Nitrogen flow experience only a
nificantly different for the three species. This phenomenonminor modification, i.e. a weakly pronounced cavity of re-
may be called aatural ion mass spectrometer and should al-  duced N~ density arises downstream of the obstacle. The
low to distinguish between ions of different masses by meangirection of the flow does not undergo significant changes.
of spacecraft measurements. The quantitative properties dince the mass of the Hions is about a factor 14 smaller
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Fig. 17. Five-species hybrid simulation of Titan's plasma environment at 06:00 local time — Magnetospheric plasma parameters and electro-
magnetic fields in the equatorial plane. At the ionospheric tail's flank irEthdnemisphere, the convective electric field inside the tail poses

a barrier to magnetospheric ions that try to gain access to the ionospheric tail region. Due to their smaller mass, a significant fraction of the
protons is forbidden to pass this barrier. This yields a pronounced region of enhahaiehiity along the tail's flank.

than the mass of Nitrogen, the acceleration of these particles However, it is of major importance that the simulations
due to the Lorentz force is more than one order of magn-presented in this paper clearly illustrate the necessity of ex-
titude larger. Therefore, the Hions are clearly deflected tending the simplifying model used in earlier hybrid stud-
around the obstacle, making a certain fraction of them inca-ies of Titan’s plasma environment in two distinct steps. The
pable of accessing the region directly beyond Titan. Henceresults obtained in the first step, i.e. including to additional
the magnetospheric plasma flow also experiences some kindnospheric species while retaining the single-species repre-
of mass spectrometer effect. The modification of the H sentation of the magnetospheric flow, have shown that in the
velocities also manifests in the magnetic field topology, for 18:00 local time scenario, upgrading the ionosphere model
the field lines are synchronously transported by the magnetodoes neither have a remarkable effect on the electromagnetic
spheric plasma flow. While merely a minor widening of the field topology nor on the magnetospheric plasma parameters
draping pattern manifests in the polar plane, the extension obbtained from the single-species model.

the magnetic pile-up region in the direction of the convec-

tive electric field is increased from3-4 Ry to 5Ry. As to The second step on the other hand, i.e. splitting up the
be expected, the ionospheric mass-spectrometer effect is alggagnetospheric plasma flow, illustrated that in the 18:00 lo-
clearly identifiable in the results of this five-species model cal time case, the ionospheric tail structures are only slightly
of Titan’s plasma environment. However, the separation ofaffected by altering the upstream conditions. For this rea-
different ionospheric species is only present in the equatoSon, the major features of the ionospheric tail in the 18:00
rial plane, whereas a tendency to form a magnetospheric iofpcal time scenario are almost completely covered in the
mass spectrometer primarily occurs in the polar plane. Thdramework of a single-species model for the magnetospheric
degree to which the Hions are forbidden to enter the iono- Pplasma. The slight modification of the magnetic field topol-
spheric tail region has proven to be strongly dependent on th€gy can definitely be ascribed to the application of a more
temperature of these ions. The larger is the thermal velocity€alisitc model to the upstream plasma flow. In any case,
of the protons, the more of them are able to pass the potentighe simulation results have cleary shown that the two-species
barriers at the outer flank of the ionospheric tail and consemodel used in chapter 4 should be capable of providing an
quently, the less pronounced is the boundary separating thadequate description of the magnetic field distortions in the

protons from the ionospheric plasma population. vicinity of Titan when the obstacle’s dayside is exposed to
the upstream plasma flow.
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Fig. 18. Five-species hybrid simulation of Titan’s plasma environment at 06:00 local time — lonospheric densities and velocities in the
equatorial plane. Since the dayside ionosphere is located in the wake region, a massive concentration of slow ionospheric particles can b
found in the immediate vicinity of Titan. Especially the trajectories of newly generate}i aidl I—g ions are almost entirely located in

the cavity of reduced electromagnetic field strength beyond the obstacle. Therefore, the transport of these particles away from Titan cannot
compensate for the permanent production of new ions. This effect also yields a deformation of the tail structure. As to be $eethizom
Hydrogen tail beyond Titan exhibits an almost symmetric structure.

The second scenario that has been investigated by meaffigld topology detected during specific Cassini flybys will be
of the five-species hybrid model is the case of Titan’s night-one objective of future simulations. Especially, it will be in-
side being exposed to the magnetospheric plasma at 06:0@resting to know to what degree the data obtained by the
local time. Again, the lgl ions form a large and highly asym- Cassini magnetometer are reproducible in the framework of
metric tail of reduced electric field strength downstream ofthe multi-species hybrid model.

Titan. Due to their small gryoradii, the ionospheric tails of

Moreover, it will be interesting to know whether evidence
Methane and molecular Hydrogen are almost completely lo- ; . . o
! . L for the ionospheric mass spectrometer effect can be identified
cated in the region of reduced electromagnetic field strength

n data from the Cassini plasma spectrometer, as it has been

beyond the obstacle. On the one hand because of the Weasuggested by Luhmann (1996) for the Voyager 1 scenario.

Lorentz forces acting on these ions, on the other hand be- : : . g
. N Lo . The crucial question will be whether the ambient magneto-
cause the region of major ion production is located in the

. . o . spheric flow is sufficiently homogeneous to allow the forma-
wake, the ionospheric densities in the tail are about an ordey. ! : )
. ; ) . . tion of the mass spectrometer. Since according to our simula-
of magntitude larger than in the 18:00 local time scenario.

. . . . . L tions, the formation of a spatially dispersive ionospheric tail
The accumulation of ionospheric particles in the vicinity of . e L . .

i X ; . . is favored when Titan’s dayside is facing the magnetospheric
Titan also yields a certain deformation of the tail structures,

. R plasma flow, a pass through Titan’s wake between 12:00 and
i.e. a discrimination between GHand H by means of the  Jo 00 2 E

ionospheric mass spectrometer is no longer possible. Be-
sides, compared to the two-species simulation presented by Besides, during neither of the first Cassini flybys, the mag-
Simon et al. (2006c¢) the tail extension in tBe hemisphere  netic field was observed to be exactly perpendicular to Ti-
has clearly increased. In combination with their small gyro-tan’s orbital plane (Neubauer et al., 2006). The degree to
radii, this effect yields an almost symmetric tail structure for which the global structure of Titan's plasma environment is
Methane and Hydrogen ions. affected by the orientation of the background magnetic field
with respect to the impinging flow direction will be discussed
A major aspect of our future work will be to adress the in a companion paper by the same authors, referring to the T9
following problems: Reproduction of the global magnetic flyby of Cassini.
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