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Abstract. Flowing plasma interactions with small bodies in the solar system are frequently com-
plicated by the significant size of the ion gyroradii relative to the scale size of the body and the
interaction region. This situation often applies to both the flowing ion populations and the atmo-
spheric pickup ions added to the flow in the vicinity of the body. Titan represents an important
example of this type of system and is scheduled to be probed in some detail during the Cassini mis-
sion tour of Saturn. Initial results from global hybrid (particle ions, fluid electrons) numerical sim-
ulations of Saturn’s magnetospheric plasma encountering Titan’s ionosphere reveal the complexity
of the interaction introduced by the ion kinetics. The scale of the interaction region is dominated
by the heavy ion gyroradii of the ambient and pickup ions rather than the size of Titan and is found
to depend on the mass loading of the magnetospheric flow encountering Titan. Comparison with
data from the Voyager 1 flyby suggests that ion kinetics as well as the relative orientations of exter-

nal plasma ram and pickup ion production regions affect what was observed.

1. Introduction

The interaction of flowing magnetized plasma with the atmo-
spheres of planets and moons that possess little or no intrinsic
magnetic field is an area of intense research in the space physics
community. The interactions occur for a wide variety of incident
flow speeds and other plasma and field parameters as well as for
different atmospheric/ionospheric densities and compositions. The
flowing plasma and magnetic field interact directly with the iono-
spheres and neutral atmospheres of these objects in a comet-like
fashion. However, the relatively small obstacles presented by
these bodies give these systems strong elements of kinetic behav-
ior that cannot be ignored.

In the case of Venus at its 0.7 AU heliocentric distance, the
gyroradius of the solar wind ions does not significantly affect the
hydrodynamic view of the interaction commonly used to describe
the interaction of the solar wind with the ionosphere [Moore et al.,
1991a). Nevertheless, the O* ions picked up by the solar wind
convection electric fields, with gyroradii of the order of the planet
radius, Ry = 6350 km, produce some asymmetries in the system,
requiring a kinetic approach for this part of the interaction [Moore
et al., 1991b]. Venus has a classical bow shock, and Pioneer Venus
Orbiter (PVO) data confirm that the great bulk of the incident solar
wind is diverted around the obstacle created by the shielding cur-
rents induced in the ionosphere. Mars is not as well protected from
the solar wind flow because the size of the solar wind ion gyrorad-
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ius is significant relative to the subsolar shock distance [Brecht
and Ferrante, 1991] and the ionosphere is typically too weak to
provide sufficient shielding currents [e.g., Zhang and Luhmann,
1992]. Indeed, recent research [Brecht, 1997a] suggests that a sig-
nificant fraction of the solar wind ions are deposited directly into
the Martian atmosphere.

Comparisons between Venus’ magnetotail and that of Mars
using observations from PVO and Phobos 2 indicate that Mars’ tail
region has a large-scale, draped magnetic structure similar to that
at Venus [e.g., Luhmann et al., 1991]. Ton measurements at Mars
indicate the presence of a midtail lobe plasma sheet composed of
suprathermal atmospheric O ions [Lundin et al., 1990a; Dubinin
et al., 1991] as well as a dayside O* ion mantle [Breus et al., 1991]
that may extend into a heavy ion tail boundary layer [Lundin et al.,
1990b]. The Voyager 1 data from Titan’s wake give a similar over-
all impression [Gurnett et al., 1982; Hartle et al., 1982; Ness et al.,
1982], but the nature of the incident plasma flow and the greater
extent of the Titan atmosphere relative to the body size make this
interaction somewhat different in character. While the magnetic
field measurements from Voyager 1 show that the gross magneto-
tail structure of Titan is similar to the magnetotails of Venus or
Mars [cf. Ip, 1992], Neubauer [1992] thought the Titan data sug-
gested a four-lobe tail structure rather than the usual two lobes
expected for simple draping or an internal dipole. Our understand-
ing of the physics of the Titan wake and its structure is very limited
at present, and the single flyby at ~2.5 Titan radii downstream by
Voyager 1, while tantalizing, limits our observational picture.

The Titan interaction with the magnetospheric plasma of Saturn
is thought to be one in which substantial interpenetration occurs
between the magnetospheric plasma and the atmosphere with asso-
ciated energy deposition. As such, Titan provides an example

13,119



13,120

where the effects of external fields and plasma are of critical
importance to the dynamics of the planetary atmosphere. Because
Titan is usually within the Saturnian magnetosphere, the plasma
and magnetic field incident upon Titan’s atmosphere is typically a
sub-Alfvénic flow. The major magnetospheric plasma constituents
are H* and O*, but at the orbit of Titan (20 Saturn radii) there is a
nitrogen torus from Titan itself. The heavy pickup ions (N*, N,*,
H,CN*, C,Hs") can have gyroradii that are 2-3 times the Titan
radius, Ry, which is ~2575 km [Neubauer, 1992; Ip, 1990a]. Both
magnetospheric electron impact ionization and photoionization are
expected to play a role in producing Titan’s ionosphere [Keller et
al., 1992, 1994]. The Titan interaction also features the possibility
of having its densest ionosphere on a face not aligned with the ram
flow of the magnetosphere plasma if sunlight is a major source.

The research reported in this paper was directed toward obtain-
ing some initial understanding of the Titan interaction with Sat-
urn’s magnetosphere. The main issues addressed are the effect of
mass loading of the external plasma flow and magnetic field by
Titan ionospheric ions and the interaction between the flow and
Titan’s ionosphere when the photoionization and magnetospheric
electron impact jonization sources are not collocated. Compari-
sons between the results of the simulations and the Voyager I data
along the flyby trajectory suggest that some of the structure and
asymmetry in the wake observed on Voyager 1 is probably due to a
combination of the relative scale sizes of the ion gyroradii and
Titan and a dominant photoionization source. The results should be
of particular interest to Cassini mission experimenters planning
future Titan flybys.

2. Simulations

Simulation has been used for years to obtain both quantitative
and detailed information about the interaction of planets with the
solar wind. MHD simulations have been used for Earth and other
planets having a significant intrinsic magnetic field that increases
their effective obstacle size. In the case of Venus both MHD and
gas dynamic models have been used to study such issues as the
location of the Venusian shock as a function of ionospheric mass
loading due to solar cycle variations [e.g., see Luhmann et al.,
1997, and references therein]. However, fluid models, whether gas
dynamic or MHD, cannot describe the physics when the scale size
of interest is comparable to the ion gyroradius. In such cases there
is both imperfect deflection of flow around the obstacle presented
by the planet or body as well as significant asymmetry in the inter-
action regardless of whether the flow is super- or sub-Alfvénic/
magnetosonic.

Recently, hybrid particle simulations (particle ions and fluid
electrons) have been used to study the interaction of the solar wind
with both Venus and Mars [cf. Brecht, 1990, 1997a b; Brecht and
Ferrante, 1991; Brecht et al., 1993]. This simulation tool retains
the full kinetic behavior of all ion species placed in the simulation,
treats the electrons as a massless neutralizing fluid, and treats the
particles and fields self-consistently. For the parameters of interest
the speed of light is much larger than V,, the Alfvén speed, so that
the Darwin approximation of neglecting the transverse displace-
ment current is valid.

With these approximations the model equations become
Ampere’s law,

Vx B = (4n/c) J, M

where B is the magnetic field, c is the velocity of light, and J is the
current density; Faraday’s law,

cVx E =-0B/ 91, €3
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the ion particle equations of motion m;,
3)
4

where g;is ... and v; is ...; the inertialess electron momentum equa-
tion,

m; dV,'/dl= q;E+q;v;xBlc-g;in ],
dx;/dt = v,

O=-en,E+J.xBlc-Vp,+en,n J, )
where n, is ... and p, is ...; and the requirement of quasi-neutrality,
h, = n;, (6)

for scale lengths greater than the Debye length. The equations are
solved with a predictor-corrector method first published by
Harned [1982]. The boundary conditions for these simulations are
as follows: inflow of plasma and fields on the top boundary and
outflow of particles and fields on all other outside boundaries.
This is done with a technique that produces no reflections. The
moon itself is assumed to be a conducting sphere (not a critical
assumption since the ionosphere included carries much of the cur-
rent). All particles that encounter the surface of the moon are
removed from the simulation. Full details of the hybrid formalism
including the equations solved are given by Brecht and Thomas
[1988].

There are a variety of differences between a hybrid particle
code and the MHD codes being used to simulate Titan [e.g. Ledy-
ina and Cravens, 1998; Kabin et al., 1999]. Most of the MHD
codes are single species (see (3), (4), and (5)) and do not carry the
Hall term (second term of (5)). Therefore the MHD codes do not
display diamagnetic effects and must return symmetric solutions.
The effects of ion gyration are not simulated (see (3) and (4)).
However, owing to its fluid nature, the MHD codes are better able
to accommodate ionospheric chemistry, which is usually treated in
a fluid approximation. Finally, they can cover larger regions
where ion gyroradius effects and asymmetries due to Hall effects
are not considered important. The hybrid model results presented
here focus on the kinetic interaction of the global plasma interac-
tion and, in particular, on the ionosphere/ion wake relationship.

The three-dimensional (3-D) HALFSHEL hybrid simulations
used in the Titan case are essentially the same as those used for
Mars but with the following parameters. The size of the numerical
grid was 66 x 153 x 91 cells. The grid extent was 15 Ry x 30 Ry x
17.5 Ry, resulting in cell sizes of ~500 km in each direction. The
simulations used roughly 12 million particles and 20 processors in
the NASA Ames Numerical Aerodynamic Simulation Facility
(NAS) Origin 2000 parallel computers. The external flow parame-
ters used in these simulations were a cold magnetospheric plasma
density of 0.2 particles cm3 of N*ata velocity of 125 km s™!. The
choice of N* rather than a combination of H* and N* was dictated
by the difficulty of properly handling multiple ion inflow condi-
tions and the realization that N* carries most of the momentum.
The magnetic field was set to 5.1 nT perpendicular to the flow, and
ionospheric ions of various species (described below) were placed
into the simulation at regular time intervals with an initial spatial
distribution based on Titan ionosphere models.

The ionospheric production rates and ion densities are modeled
in a simplified way because the limited spatial resolution of 500
km does not allow detailed simulation of the ionosphere itself. Par-
ticles are loaded with density weight sufficient to reproduce an ion
density profile. The profile used was obtained from Figure 6 of
Keller et al. [1992]. This profile is assumed; it is not self-consis-
tently computed, the assumption being that we are starting the sim-
ulation from a mature state of the ionosphere. The profile is
replenished on a time-dependent basis. Thus the inner ionosphere
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"builds" up as the simulation proceeds. The choice of replenish-
ment time is determined by the number of time steps it takes for a
particle to move a cell at a fraction of the magnetospheric flow
velocity. It is assumed that the chemistry would be doing this on
timescales short compared to the simulation period (a few min-
utes). Hence there is no chemistry in these simulations. The code
is capable of handling charge exchange, impact ionization, and
collisions, but, as noted above, our spatial resolution in these initial
simulations does not warrant a detailed treatment of the ionization
mechanisms except insofar as they affect the global production
geometry with respect to the plasma ram face. For similar reasons
the results are not expected to yield reliable information about the
ionospheric flows and related electric fields. However, the final
pickup velocity should be reasonably accurate once the ions get
into the magnetospheric flow.

The density profile used to load the ionospheric ions is actually
an average for the multiple hydrocarbon species in the model of
Keller et al. [1992]. This single density profile of C,Hs* is used
as an approximation of the possible hydrocarbon species. We
chose C,Hs* because according to Keller et al. [1992], it is the
dominant contributor to the ionospheric mass loading at higher
altitudes. Further, it offered the largest gyroradii of any of the
ions. The model profile included the HyCN* and CHs™* profiles.
Their mass density was normalized to that of CoHs*, so that the
profile was representative of these species density and mass but is
represented by a single species C,Hs™. It is not necessary to limit
the code to one ionospheric species, but it makes the comparison
of interest easier to perform. The next level of work will include
better spatial resolution and multiple ions. The loaded profiles
extended out to beyond 2500 km in altitude, where the exospheric
ion density is less than 10% of the incoming flow mass density.
While the more extended exosphere of Titan may mass load the
magnetospheric flow before interaction with the main ionosphere,
the dominant interaction effects will be due to the latter.

Separate ionospheric species were loaded into different simula-
tions to evaluate the effect of pickup ion mass and gyroradii. The
selected ions, H*, N*, and C,Hs*, were chosen because they rep-
resent the range of possibly dominant species in the upper iono-
spheric regions according to calculations by Keller et al. [1992,
1994). The simulations with H" and N* representing the iono-
sphere instead of C,Hs" were loaded with the same number den-
sity profile and thus not the same mass density profile. This
assumption provided a sense of the importance of the pickup ion
gyroradius without the complication of also having species-depen-
dent scale heights.

The density profile for C,Hs* was loaded at a rate such that by
5000 steps the density of the profile was ~10% of the full iono-
sphere profile calculated by Keller et al. {1992]. This was done
because of the spatial resolution currently used in these simula-
tions. With the 500-km cell size the peak region of the ionosphere
is effectively averaged out. Therefore it was not appropriate to
load the full ionosphere values calculated by Keller et al. [1992].
On the planetary "surface" the ion density is taken to be zero. The
adjacent cell includes the ionospheric peak, followed by the next
cell at 1000-km altitude, which contains densities several orders of
magnitude smaller.

To mimic the possible effects of a combination of magneto-
spheric electron impact and photoionization sources of Titan
pickup ions, we assumed an overall weak production rate of ~10%
of the peak profile loaded and a hemisphere of primary production
that could be moved with respect to the ram face. The production
in the primary production hemisphere was assumed to fall off lin-
early with angle from the primary production region. The falloff
stopped at a level of 10% of the peak.
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Figure 1. Three-dimensional surface plots of the magnitude of B
around Titan. The magnetic field is in the x direction, the flow is
in the -z direction, and the convection electric field is in the +y
direction.

3. General Flow and Fields: Symmetric Loading

Understanding the possible magnetic topologies surrounding
Titan was a major goal of this research. The 3-D HALFSHEL sim-
ulations provide some insight into this topology. The simulations
described in this subsection assumed that the impact ionization and
the photoionization peak regions are collocated with the magneto-
sphere ram flow face. Figure 1 shows, as three-dimensional sur-
face plots of total field strength, two perspectives of the magnetic
topological features typically found in these simulations. This fig-
ure has been cut along the convection electric field plane through
the middle of Titan (in our simulations the +y direction is the
direction of the convection electric field, E o, = - V x B where V
and B are the velocity and magnetic field vectors, respectively).
The flow is in the -z direction, and the magnetic field is in the +x
direction. The major feature is a relatively symmetric bow wave
“"cap." Within this region a strong magnetic field pileup is found.
While the general behavior is similar to that obtained in the global
MHD models of Ledvina and Cravens [1998] and Kabin et al.
[1999], this region is not symmetric and is seen to be more promi-
nent in the direction of the convection electric field, +y (+ E.qp,)-
Further, the tail region is not aligned with the flow but is offset
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Figure 2. Contour plots of the magnitude of B (nT) for (a) H+
load, (b) N+ load, and (c) C2H5+ load. This plane has the flow and
convection electric field in it.

toward the + E_,, side of Titan. The asymmetric magnetic barrier
and the offset of the tail region are caused by the diamagnetic cur-
rents from the multiple component plasma.

The effect of different pickup ion masses can be seen in the 2-D
total field contours in Figures 2a-2c. These figures show cuts
through the middle of Titan as in Fig. 1. The plane of the contours
contains the convection electric field and the Saturn magneto-
spheric plasma flow vector. The magnetic field points out of the
plane toward the reader. The scales are in Titan radii, R A very
smooth outer region of the bow wave (not shock) is present. The
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maximum magnetic field is found in the nose region. Typically, it
is in the 15 to 20 nT range, 3-4 times the ambient field strength.
Figure 2a shows the magnitude of B following mass loading of H*
around the planet. Figure 2b shows the results for a N* load.
Finally, the C;Hs* loaded simulation is shown in Figure 2c.

These figures illustrate that the mass of the ionospheric ions
does make a major difference in the overall magnetic field topol-
ogy around Titan. The heavier is the mass of the ions, the wider is
the tail structure, which ranges from > 5 Ry for the H* case to 10
Ry for the C;Hs* case when measured ~10 Ry downstream from
Titan. Within the tail region there are significant fluctuations. The
H* loaded case shows a much stronger level of turbulence and a
less defined tail region but appears much smoother in the outer
regions. In Figure 3 the plane containing the magnetic field and
flow vector is shown. The result shown in this figure is representa-
tive of the three cases examined. A very smooth outer region of
the bow wave is seen in all cases. The field is seen to stand off
from the surface of the moon owing to the mass loading by the ion-
ospheric ions and their current system. In the tail region there is
again some wave activity but not to the extent seen in the orthogo-
nal plane.

The total ion density can be viewed in the same manner as the
magnetic field magnitude. Figures 4a-4c show the total ion den-
sity (inflowing and pickup ions) for the three mass loading cases
progressing from light mass to heavy mass. The ion density plots
show in a clearer fashion the impact made by the mass loading of
the different species. The H* case shows very clear boundaries in
the tail region. In these simulations we see pickup on both sides,
but the most extensive pickup is on the + E.,,, side. This is clear
from the low density on this side of Titan. The peak mass densities
are found in a narrow shell. On the opposite side of the tail one
sees a clean boundary. As can be seen in Figure 4b, in the N* case

Z (Titan Radius)

0 T T T T 1 T
0.0 2.5 5.0 7.5 10.0 12.5 15.0

X {(Titan Radius)
Figure 3. The magnitude of B for the C,Hs* simulations show in

the plane containing the flow and the magnetic field vector. Labels
are in nanoteslas.
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Figure 4. Contour plots of the ion dénsity flow and convection electric field plane for the (a) H* load, (b) N*
load, and (c) C,Hs" load. Labels are log10 of density.
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Figure 5. Contour plot of ion density for the C;Hs" load in the
plane containing the plasma flow (-z) and the magnetic field vector
(+x). Labels are log10 of density.

the clean boundary on the +E g, side of Titan is more diffuse.
Finally, in the C,Hs* case shown in Figure 4c, one sees the same
asymmetric pickup of the ions with a more diffuse boundary on the
+E oy side of Titan. The entire tail region is wider than the other
cases. These results suggest a strong ion gryoradius effect at work.
The orthogonal plane of the C;Hs™ case is considered in Figure 5,
where the magnetic field and flow vectors are in the plane of the
plot. Because all three cases appear very much the same, we do
not show the N* and H* load results. An interesting feature seen in
the plot of this plane is a bite-out region of the ionosphere just
below the terminator line. This suggests that tail-ray-type struc-
tures are a possibility.

The behavior of the tail or wake regions of Titan can be com-
pared to the more heavily studied Venusian tail region. The ion
wake of Venus as observed by the plasma instrument on PVO
included several classes of wake ions. There is a low-energy "tail
ray" component that seems to arise from pickup from the termina-
tor upper ionosphere and shows little finite gyroradius effect [Luh-
mann, 19931 and a higher-energy exospheric pickup ion
component [Moore et al., 1990]. The manner in which these popu-
lations participate in the production of the induced magnetotail is
not understood [e.g.,Tanaka, 1993].

A more illuminating way to examine the role of the pickup ions
is to look at the position of the particles at a particular time in a
scatterplot. In Figures 6a-6¢ the particle locations are plotted in
the plane containing the flow vector and the convection electric
field. The left-hand panels show the external flow ions, N*, plot-
ted every fifth particle. The right-hand panels show the mass-
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loaded ionospheric pickup ions. In Figure 6a one sees a very sharp
boundary between the tail regions and the flanks. The boundary
might be called a magnetopause if this were a planet. One also
sees strong interpenetration of the external flow and pickup ions in
the bow regions. Examination of the electric and magnetic fields
on the flanks show two pickup mechanisms at work. On the
+E oy side the convection electric field pulls the pickup ions
away from the moon. On the opposite side the E x B drifts appear
to make the pickup ions move in a tailward fashion. However,
there are some complex field patterns in the tail region. There is
some mixing in the -E_,, region but a region devoid of flow ions
in the +E_,, side of the tail. This region is populated with pickup
ions. In the N* mass-loaded case, Figure 6b, there appears to be
less interpenetration of plasma on the bow side but more symmet-
ric positioning of the pickup ions in the tail. The pickup ions
appear to dominate throughout the tail region. Figure 6¢ shows the
mixing of the external flow ions and the C,Hs" ions. Here the tail
structure is wider as seen in the magnetic field and total density
plots. In the bow and flank regions one sees exclusion of the flow
ions on the -E_,, side of Titan and interpenetration on the +E .,
side of the bow region.

In all cases the tail structure is not symmetric. There is a defi-
nite preference for the system to put the flow ions on one side of
the tail and the pickup ions on the other. The inner part of the nose
region also shows a very asymmetric pileup of magnetic flux. The
flow ions and the pickup ions do not interpenetrate as much as
might be expected in the tail region. This is reminiscent of the
Mars situation as reported by Lundin et al. [1990a] and Dubinin et
al. [1991].

4. General Flow and Magnetic Fields: Asymmetric
Mass Loading

In this subsection we examine the effect of moving the location
of the peak of the mass loading away from the direction of the
external flow ram face of Titan. Four additional simulations were
performed, each with the same ionospheric profile but the hemi-
sphere of maximum production moved toward the flanks. The
method of referring to these simulations is as follows: 90° is the
side of Titan where the +E,,, is pointing away from the surface,
180° is on the midnight side of the planet, and 270° is on the side
of Titan where the E_,, is pointing into the surface of the planet.
The four additional simulations all used C,Hs* as the jonospheric
constituent and used the following angles for loading: 70°, 90°,
270°, and 290°. Depending on whether magnetospheric electron
impact or photoionization is dominant, the 290° case is most repre-
sentative of the Titan position at the time of the Voyager 1 closest
approach. However, the other cases provide a more complete set of
possible options for Titan.

The major result is that having the flow direction vector not
aligned with the peak of the ionization profile produced signifi-
cantly different results. Figure 7 shows the density contours for
the 270° simulation. Comparing this figure with Figure 4c shows a
considerable difference. The magnetic field in the bow and outer
regions, on the other hand, do not seem to respond much to the
change of the ionization peak position. The magnetic fields are
similar. However, the particle plots illustrate the differences in a
very dramatic way. Figure 8 shows the flow and pickup ions for
the 270° case. The comparison with the cases described earlier
shows a larger rotation of the tail structure due to the different
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the flow vector and the convection electric field. Labels are log10
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mass loading pattern. The other simulations produce similar
changes to the structure of the tail and the location of the pickup
ions.

As will be discussed in subsequent paragraphs, the magnetic
field profile measured by Voyager 1 had much sharper transitions
than the simulations produced. There are several possible explana-
tions for this difference, but two are the lack of sufficiently strong
mass loading and high enough spatial numerical resolution. To
examine this further, we picked up the N* simulation at step 7200
and restarted it with a mass loading rate stronger by a factor of 10.
This brought the ionospheric densities to levels comparable to the
peak densities calculated by Keller et al. [1992, 1994]. The results
did not change appreciably, suggesting that better resolution of the
ionosphere will be required for better comparisons with the data.

It will be seen that during the Voyager 1 flyby, the interaction
between Titan and the flowing plasma appears to be controlled
more by photoionization than by impact ionization produced by
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Figure 8. Particle positions for the 270° case in the plane containing the plasma flow vector and the convec-
tion electric field showing (a) N* plasma flow ions and (b) pickup ions, C,Hs*.
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Figure 9. Magnetic vector plots from Voyager 1 flyby as reported by Ness et al. [1982].

the magnetospheric plasma. This conclusion is based on the com-
parison of the Voyager 1 flyby data with the simulations results.

5. Comparison to Data

The only data currently available on Titan’s interaction with the
Saturnian magnetosphere are those taken by Voyage 1 during a sin-
gle flyby. Figures 9 and 10 show these data in the form of plots of
the magnetic field [from Ness et al., 1982] and electron density
[from Hartle et al., 1982], respectively, as the spacecraft passed
across the tail region of Titan. The Voyager 1 trajectory was used
to "fly" through the HALFSHEL simulations in order to make
comparisons between the simulations and the data. Because it was
found that the simulations using pickup C,Hs* provided the best
overall agreement, we show only that case here.

Figures 11 and 12 show the results of "flying" through the simu-
lations where the peak ionization was collocated with the magneto-
spheric plasma ram face. The magnetic field vectors in Figure 11
generally agree with the data from Voyager 1. However, the sharp

transitions seen in the data are not found in the simulations. More
interesting is the simulated density time series in Figure 12, where
the peak density is found after closest approach (CA) rather than
before as in the data. However, the features and magnitude of the
density peak agree quite well.

In Figure 13 the results of flying through the simulations where
the peak ionization is not collocated with the plasma ram face of
Titan are seen. The magnetic field vectors did not change substan-
tially from the previous cases and had the same general qualitative
agreement with the data. However, the simulated density time
series have now moved toward the CA and to the other side of the
CA in better but not exact agreement with the Voyager 1 data.

Given the lack of resolution and approximate treatment of the
ionosphere profiles, it is unlikely that very close agreement would
be reached. However, these comparisons suggest that the tail
region of Titan during the Voyager 1 flyby is controlled by photo-
ionization rather than the electron impact ionization produced by
the magnetospheric plasma. They also suggest that the tail region
is very sensitive to the position of Titan in its orbit with respect to

w
(3]
1

n
(9]
T

Ne (cm-3)
nN
1

i . . \

-20

0 5 10 15 20 25

t (min from CA)

Figure 10. Plasma density time series from Voyager 1 flyby as reported by Hartle et al. [1982].
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Figure 11. Simulated time series magnetic vector for centered mass loading of C,Hs*.

the Sun. It is notable that the shift of the Titan wake structure with
respect to the corotation direction observed on Voyager 1 was
attributed to a deflection of the oncoming plasma flow in earlier
data analysis [e.g., Kivelson and Russell, 1983]. Here we obtain
wake deflections of the right order simply by including the kinetic
effects of the ions.

Several MHD models of the Titan interaction with Saturn’s
magnetosphere were also used to simulate the Voyager 1 flyby data
[Ledvina and Cravens, 1998; Kabin et al., 1999]. For the symmet-
ric ionospheric mass loading cases shown in the literature, no wake
deflection from the flow axis was obtained by the MHD simula-
tions. While we cannot say how much wake deflection would be
introduced by asymmetric ionosphere loading in the MHD models,
we suspect that because the finite ion gyroradius and diamagnetic
effects are absent, they will be weaker than those obtained with the
HALFSHEL code which matches the Voyager 1 data reasonably
well.

6. Conclusions

The simulations reported in this paper used the hybrid particle
code approach to examine the effect of ion kinetics on the Titan
interaction with Saturn. In these simulations the mass loading was
accomplished using different Titan ion species. We investigated
the effects of ionospheric/exospheric mass loading by different ion
species and different source locations of the ionization (magneto-
spheric plasma impact versus solar EUV). It was found that the
mass of the pickup ions made a notable difference in the features
of the tail region of Titan. It was also concluded based on the
enhanced mass-loaded N* simulation that the gyroradii of the ions
in the pickup regions are very important to the structure of the
Titan interaction with the magnetospheric flow. The major differ-
ence was in the width of the tail region. Further, the sharpness of
various boundaries as seen to change with the different mass and
ion gyroradii of the pickup ion species. In all cases the tail region
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Figure 12. Simulated time series plasma density for centered mass loading of C,Hs*.
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netic vector.

showed considerable density structure. Interestingly, the change in
the total mass loading by virtue of holding the density profile con-
stant for the different species made little difference to the overall
magnetic structure surrounding Titan.

A particularly important result was obtained by moving the
hemisphere of maximum ionization around Titan. It was found
that the magnetic profiles did not change. However, the density
profiles did change. This result reflects the effect of the large ion
gyroradii of the mass-loaded hydrocarbon. The differences in the
detailed trajectories of the pickup ions that cause these shifts will
require more sophisticated analysis of the results than we are cur-
rently capable of performing.

The comparison of the results with the Voyager 1 data provided
interesting insights into the actual interaction of Titan with Sat-
urn’s magnetosphere at that time. First, the simulation results
compare favorably with the vector magnetic data from Voyager 1.
This agreement occurs without regard to the choice of the pickup
ion mass or ionization peak location. It should be mentioned that

the H* load case showed more wave action than the other cases. In
some ways it seemed more reminiscent of the Voyager 1 data, but
there are also waves in the magnetosphere of Saturn that could
account for the variation seen in the data. The simulations never
produced as sharp a rotation of the magnetic field as measured by
the Voyager 1 spacecraft in the wake owing to the spatial resolu-
tion used in these initial simulations.

The comparisons with the density time series measured during
the Voyager 1 flyby were surprising. Most of the simulation
results have the peak density on the opposite side of closest
approach from that in the Voyager 1 plasma data. However, the
magnitudes and shapes of the density peaks agree quite well with
those measured by Voyager 1. Changing the peak ionization loca-
tion to the sunlit face of Titan during the Voyager 1 flyby moved
the simulated density time series into better agreement with the
observations. This suggests that the photoionization source is
more important than the impact ionization source in determining
the tail structure of Titan at the time of the Voyager 1 flyby. Given
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the apparent sensitivity of the results to ionization source location,
future simulations may require two ion production sites: one for
photoionization and the other for the impact ionization.

These initial parameter studies of the Titan interaction with the
Saturnian magnetosphere have illuminated a variety of areas where
future simulations need to be improved. The asymmetric magnetic
field pileup in the nose region and the shift of the tail structure
away from the flow direction are indications of the diamagnetic
interaction of Saturn’s magnetospheric plasma with Titan. The
type of ions being removed from the Titan ionosphere also makes a
difference in the shape and size of the tail region of the Titan inter-
action, but the real situation is one of multiple pickup ion species
and multiple ionization mechanisms. Agreement between the sim-
ulations and the data suggests that the heavy ion pickup is domi-
nating the Titan system.

Finally, the extent to which the limited spatial resolution com-
promised the results cannot be completely appreciated. We plan
in the near future to perform simulations with better resolution and
more sophisticated ion production profiles. The analysis of these
future simulations will include the display of detailed trajectories
of the ions and their velocity and energy distribution functions as
they may be observed on the Cassini mission orbiter.
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