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[1] On 26 December 2005, the Cassini spacecraft flew
through Titan’s plasma wake and revealed a complex and
dynamic region. Observations suggest a strong asymmetry
which seems to be displaced from the ideal position of the
wake. Two distinct plasma regions are identified with a
significant difference on the electron number density and on
the plasma composition. Simulation results using a three-
dimensional and multi-species hybrid model, performed in
conditions similar to those encountered during the flyby, are
presented and compared to the observations. An acceptable
agreement is shown between the model predictions and the
observations. We suggest that the observed asymmetries, in
terms of density and plasma composition, are mainly caused
by the a combination of the asymmetry in the ion/electron
production rate and the magnetic field morphology, where
the first plasma region is connected to the dayside
hemisphere of Titan’s ionosphere while the other is
connected to the nightside hemisphere. Citation: Modolo, R.,
G. M. Chanteur, J.-E. Wahlund, P. Canu, W. S. Kurth, D. Gurnett,
A. P. Matthews, and C. Bertucci (2007), Plasma environment in
the wake of Titan from hybrid simulation: A case study, Geophys.
Res. Lett., 34, 1.24S07, doi:10.1029/2007GL030489.

1. Introduction

[2] Voyager 1 and Cassini observations of the plasma
environment of Titan have shown the presence of an
induced magnetosphere [Neubauer et al., 1984, 2006].
The partial ionisation of the neutral atmosphere forms a
dense and cold ionosphere which acts as an obstacle against
the kronian plasma flow. This conductive obstacle modifies
the plasma flow and twists the magnetic field lines around
the body since the magnetic field lines diffuse slowly
through the conductive obstacle. The Cassini and Voyager
observations therefore show a complex and highly variable
plasma environment in the vicinity of Titan.

[3] Saturn’s magnetospheric dynamics also contribute to
the variable picture of the interaction with Titan. For
instance, the Cassini Langmuir Probe observations suggest
the presence of an extended plasma sheet (M. Morooka et
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al., unpublished manuscript, 2007). This relatively dense
plasma (n, < 1 ecm ), coming from the inner magneto-
sphere and observed out to 40 Saturnian radii (Rg), rotates
mainly in phase with the Saturn Kilometric Radiation
(SKR) period. This plasma may have an influence on
Titan’s interaction.

[4] The Cassini encounter with Titan studied here (flyby
T9), occurred on the 26th of December 2005, and offers the
opportunity to investigate the structure and the dynamics of
the far plasma wake of Titan. For this flyby, the Cassini
Plasma Spectrometer (CAPS) indicates a deviation of the
magnetospheric flow from the corotation direction >40°
outward (i.e. in the clockwise direction) [Szego et al.,
2007]. In addition, Bertucci et al. [2007] suggest from
magnetic field measurements a deflection of the incoming
plasma of 36°, assuming that Titan’s tail is symmetric with
respect to the incoming flow and that Cassini crossed its
central axis. This deviation modifies the position of the
source of ionisation by electron impacts and affects the
interaction between the co-rotating plasma and Titan’s
upper atmosphere. Here we use a three-dimensional and
multi-species hybrid model to investigate the structure of
Titan’s plasma wake and compare the predictions of the
model to the observed cold plasma parameters derived from
the analysis of the Radio and Plasma Wave Science -
Langmuir Probe (RPWS-LP) observations [Modolo et al.,
2007], and the plasma composition measured by the CAPS
experiment [Szego et al., 2007].

2. Model

[s] The model used is a three-dimensional multi-species
hybrid model previously developed for Mars [Modolo et al.,
2005] and adapted for Titan [Modolo and Chanteur, 2007].
In this model, the full ion dynamics are described while a
fluid description is used for electrons.

[6] In order to simplify the boundary conditions for the
injection of the macro-particles, the coordinate system is
chosen such that the X axis is aligned with the incoming
direction of the plasma flow. For this simulation, the
incoming plasma flow direction differs by a given angle
to the ideal co-rotating direction as suggested on Figure 1
(cf section 3). Thus, the coordinate system used is centered
on Titan such that the X axis is parallel to the incoming
plasma flow direction V, the Z axis is perpendicular to the
equatorial plane and oriented northward, the Y axis com-
pletes the right-handed system. The direction of the Sun and
the trajectory of the Cassini spacecraft in this coordinate
system are shown on Figure 1.

[7] The size of the simulation box is —5.4 < X < 9.4
Titan radii (R7) and —10.8 < Y,Z < +10.8 Rz Simulations
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Figure 1. (a) Map of the total density in the equatorial plane of Titan (XY plane). The direction of the Sun, the incoming
plasma flow, and Saturn are indicated in the simulation coordinate system. (b) Map of the Bx component at 4 Ry in a plane
perpendicular to the incoming plasma flow (YZ plane). The trajectory in this reference frame is overlaid, where each
tickmark corresponds to the position of the spacecraft every 5 minutes. Titan and the simulated obstacle (R,;; = Ry +
700 km) are represented by the small and large white circles respectively. The farthest dashed black circles indicate the

exobase level located at an altitude of 1430 km [Waite et al.,

are performed on a three dimensional cartesian grid with a
spatial resolution of 509 km. Titan is modeled as a fully
absorbing obstacle, where ions penetrating the obstacle are
stopped. We assumed that ions can not penetrate below
700 km leading to an obstacle radius (R,,) of 3275 km.
Note that the description of the collisional region below the
exobase is limited in this model since the complex iono-
spheric chemistry is not included. Nevertheless, the model
describes the photoabsorption and the slowing down of ions
in the atmosphere due to elastic collisions. The boundary
conditions used for this model are presented in detail by
Modolo and Chanteur [2007].

[8] The neutral environment of Titan is described by
three spherically symmetric coronae of methane, molecular
nitrogen and hydrogen. Density profiles of N,, CH, and H,
have been adjusted to the Ion and Neutral Mass Spectrom-
eter (INMS) observations for Ta [Waite et al., 2005, Yelle et
al., 2006]. The neutral environment is partially ionised by
solar photons (in minimum solar conditions), electron
impact and charge exchanges between the incoming ions
and the neutral components of the atmosphere. The produc-
tion rate for each ion species is calculated self-consistently,
locally as a function of the neutral density and the different
ionisation frequencies and cross-sections [see Modolo and
Chanteur, 2007].

[o] Cassini’s observations reveal an important variability
of the surrounding plasma environment making difficult the
selection of upstream parameters. With these uncertainties,
we used the previous plasma composition and upstream
parameters derived from Voyager 1 and Cassini observa-
tions: magnetospheric plasma composed of light ions (H")
and heavy ions (O") with average number densities of
0.1 cm™ and 0.2 cm™> respectively [Neubauer et al.,
1984; Hartle et al., 2006].

[10] The upstream magnetic field was set as B = [2.1,
4.8, —1.] nT in the Titan interaction coordinate system [see

2005].

Backes et al., 2005], which is slightly different from the
average upstream magnetic field provided by the MAG
observations (B = [3.68, 4.69, —2.36] nT [Bertucci et al.,
2007]). Simulations have been performed with different
upstream magnetic field values around the MAG average
estimate. The parameters used in the simulation allow us to
describe the main features observed in the magnetic field.

3. Simulation Results

[11] Simulation results are presented after 4000 time
steps, corresponding to 1080 s, after which the global
picture of the plasma environment is no more evolving
significantly. Figures are presented in the equatorial plane of
Titan (XY plane), where the spacecraft trajectory is located
for this particular flyby. Since Szego et al. [2007] have
suggested that the incoming plasma differed from the rigid
corotation by more than 40° anti-Saturnward deflection,
different simulations have been performed with various
angles. Deflection angles of 65°, 50°, 30°, 20°, 15°, 12°
and 0° have been tried and only simulations with an
outward deflection below 20° reproduce the split signatures
in the ion plasma composition and the electron number
density observed by Cassini. The best agreement between
the observations and the simulation results, presented here,
have been found for a 12° deflection outward with respect
to the ideal co-rotation direction.

[12] The electron density computed in the simulation,
assuming quasi-neutrality of the plasma (n, = Xg n;, where
nj is the density of ion species s), is given in Figure 1. It is
clear that the asymmetry in the production rate, mainly due to
the day-night asymmetry in the plasma production rate,
contribute to break the symmetry of the plasma environment.

[13] Figure la emphasizes a strong asymmetry of the
plasma wake of Titan with a global shape similar to a delta
wing. Analogous features have been noticed by Neubauer et
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Figure 2. Comparison of the electron densities provided by the RPWS experiment (blue and red curves) and the total
density computed from hybrid simulations (magenta line) along the spacecraft trajectory of the T9 flyby. See Modolo et al.

[2007] for data description.

al. [2006] with the three-dimensional MHD simulation
model developed by Backes et al. [2005]. For 3 > 1
(B = 11.4 for this simulation), Neubauer et al. [2006]
suggested the presence of Alfvén wings and slow mode
wings downstream of Titan.

[14] As identified in the Langmuir Probe density obser-
vations [Modolo et al., 2007], two main regions, concom-
itant with magnetic signatures [Bertucci et al., 2007], are
clearly seen on the inbound and the outbound portion of the
trajectory. Figure 1b highlights a two magnetic lobe struc-
ture with opposite polarity of the Bx component. However
the negative lobe structure in the simulation is larger than
the observed structure by ~1.8 Ry Figure 1b presents a
projection of the simulated magnetic field lines which
clearly emphasizes the connection between Cassini and
Titan’s ionosphere.

[15] For a comparison with the electron densities provid-
ed by the RPWS experiments, the total density obtained by
the model has been plotted along Cassini’s trajectory
(Figure 2). For this flyby, the Langmuir Probe observations
indicate a density of the incoming plasma of 0.06—0.1 cm >,
different from the values used in the simulations by a factor
three to five (0.3 cm ). This difference explains the
disagreement in the upstream region between the model
predictions and the observations. Figure 2 shows a reason-
able agreement between the observations and the simulation
results. The model reproduces the two main structures
inbound and outbound of the pass highlighted by the shaded
areas. According to RPWS observations, region 1 and 2 are
respectively defined by the time intervals [18:26 to 18:43]UT
and [19:09 to 19:30] UT. Although the observed data are
more structured than the simulation results, the model
predicts the density peak identified in region 1 but with a
density slightly smaller (less than 5 electrons per cm?).
Moreover, the model shows an increase in the density 2 min
earlier than the observations. The second density signature,
in region 2, appears earlier in the observations than in the
model, but are in reasonable agreement in amplitude
(~0.8—1.7 cm ). Some model deficiencies, like the coarse
spatial resolution (500 km) as well as substantial magneto-
spheric dynamics, such as a change in the direction of the
incoming plasma flow during the flyby, may contribute to
the time mismatch noticed between the observations and the
simulation results. It is worth noticing that the outward

deflection of 12° of the incoming plasma flow used in the
simulation provides an acceptable agreement with the elec-
tron density observations, while a simulation with an
outward deflection of 40° or 36°, as suggested by the CAPS
or MAG experiment [Szego et al., 2007; Bertucci et al.,
2007], gave a completely different picture of the plasma
environment. This issue suggests either deficiencies in the
model or a non steady state of the upstream plasma flow
direction.

[16] The early Voyager 1 observations showed an asym-
metry in the plasma wake of Titan [Neubauer et al., 1984].
It has been argued that the newly born pickup ions are
accelerated by the motional electric field E = —V x B,
where V is the background velocity of Saturn’s magneto-
sphere and B is its magnetic field, and move in a plane
which is perpendicular to B, forming an asymmetry due to
their large gyroradii. The asymmetry observed between
outbound and inbound for this flyby seems not relevant
to the finite gyro-radius effect since the motional electric
field was pointing out of the trajectory plane. Moreover, in
region 1 of the induced magnetosphere the gyroradius of a
CHy ion is of the order of 300 km <1 Ry assuming
a magnetic field of ~5 nT [Bertucci et al., 2007] and a
temperature of 15 eV [Modolo et al., 2007]. The observed
asymmetry can therefore not be explained only by finite
gyroradii effects. In addition, region 1 and 2 are associated
to a positive and negative Bx component respectively. The
two magnetic lobes produced by the draping of the magnetic
field around Titan, and associated with the main density
regions, are related to the dayside and nightside hemisphere.
We suggest that the remaining asymmetry is a consequence
of the asymmetry in the plasma outflow, mainly due to the
day/night asymmetry in the photoproduction rate in Titan’s
ionosphere, and the morphology of the magnetic field line
draping.

[17] A difference of plasma composition, between in-
bound and outbound, have been observed by the CAPS
experiment [Szego et al., 2007]. Heavy ions of mass 14—
18 AMU and mass ~30 AMU were only observed on the
Saturn-facing edge (region 1) of the wake while the light
ions with an ion mass of 2 AMU are present on the anti-
Saturn edge (region 2). These observations can be compared
with the simulation results of the plasma composition
presented in Figure 3. Figures 3 (left) and 3 (right) show

3 of 5



L24S07

MODOLO ET AL.: TITAN’S PLASMA WAKE

L24S07

Figure 3. Density maps of (left) H; and (right) CH, in the XY plane of Titan. The trajectory of Cassini is indicated in the

simulation coordinate system.

density maps of H; and CHj ions respectively, in the
equatorial plane of Titan.

[18] Similar features are identified in the simulation
(Figure 3, right), where only region 1 contains heavy ions,
CH, (and N, ions not presented). The density map of light
ions (Figure 3, left) gives a completely different picture.
Due to the extended molecular hydrogen corona, the ionisa-
tion of the neutral corona leads to a significant plasma cloud
of Hy ions which extends far from Titan (>10 Titan radii).
Note that the production rate of H; ions by charge exchange
is relatively important far from Titan (gz; o n(f>)) The
H; production rate dominates above ~2 R compared to the
N3 production rate. This plasma composition of the wake of
Titan agrees very well with the observations reported by the
CAPS and RPWS instruments [Szego et al., 2007; Modolo
et al., 2007]. Photoionisation is the main ionisation source
of CH4 and N, while the extended corona of molecular
hydrogen is essentially ionised by charge exchange reac-
tions with the magnetospheric ions. On the Saturn-facing
edge, also corresponding to the dayside hemisphere, heavy
ions are produced and accelerated in the magnetic lobe by
electric fields and are associated with the draping of the
magnetic field lines around Titan. On the other hand, H,
ions are formed on the ram-side and convected in the two
magnetic lobes.

[19] One of the major loss mechanism of the neutral
atmosphere can be described in terms of escaping plasma.
Up to now, no significant cold plasma data set has been
available to provide an accurate estimate of the escaping ion
flux. Voyager 1 observations suggested a total plasma
outflow of 1.2 x 10** ions.s " from simple pressure balance
considerations [Gurnett et al., 1982] while the value given
by the RPWS - Langmuir Probe measurements vary from
10* ions/s for the Ta flyby [Wahlund et al., 2005], to 2—
7 x 10 ions/s for this flyby [Modolo et al., 2007]. Note
that these estimates are given from observations along the
path of the spacecraft and an assumption on the geometry of
the escaping flux is mandatory, commonly a cylindrical

geometry is used. Global simulation models are useful to set
the observations in a global frame and provide an estimate
of the total escaping flow without any assumptions on the
morphology of the plasma outflow. MHD simulations
computed with upstream plasma parameters similar to those
encountered for Ta and Tb encounters, §ave an estimate of
the total ion escape fluxes of 5.1 x 10** ions/s and 2.6 x
10** ions/s respectively [Ma et al., 2006]. Hybrid simula-
tions performed by [Sillanpdid et al., 2006] indicate a net
outflow of methane ions, of the order of 1.1 x 10> ions/s,
with different Titan’s orbital positions. Our simulation
model, performed with the T9 conditions, suggests a total
escape flux of 5.6 x 10?° ions/s (with a contribution of 1.3,
2.4 and 1.9 x 10 jons/s for N3, CH, and Hj respectively),
in concordance with the Cassini’s estimate. Since the
presented simulation model does not include any loss term
which can balance the ion production, the escaping flux
estimated may be interpreted as a theoretical maximum total
ion loss rates. Temperature and densities of neutral compo-
nents in the range of 1200—2000 km control the extension
of neutral coronae, and thus influence the ionic production
rate; a better description of the upper atmosphere should
improve the estimate of the ion escaping outflow. Moreover
charge exchange cross sections used in the simulation
model are assumed to be constant and do not vary with
the energy. An energy dependance of the charge exchange
cross-section might also affect the estimate of the escaping
ion flux.

4. Conclusion

[20] Cassini observations have shown that Titan has a
complex and dynamic plasma wake. Strong asymmetries on
the electron number densities and in the plasma composition
have been observed.

[21] Three-dimensional and multi-species hybrid simula-
tions have been used to characterize the plasma wake of
Titan using conditions similar to those encountered during
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the T9 flyby. The simulations reproduce the main features
observed in the electron number density derived by the
RPWS measurements as well as plasma composition seen
by the CAPS experiment. However, significant differences
between computed and observed plasma parameters are still
present. These differences may be due to some deficiencies
in the simulation model, such as the coarse spatial resolu-
tion, or some temporal change in the upstream magneto-
spheric plasma conditions.

[22] We suggest that asymmetries observed during this
flyby are a consequence of the asymmetry in the production,
mainly the day/night asymmetry in the photoproduction rate
in the ionosphere, and the upstream topology of the mag-
netic field. Observations plead in favour of an independent
treatment of each ions species in order to reproduce self-
consistently the different ion dynamic behaviour.
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