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[1] The ionosphere of Titan, moon of Saturn, is directly exposed to the streaming plasma
either of magnetospheric or solar wind origin. A turbulent interaction region is formed,
called here flowside plasma mantle, where both cold ionospheric and hot streaming
plasma are present at comparable densities. Within the framework of a one-dimensional
electromagnetic hybrid simulation using realistic electron mass we have shown that
significant wave activity may be generated because of a modified two-stream instability
(MTSI). Having its free energy in the relative drift between the streaming ion flow and the
ionospheric ions MTSI is very effective in generating ‘‘anomalous viscosity’’ type
interaction leading to significant bulk velocity loss of the proton component of the external
plasma flow and turbulent heating of the ionospheric ions. The stochastic energy
transfer from the streaming plasma to the ionospheric ions may also increase the tailward
planetary ion escape by collective pickup mechanism enhancing the rate of erosion of the
atmosphere of Titan. We predict significant wave activity within the characteristic
frequency range of about 1–10 Hz and at saturated wave electric field levels of about
5–25 mV/m. Similarly, according to our model calculations superthermal charged
particles of ionospheric origin with kinetic energies of about few tens of eVare expected to
be detectable by the charged particle analyzers onboard of Cassini spacecraft close to the
upper edge of Titan’s ionosphere.
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1. Introduction

[2] The interaction of the solar wind with nonmagnetized
planetary bodies (such as Mars and Venus) has long been a
subject of great scientific interest, and our knowledge about
this interaction has been greatly enhanced since the Pioneer
Venus mission. At Mars the results of the Phobos space
mission, the Mars Global Surveyor Mission, and recently
Mars Express contributed with exciting data. According to
our current understanding, in both cases the obstacle of the
solar wind is a relatively thin, induced magnetic barrier just
above the ionopause (the upper edge of the ionosphere) at
Venus, and above the very likely diffuse ionosphere bound-
ary at Mars. It has been shown [Spreiter and Stahara, 1985]
that around such an obstacle the shocked solar wind slows

down as we approach the obstacle, flows around the
tangential discontinuity formed by the ionopause. This
‘‘simple’’ picture has become complicated by several pro-
cesses. Ions of planetary origin diffuse through the iono-
pause boundary, or get released at the exobase. These ions
interact with the shocked solar wind leading to various
loading mechanisms [cf. Szego et al., 2000a].
[3] One is the E � B pickup, when the new ions are

accelerated by the local ambient field and are starting to
gyrate around the magnetic field. The gyroradius depends
on the strength of the local magnetic field, therefore the
E � B loading has different effects as we move away from
the Sun. The new ions add mass to the flow, and takes
momentum and energy from it, therefore they increase the
deceleration process.
[4] There is another effect when the escaping ions excite

waves in the surrounding shocked solar wind flow, and the
waves heat and accelerate the planetary ions within a
relatively narrow region above the ionosphere. The exis-
tence of such ions around Venus has been shown by
Grebowsky et al. [1993]. This second type of mass loading
was termed as ‘‘laminar pickup’’ to emphasize that this
process operates only in the near environment of iono-
sphere. This is the mechanism we address in this paper.
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[5] The close proximity of the barrier to the planetary
atmosphere results in direct contact of the shocked solar
wind plasma with that of the ionosphere, and the coupling
that results is quite distinct from the observed in the Earth’s
magnetospheric system. The formation of a transition region
between the planetary ionosphere and solar wind, called
dayside plasma mantle, was identified by the different
plasma instruments onboard of both the Pioneer Venus
Orbiter [Spenner et al., 1980; Scarf et al., 1980; Taylor et
al., 1981; Szego et al., 1997] and Phobos 2 [Lundin et al.,
1989; Riedler et al., 1989; Rosenbauer et al., 1989] space-
crafts. On the basis of these measurements one can conclude
that within the Venusian and Martian mantle both the
shocked solar wind and planetary plasma are present in
comparable densities within a region of few hundred km
above the ionopause/planetopause, and the shocked solar
wind decelerates behind a so-called mass loading boundary
because of the presence of the cold planetary ions. The bulk
of the shocked solar wind protons are deflected above the
mantle while the total magnetic field increases and a
magnetic barrier is formed [Zhang et al., 1991]. Intense
electrostatic wave activity was observed in the vicinity of
and somewhat above the local lower hybrid frequency.
Superthermal planetary ions (in the energy range of few
ten eV) and electrons (in the energy range of few 100 eV)
were also observed within the dayside mantle of Venus and
Mars.
[6] Titan, moon of Saturn, in many respects is very

similar to Venus and Mars. It has negligible intrinsic
magnetic field [Backes et al., 2005] and has also a dense
ionosphere [Bird et al., 1997;Wahlund et al., 2005; Cravens
et al., 2006] which is produced by the photoionization by
the solar extreme ultraviolet photons and energetic electrons
originated from the magnetosphere of Saturn. Depending on
its orbital position and solar wind conditions Titan may be
located either within the magnetosphere of Saturn, or during
increased solar wind ram pressures may cross the magne-
topause or even the bow shock entering into the magneto-
sheath/tail region of Saturn or the unperturbed solar wind,
respectively.
[7] The first in situ measurements of the plasma environ-

ment of Titan were provided by the particle and field
instruments onboard Voyager 1 when Titan was located
within the magnetosphere of Saturn; and Voyager 1 crossed
the tail region of Titan. According to these measurements
[Hartle et al., 1982; Ness et al., 1982] (for a review see
Neubauer et al. [1984] and Neubauer [1991]) the magne-
tospheric plasma was composed of H+ and N+ or O+ ions,
with characteristic densities of 0.1 and 0.2 cm�3 and
Voyager 1 investigators reported temperatures of about
210 eV and 2.9 keV proton and heavy ion temperatures,
respectively. The temperature of the magnetospheric elec-
trons in the neighborhood of Titan was of the order of
200 eV. The characteristic ion flow speed outside the wake
of Titan was �120 km s�1, and the magnetic field is of the
order of 5 nT. On the basis of these parameters one can
conclude that the flow is subsonic (sonic Mach number
MS � 0.6) and trans-Alfvénic (Alfvénic Mach number
MA � 1.9). The analyses of the Voyager 1 data gained in the
wake of Titan showed a complex interaction between the
upper atmosphere of Titan and the magnetosphere of Saturn,
where the finite gyroradius effects are essential, resulting

in asymmetric removal of ions from the Titan’s upper
atmosphere. The major ionization sources of Titan’s neutral
corona are photoionization, electron impact ionization and
charge exchange [see, e.g., Nagy and Cravens, 1998], the
structure of Titan’s ionosphere inside the magnetosphere
being dependent on the relative angle of the directions of the
particular ionization process. The presence of pickup ions
near Titan was detected by the plasma science instrument
during inbound approach. Recently, Sittler and coworkers
[see Sittler et al., 2004, 2005] revisited the Voyager 1
results, and concluded that the light pickup ions H+

and H2
+ dominate in the outermost region with respect to

Titan’s ‘‘ionopause,’’ followed by CH4
+ at intermediate

distances and the plasma flow experienced major mass-
loading effect when it reached the region just outside the
‘‘ionopause’’ dominated by heavy ion species such as N2

+.
[8] The particle and electromagnetic field measurements

of the Cassini spacecraft performed in the wake region of
Titan during the six flybys between 26 October 2004 and
23 August 2005 confirmed most of the earlier plasma
observations Voyager 1, however, important new features
were also observed in the plasma environment of Titan.
[9] Within the magnetosphere, outside the interaction

region of Titan, the presence of light and heavy ion
populations, predominantly protons and 16 AMU (O+ and/
or CH4

+) ions were identified by Cassini Plasma Spectrom-
eter (CAPS) [Hartle et al., 2006]. Characteristic ion flow
speeds varied around 110 ± 20 km s�1, with protons and
heavy ion temperatures of �250 and 1000 eV, respectively.
Magnetospheric electron density varied roughly an order of
magnitude, centered around �0.1 cm�3, with temperatures
typically between 50 and 200 eV. Also on the basis of
CAPS data, Szego et al. [2005] identified four major regions
in the plasma environment of Titan, the outermost charac-
terized by the appearance of unperturbed subrotating flow,
closer to Titan pickup ions started to appear probably
because of local pickup. After that the flowing magneto-
spheric plasma was significantly decelerated, and the last
region above the ionosphere was characterized by a cold
plasma population of planetary origin. The ions in this
fourth region have many similarities to the ion population
observed by PVO above the ionosphere [Grebowsky et al.,
1993]. The heavy ions of the undisturbed subrotating flow
show characteristics which are different from a beam-like
distribution, though very likely they do not form a homo-
geneously filled shell distribution. The measured proton
spectra indicate a cooler proton population than reported by
the Voyager 1 investigators.
[10] While approaching Titan Cassini entered into the

so-called mass-loading region where ions originating from
Titan’s neutral corona and/or from its ionosphere were
detected by both CAPS and Cassini Radio and Plasma
Wave Science (RPWS) Langmuir Probe (LP) sensors
[Wahlund et al., 2005]. In this region the cold ions are
being accelerated and picked up by the streaming magne-
tospheric plasma, and at the same time because of the
momentum exchange caused by the ionospheric ions
accommodated into the magnetospheric ion flow slows
down to drift velocities of order of few km s�1, while the
electron density increased during both inbound and out-
bound passes of the spacecraft. The deceleration region was
substantially asymmetric during all flybys, more extensive
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on that side of Titan where the V � B electric field pointed
away from the moon, a feature suggesting the importance of
the finite gyroradius effects. On the basis of CAPS data,
Hartle et al. [2006] showed that the heavy ambient ions,
mainly O+ and/or CH4

+, observed within the ambient mag-
netospheric plasma flow are absent in the mass loading
region of Titan, being probably removed by the extended
atmosphere of Titan also because of the relatively large
gyroradius of these ion species. The pickup ion component
detected within the mass loading region were identified as
H+, H2

+, N+/CH2
+, CH4

+, and N2
+, where the �28 AMU type

ions do most of the mass loading.
[11] Magnetic enhancements (pileup), magnetic field line

draping and magnetic ionopause layer were also detected
within the mass loading region of Titan [Backes et al.,
2005], similarly to the corresponding regions of Venus and
Mars. Also confirming the earlier Voyager 1 results, no
evidence of internal magnetic field at Titan was detected by
the magnetometer of Cassini. Near the closest approach of
Titan, at altitudes about 1250 km, the RPWS Langmuir
probe measured maximum plasma densities of the order of
2000 to 4000 cm�3, and electron temperatures ranging from
0.01 to 0.1 eV.
[12] According to CAPS ionospheric plasma composition

measurements performed below 1650 km altitude range the
strongest density peak was assigned to the 28 AMU ions.
On the basis of Cassini’s Ion and Neutral Mass Spectrom-
eter (INMS) data Cravens et al. [2006] demonstrated that
the most abundant species is the nitrile species HCNH+, as
predicted by most pre-Cassini ionospheric photochemistry
models [Keller et al., 1998; Fox and Yelle, 1997;Wilson and
Atreya, 2004]. Other important species predicted by models
and confirmed by INMS measurements were: C2H5

+, CH5
+

and C3H5
+. Minor ion species of higher mass were also

found with �12 AMU spacing between these peaks, char-
acteristic of heavier hydrocarbons.
[13] Several MHD models [Keller et al., 1992; Roboz and

Nagy, 1994; Cravens et al., 1998; Ledvina and Cravens,
1998; Kabin et al., 2000; Nagy et al., 2001] and kinetic type
models [Brecht et al., 2000; Kopp and Ip, 2001; Ma et al.,
2004; Kallio et al., 2004; Ledvina et al., 2004] have been
developed in the last decade in order to improve our
understanding of the large-scale structure and formation of
induced magnetosphere and plasma environment, including
the ionosphere of Titan.
[14] It is straightforward to assume that because of the

direct contact between streaming plasma of magnetospheric
or solar wind origin and the ionospheric plasma of Titan
an interaction region similar to the dayside plasma mantle
of Venus and Mars is formed. In what follows, by analogy,
we call this region the flowside plasma mantle of Titan.
Theoretical studies support the idea that significant colli-
sionless momentum and energy exchange is taking place
in this transition region because of wave-particle interac-
tion, resulting in a highly turbulent layer, where even the
bulk properties of the of the plasma would significantly
change because of this so-called ‘‘anomalous viscosity’’
[Sagdeev et al., 1990]. In contrast to the mass loading of
the flow which is significantly influenced by the direction
of the V � B electric field, as the result of the wave
particle interaction itself the two sides of Titan are iden-
tical, however, any asymmetry of the interacting flow will

cause asymmetric effects. Two types of instability modes
were proposed as explanations of the observed wave
activity in the Venus and Mars plasma mantle: the lower
hybrid drift and modified two-stream instability (MTSI)
with typical frequencies in the vicinity of the lower hybrid
frequency and wavelength of the order of solar wind
electron gyroradius [Szego et al., 1991; Shapiro et al.,
1995; Quest et al., 1997, Dóbé et al., 1999]; and a beam
resonant instability branch of ion acoustic type waves
[Huba, 1993] with frequencies of the order of ionospheric
ion plasma frequency, and typical wavelength of order of
electron Debye length. Szego et al. [2000b] analyzed the
robustness of the ion acoustic scenario and showed that the
presence of even a small amount of cold planetary
electrons quenches this mode.
[15] In an earlier paper Dóbé and Szego [2005] investi-

gated the linear properties of the instability modes viable
within the flowside plasma mantle of Titan. According to
this study the fastest growing plasma waves possibly
excited within the flowside plasma mantle of Titan corre-
spond to ‘‘lower hybrid’’ and the ion acoustic type modes
generated by modified two-stream instabilities [see, e.g.,
Wu et al., 1983; Shapiro et al., 1995] and ion-ion acoustic
beam instabilities [see, e.g., Gary and Omidi, 1987], re-
spectively. The modified two-stream instability modes have
frequencies and growth rates in the lower hybrid frequency
range with wavelength between the electron and the ion
gyroradius and propagate nearly perpendicular to the mag-
netic field. The ion-ion acoustic instability is a shorter
wavelength (order of hot proton Debye length) and
higher-frequency (order of ion plasma frequency) electro-
static mode. Dóbé and Szego [2005] performed a parametric
study of these instabilities within the framework of the
linear Vlasov theory of the plasma instabilities. Using a
wide range of the plasma parameter space which enclosed
the plasma measurements of Voyager 1 and the available
model calculation, they made prediction concerning the
characteristic frequencies and the spatial location of the
dominant wave modes measurable by the plasma wave
instrument onboard the Cassini spacecraft. It was shown
that in the electrostatic limit the ion acoustic mode smoothly
transforms into lower hybrid mode when the relative num-
ber density ratio of cold electrons becomes comparable to or
less than 10�2. This means that the two dominant instability
types can only exclusively be present in well separated
spatial regions determined by the presence/absence of cold
ionospheric electrons.
[16] In the present study we focus on the nonlinear

development of the MTSI mode using hybrid simulation
methods. We assume average plasma environment either in
cases when Titan is within the magnetosphere or in the
solar wind, on the basis of the plasma observation of
Voyager 1 and Cassini [see Hartle et al., 1982, 2006],
and theoretical estimations of Wolf and Neubauer [1982],
respectively. We do not discuss the dependence of the
model solution on the highly variable local conditions as
a function of Saturnian local time (such as variable ion
production rates or Titan’s crossing Saturn’s magnetotail),
however, future model studies should also address this
important question.
[17] The paper is organized as follows: In section 2

detailed description of the of the simulation model is
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presented. In section 3 first we have demonstrated that the
numerical simulation results match the analytical solution of
the linear theory reasonably well in the appropriate
domains, then examined the time evolution of the wave
energy and bulk plasma characteristics such as momentum
and thermal energy of the different plasma components,
determined typical ion energy spectra formed as a result of
nonlinear wave particle interaction, and made predictions
for Cassini electric field and plasma probe measurements. In
section 4 we have explored in more detail the mechanisms
of collisionless coupling between the streaming and station-
ary plasma, including the microscopic details of the accel-
eration processes and turbulent plasma heating induced by
the MTSI instability. The effective collision frequency
between the streaming plasma and ionospheric ions that
characterize planetary ion pickup and heating have also
been calculated. In section 5 we have compared some
elements of our model result with data measured by
Cassini’s Plasma Spectrometer. Finally, in section 6 we
have summarized the main conclusions of our present study.

2. Model Description

[18] In order to investigate the collisionless interaction
between the streaming plasma of Saturnian magnetosphere
or solar wind origin and ionosphere of Titan mediated by
MTSI a one-dimensional electromagnetic hybrid particle-
in-cell simulation has been constructed. The simulation
model treats the ion species using particle-in-cell (PIC)
methods. The ions approximated as macroparticles are
moved using standard time-centered leapfrog algorithms,
with ion density and current collected at the corners of a
rectilinear grid. Given these source terms, the electromag-
netic fields are also solved on the grid, with which the
ions are moved during the next time step. The field
equations are solved using the predictor-corrector method
described by Quest [1989]. On the other hand the electrons
are modeled as a charge neutralizing, adiabatic fluid in
which inertial and electromagnetic effects are retained. The
electromagnetic field quantities are then advanced by
solution of a coupled set of linear partial differential
equations. In case of the electrons an isotropic pressure
term is used, and the finite electron temperature is calcu-
lated by assuming an adiabatic equation of state of the
form: Te(x) = Teo[ne(x)/n0]

ge�1 where ge = 5/3, Teo and n0
are average initial electron temperatures and densities;
according to the quasineutrality ne(x) is equal to the local
density of the ions. Using a finite pressure term is
important when modeling the evolution of the MTSI,
although it may be omitted in the case of global hybrid
simulation models because of the difference in character-
istic space scales [see, e.g., Brecht et al., 2000; Kallio et
al., 2004]. The momentum equation for the ions is solved
by using the general form of the ion pressure tensor. While
all vector physical quantities were kept three-dimensional,
their spatial dependence was constrained to one dimension,
parallel to the wave propagation direction. Periodic bound-
ary conditions are imposed, and the initial system is
allowed to relax in time. Besides the local charge neutral-
ity, another natural consequence of the one-dimensional
hybrid PIC simulation model with periodic boundary
conditions is the current neutrality condition (i.e., zero

net electric current density in the flow direction). The
particle initialization is performed by imposing relative
drift between uniformly distributed Maxwellian protons/
14–16 AMU ions, corresponding to the magnetospheric
plasma, and stationary ionospheric ions.
[19] This model intends to give a ‘‘local’’ rather than

‘‘global’’ description of the microphysics taking place
during the interaction of the hot streaming plasma environ-
ment (of either magnetospheric or solar wind origin) with the
cold ions of Titan origin. In order to describe phenomena
such as lower hybrid type wave generation and nonlinear
wave particle interaction involving realistic electron inertia
the characteristic spatial resolution was needed to be
reduced to the order of few electron thermal gyroradii.
Using the same resolution in a 3-D global hybrid simulation
model (such as presented by Brecht et al. [2000], Kallio et
al. [2004] and Ledvina et al. [2004]) would need extremely
large CPU time even on today’s supercomputer power. Our
present 1-D hybrid PIC model is capable to describe the
main features of the linear and nonlinear evolution of the
modified two-stream instability generated within the inter-
action region of Titan. Extending the present local 1-D
model into further dimensions may significantly improve
the quality of our physical predictions, and we intend to do
that in the near future. At the end of the Summary section
we will touch upon the limitations and possible directions of
development of the present model.
[20] The first PIC-type description of the plasma wave

generation within the interaction region of nonmagnetic
planets with substantial atmosphere such as Mars and Venus
was given by Quest et al. [1997], where the bulk velocity of
the streaming plasma was constricted to direction strictly
perpendicular to the ambient interplanetary magnetic field.
This model was further developed by Dóbé et al. [1999]
allowing for arbitrary although fixed wave propagation
direction with respect to the external magnetic field lines.
[21] It was straightforward to extend the investigation of

Dóbé et al. [1999] for the case of interaction of Titan’s
ionosphere with the streaming plasma of Saturnian magne-
tosphere or solar wind origin. In a preceding paper Dóbé
and Szego [2005] have already discussed the possible beam
driven linear wave generation mechanisms viable within the
flowside mantle of Titan. In this work the general form of
the linear dispersion equation of the cross-magnetic field
beam instabilities for the low-frequency limit (derived by
Wu et al. [1983]) was solved for a large plasma parameter
range relevant to the plasma mantle of Titan. Low frequency
here means that wci� w� wce, where wc(i,e) = eB0/m(i,e)c are
the gyrofrequency of the ions� i = p (protons), 14–16 AMU
(e.g., nitrogen or oxygen ions) and ionospheric ions, e.g.,
N+, CH4

+ C2H5
+, H2CN

+and N2
+, and electrons (e), respec-

tively. In this limit the electrons were taken as magnetized,
while ions as unmagnetized charged particles. The notion
‘‘unmagnetized’’ in this sense means that the characteristic
wavelength of the instability is much smaller than the ion
gyroradius and the characteristic frequency and increment
of the instability is much larger than the ion gyrofrequency.
It was shown that in the presence of cold electrons of
ionospheric origin (even in a ratio of order of 1% of the
total plasma density) the fastest growing waves are gener-
ated by the modified two-stream instability (MTSI) driven
by the nonresonant interaction between the unmagnetized
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ionospheric ions and the cold, magnetized electron beam
created by fast E � B pickup. Pickup of the cold electrons
originating from the ionospheric plasma of Titan, by
analogy with the case of the dayside mantle of Venus and
Mars described by Dóbé et al. [1999], takes place over a
few electron gyroperiods, a time interval much shorter than
the lower hybrid period, the characteristic timescale for the
MTSI waves. Although the cold electron beam has little
kinetic energy of its own, the wave-particle resonance is
sustained for a longer time because of electron pickup
under the combined action of the magnetic and convective
electric field of the solar wind. This makes possible a
substantial transfer of free energy from streaming plasma
flow to the waves already at the initial linear wave growth
stage. It has also to be mentioned that the bulk velocity of
cold pickup electrons at each time step of the simulation is
determined by the zero net current condition, ue = Si(ni/ne)
ui, where ni, ne and ui, ue are the number densities and bulk
velocities of ions and electrons, respectively, and where
single ionization for all species were assumed. It can be
easily proven that releasing the condition of zero net current
in the analytic dispersion relation does not alter the evolu-
tion of instability, at least in its linear stage.
[22] In Figure 1 we have presented a schematic illustra-

tion of the simplified physical model used in our one-
dimensional hybrid PIC simulation model similar to the
one used during the linear model calculations of Dóbé and
Szego [2005]. Figure 1 (top) shows a sketch of the flowside
plasma environment of Titan. The hot plasma flowing past
the moon with drift velocity Ubeam interacts with the cold
plasma of ionospheric origin in the presence of the external
magnetic field, B0, creating the plasma mantle. The drift
velocity of the flowing plasma is deflected because of
the interaction and becomes gradually parallel within the
plasma mantle with the upper boundary of the ionosphere.
Meanwhile the external magnetic field frozen into the

plasma flow drapes the obstacle and piles up, forming the
so-called magnetic barrier. Figure 1 (bottom) shows the
orientation of the coordinate system used in the model
calculations. Without losing generality we can take the
wave number vector k parallel to Ox and B0 lying within
the Oxz plane. The characteristic length of the simulation
box was chosen to be 32 times the characteristic wavelength
of the MTSI instability corresponding to the linear growth
stage (90–160 km).
[23] It can be easily shown that in the cold, magnetized

electron limit � that is when the electron resonance term
we � (w � kue)/

p
2kkvTe � 1 � the fluid approximation is

appropriate for electrons. Here we introduce the standard
notations: vT(i,e) = (kBT(i,e)/m(i,e))

1/2 is the thermal velocity;
ui and ue are the drift velocity vectors, Ti and Te are
temperatures, mi and me are masses corresponding to the
different ion species and electrons, respectively; kk is the
component of the wave vector k parallel to the external
magnetic field B0; kB is the Botzmann constant. wp(i,e) =
(4pe2n(i,e)/me)

1/2 are the plasma frequencies, l(i,e) =
(kBT(i,e)/4pn(i,e)e

2)1/2 are the Debye length, ni and ne are
the densities of the ion or electron components, respectively.
Here we also introduce the lower hybrid frequency, which
in the dense plasma case (wpe

2 � wce
2 ) valid within the

plasma mantle of Titan that can be approximated as wLH 	
(wcpwce)

1/2. Using single temperature Maxwellian, unmag-
netized ion velocity distributions for the unperturbed
particles the general dispersion relation [Dóbé and Szego,
2005, equation (1)] simplifies to the form:

1þ
w2
pe

k2c2

 !
wpe

wce

� �2

� wpe

w� kue

� �2 k2kc
2

k2c2 þ w2
pe

þ
X
p;Nþ;I

1

k2l2
i

1þ wiZ wið Þ½ � ¼ 0 ð1Þ

Here Z(x) is the plasma dispersion function: Z(x) = i
p
p

exp(�x 2) [1 + erf (ix)], where erf is the error function; the
unmagnetized ion resonance terms are of the form wi �
(w � k � Ui)/

p
2kvTi. A similar form of the MTSI dispersion

relation (1) was obtained and extensively discussed for the
Venus case by Shapiro et al. [1995].
[24] The mechanism of the dominant instability branch is

similar to the well known Buneman instability. In our case
the Doppler shifted wave frequency within the electron
beam, w � kue becomes resonant with one of the plasma
eigenmode, the whistler mode, according to the resonance
condition:

k � Ue ¼ wcekkkc
2
.

k2c2 þ w2
pe

� �
ð2Þ

[25] As already discussed in a previous paper by Dóbé
and Szego [2005] the approximated solution of (1) for the
most dominant mode is:

wr þ ig 	 1

2

� �4=3
ni

ne

� �1=3
mp

mI

� �1=3

k1=3 1þ i
ffiffiffi
3

p� �
wLH ð3Þ

where k = (kk/k)
p
(mp/me) corresponds to wave propagation

angles relative to the magnetic field, q = arccos[k
p
(me/mp)],

Figure 1. (top) Schematic of the plasma environment of
Titan illustrating the location of the flowside plasma mantle
and (bottom) orientation of the coordinate system used
during the model calculations.
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and the effect of the protons and nitrogen/oxygen ions onto
the evolution on the instability, at least in the linear stage, is
negligible.

3. Model Results

3.1. Linear Growth Phase of the MTSI

[26] First, we show that the result of the numerical
simulation is ‘‘correct’’ in that it matches reasonably well
with the analytical solution of the linear theory in the
appropriate domains. This is shown in Figure 2. Here we
have solved the dispersion relation (1) using average plasma
parameters close to the ones measured by Voyager 1 in the
plasma wake of Titan [Hartle et al., 1982]: Ub = 120 km s�1,
np = 0.1 cm�3, nN/O+ = 0.2 cm�3, Tp = 210 eV, TN/O+ =
2.9 keV. These plasma density and temperature values are
close to the ones measured by the Cassini ion mass
spectrometer [Hartle et al., 2006] during the encounter on
26 October 2004 (TA flyby), crossing the Titan’s tail

approximately in the similar location as the Voyager 1.
Ionospheric ion and electron temperatures were taken from
model calculations of Roboz and Nagy [1994]: TI = 0.035 eV,
Te,cold � 2 TI. The mass of the dominant ionospheric ion
species was taken to be mI = 28 AMU (possibly C2H5

+,
H2CN

+and N2
+, according to ionospheric composition

models of Keller et al. [1992], Roboz and Nagy [1994],
Cravens et al. [1998], Hartle et al. [2006] and Cravens et al.
[2006]). External magnetic field was taken to be B0 = 5 nT
[Ness et al., 1982]. The growth rate (solid line) and the
wave number (dotted line) of the most unstable mode
corresponding to a given wave propagation angle, q =
arccos(kk/k) calculated according to (1) is plotted as a
function of the dominant mode frequency. The diamonds
and squares show the values of the growth rates and wave
numbers, respectively corresponding to the most unstable
mode obtained in the numerical simulation for different and
fixed propagation angles listed in Figure 2. The maximum
growth rate corresponds to qmax = 84.5�. According to the
linear theory below qmax the growth rate of the MTSI waves
monotonically decreases with decreasing propagation
angles because of the electron Landau damping [see Dóbé
and Szego, 2005, Figure 3]. We have not shown the
simulation results in this propagation angle range since the
fluid electron approximation loses validity. As can be seen
from Figure 2, analytical and simulation results are in good
agreement. The better agreement between the theory and
simulation in case of the wavelength compared to the
growth rates of the dominant MTSI mode simply reflects
the fact that the number of dominant wavelength is related
to the eigenmodes of the periodic simulation system, and
depends less sensitively on the physical model approxima-
tions used throughout the model calculations.

3.2. MTSI Wave Energy Density

[27] Next we investigate the total MTSI wave energy
density, normalized to the total initial kinetic energy of the
charged particles. The wave energy of the dominant mode
was approximated by the following formula [Stix, 1992]:

Wwaves ¼
X
k

@

@wk

wkexx k;wkð Þ½ � Exkj j2

8p
	 6

w
kue

wpe

wce

� �2
Exj j2

4p
ð4Þ

Here we have made use of the fact that the MTSI waves are
predominantly electrostatic (Ex � Ey, Ez). In Figure 3 we
show the wave energy evolution in time at different
propagation angles (q = 88.5�: solid line, q = 86.5�: dotted
line, q = 84.5�: dashed line). The plasma parameters
(number densities, bulk velocity and thermal energy)
corresponding to different charged particle populations are
chosen close to those determined by Voyager 1 character-
istic to the unperturbed magnetospheric plasma in the
vicinity of Titan. As it can be seen from Figure 3, the wave
energy, after saturation, reaches a few percent of the total
initial kinetic energy, its variation is mainly due to the
kinetic energy of the transverse electron oscillation
(introduced by factors of order of (wpe/wce)

2 �� 2 � 103),
and decreases with decreasing wave propagation angle.

3.3. Phase Space Density Evolution

[28] The evolution of the phase space density plots gives
a deeper insight how the interaction really builds up. In

Figure 2. Real frequency (solid line) and wave number
(dotted line) corresponding to maximum growth rate
calculated according to the linear dispersion relation (1).
Diamonds and squares correspond to simulation results
determined in the linear growth phase of the MTSI
instability, and q is the wave propagation angle relative to
the magnetic field. Wave frequencies and growth rates are
normalized to the lower hybrid frequency (wLH), and wave
number is normalized to an inverse electrons gyroradius
calculated using the proton thermal velocity (r*). Average
beam plasma parameters are chosen close to the ones
measured by Voyager 1 and Cassini in the plasma wake of
Titan [Hartle et al., 1982]: Ub = 120 km s�1, np = 0.1 cm�3,
nO+ = 0.2 cm�3, Tp = 210 eV, and TO+ = 2.9 keV.
Ionospheric ion and electron temperatures were calculated
by Roboz and Nagy [1994]: TI = 0.035 eVand Te,cold � 2 TI.
The mass of the dominant ionospheric ion species was taken
to be mI = 28 AMU [see Hartle et al., 2006; Cravens et al.,
2006]. External magnetic field magnitude was taken to be
5 nT, according to Ness et al. [1982].
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Figure 4 we have displayed the phase space plots of beam
protons (Figure 4, top), oxygen ions (Figure 4, middle) and
heavy ionospheric ions (Figure 4, bottom) corresponding to
times at the beginning of the nonlinear phase, twLH = 30
(Figure 4a) and at the turbulent phase, twLH = 100 (Figure 4b).
The plasma parameters used are identical to those used in
the case of Figure 3, corresponding to propagation angle of
q = 84.5�. Velocities in the x direction are normalized to the
proton thermal velocity, and distances to r* = (vTp/wce)

1/2.
The vortex formation indicates that the nonlinear stabiliza-
tion of the MTSI is mainly due to electrostatic trapping of
the ionospheric ions and beam protons in the potential
troughs of the large amplitude waves. At the beginning of
trapping the large amplitude waves are almost monochro-
matic. As the first particles are trapped they begin to rotate
with frequencies depending on the initial kinetic energy,
leading to wave steepening and phase mixing. It is inter-
esting to note the lack of substantial beam nitrogen/oxygen
ion trapping, which is mainly due to their initial kinetic
energy being much larger than that of proton or ionospheric
ion population. The condition of particle trapping, the level
of wave energy saturation and the development of the
initially monochromatic large amplitude wave into well
developed plasma turbulence is discussed in section 4. In
case of the beam proton velocity distribution function a
plateau is formed in the velocity space around the wave-
particle resonance velocities because of particle trapping
and consecutive phase mixing. In the case of the 28 AMU
pickup ions a significant broadening of the velocity distri-
bution can be observed. The resulting particle distribution is
of flat-topped form, reaching tail velocity values compara-

ble to the decelerated proton beam velocities, order of few
tens of km s�1 parallel to the direction of wave propagation.

3.4. Bulk Momentum Coupling, Laminar Pickup

[29] It is possible to derive from the model the momen-
tum coupling mediated by the MTSI waves between beam
protons and O+/CH4

+ and initially stationary 28 AMU iono-
spheric ions. This is exhibited in Figure 5. All other initial
plasma parameters are the same as in Figure 3. The
effectiveness of coupling depends on the saturated wave
energy level and correspondingly decreases with decreasing
angle between the external magnetic field and bulk plasma
velocity. Protons and nitrogen/oxygen ions act passively to
the instability during the linear growth stage (in agreement
with the linear theory), however, beam ions start to
exchange momentum and energy with waves when the
wave electric field increases to levels at which particle
trapping becomes effective. Protons and nitrogen/oxygen
ions start to decelerate, and the bulk momentum lost is
transferred to the stationary ionospheric ion population
present within the interaction region. Protons lose a signif-
icant portion of their initial bulk momentum; and may even
stop and change their initial flow direction (see Figure 5a).
This effect may possibly be observed by the ion detectors of
Cassini spacecraft as a proton depletion region, also called
mass loading boundary in the case of Mars’ plasma mantle.
Because of their significantly higher thermal energy the
14–16 AMU ions can hardly be trapped by the wave
electric field, thus losing insignificant portion of their initial
bulk momentum, however, this amount is still comparable
to the total amount of momentum lost by the protons
because of the large difference in mass (see Figure 5b).
Stationary ions gain significant fraction (up to 10–15%) of
the total initial bulk momentum of the streaming ion beam
(see Figure 5c) within distances much less than the E � B
type ion pickup energization. Since in our case momentum
exchange between the different plasma populations is
mediated by waves, and collective electromagnetic forces
act as some kind of anomalous resistivity, we call this type
of interaction laminar ion pickup. An estimation of the
characteristic distance of laminar ion pickup is given in the
next section.
[30] Next we have presented the time history of the bulk

velocity of the beam protons and picked up ionospheric ions
(see Figure 6a) and the RMS value of wave electric field
(see Figure 6b) corresponding to different initial drift
velocities of the ion flow impinging upon the ionosphere.
For better comparison with the measurements we expressed
these quantities in physical units. Results for three initial
drift velocity values are presented: (1) Ub = 60 km s�1

(solid line), representing the case when Titan is within the
magnetosphere of Saturn and the spacecraft is within the
flowside mantle, near to the stagnation point of the corota-
tional plasma flow; (2) Ub = 120 km s�1 (dotted line) is the
value measured by Voyager 1 and Cassini within the wake
region of Titan; and (3) Ub = 280 km s�1 (dot-dashed line)
representing the case when Titan leaves the magnetosphere
of Saturn and is exposed directly to the solar wind. In the
first two cases the magnetic field, ion density and temper-
ature values were chosen to be identical to the ones used in
the case of Figure 2, in the third, ‘‘solar wind’’ case we have
chosen values for interplanetary magnetic field intensity,

Figure 3. Linear and nonlinear evolution of the total
MTSI wave energy density (Wwaves) normalized to total
initial kinetic energy density (Wtotal) corresponding to
different propagation angles (q). Time axis is normalized
to the lower hybrid frequency (wLH). All average plasma
and field parameters are identical to the ones used in case of
Figure 2.
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solar wind proton density and temperature estimated by
Wolf and Neubauer [1982]: BIMF � 1–2 nT, np � 0.1 cm�3

and Tp � 250 eV, respectively. In the case when Ub =
120 km s�1 we have also performed model calculations for
lower beam ion temperatures measured by Cassini near the
wake of Titan: Tp � 50 eV, TN/O+ � 1.0 keV (dashed line).
The simulation results shown here correspond to propaga-
tion angles close to the fastest growing mode.
[31] As one can expect, the pickup ion drift velocity

increases with increasing initial beam drift energy from a
stationary stage up to few km s�1. This velocity is not
enough for bulk assimilation since it is well below the
incoming beam drift velocity of magnetospheric or solar
wind origin. On the other hand the protons may decelerate
to below one tenth of its initial bulk velocity. The bulk
velocity of the 14–16 AMU beam ions, not shown here,
hardly changes via wave-particle interactions because of
the lack of significant particle trapping, as explained in
section 4. As it can be seen from Figure 5a, no considerable
beam ion temperature dependence of the bulk velocity
change was found: similar values of bulk velocity drop
resulted in the case of proton temperatures of 50 and 200 eV
and 16 AMU ion temperatures of 1 and 3 keV.

[32] We have also investigated whether the shape of the
initial particle velocity distribution of the heavier beam ion
component has any effect on the evolution of the instability.
We compared Maxwellian distribution versus shell distribu-
tion function shapes with comparable characteristic velocity
space width (simulation result are not shown in Figure 6a), and
found no significant difference between the different cases.
[33] The root mean square average intensity of the

dominant wave electric field component, Ex
rms /

pR
Ex
2dw

increases and saturates at few tens of mV/m (see Figure 6b),
proportionally with the increase of the initial kinetic beam
energy. Using cooler beam ion temperature or shell/ring
shaped velocity space distribution function did not change
the final wave energy level significantly.
[34] In the linear growth stage the characteristic frequency

of the dominant MTSI mode is somewhat below the local
lower hybrid frequency, wLH, as shown in Figure 2, and is of
order of or below 1 Hz within the plasma mantle of Titan
(according to model calculations presented by Dóbé and
Szego [2005]). During the nonlinear evolution of the insta-
bility the trapped ions initially are bunched together within
the potential well of the wave electric field, resulting in

Figure 4. Phase space distribution of (top) protons, (middle) 16 AMU ions and (bottom) 28 AMU
pickup ions at the saturation of (a) the linear growth phase and (b) the well-developed turbulent phase.
Distance (x) is normalized to r* = (vTp/wce)

1/2. Velocity is normalized to the proton thermal velocity
(Vthp). All plasma and field parameters used are identical to the ones used in case of Figure 2 and
q = 84.5�.
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Figure 5. Evolution in time of the bulk momentum for
(a) beam protons, (b) beam 16 AMU ions and (c) 28 AMU
ionospheric ions (each normalized to the total initial bulk
momentum, Ptot) corresponding to different wave propaga-
tion angles (q = 88.5� indicated by solid line, 86.5� indicated
by dotted line, and 84.5� indicated by dashed line).

Figure 6. Time history of (a) the proton and picked up
28 AMU ionospheric ion drift velocity and (b) the RMS
value of the dominant MTSI wave electric field component
variation in function of initial beam drift velocity (Ub0 =
60 km s�1 indicated by solid line, Ub0 = 120 km s�1

indicated by dotted line, and Ub0 = 280 km s�1 indicated by
dot-dashed line). In the case when Ub = 120 km s�1 we have
also performed model calculations for lower beam ion
temperatures measured by Cassini near the wake of Titan;
Tp � 50 eV, TO+ � 1.0 keV indicated by dashed line. All
other plasma parameters taken are identical to those used in
the case of Figure 2; fixed propagation angles do
correspond to values close to the linear dominant mode.
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wave overtaking and saturation of the high amplitude,
almost monochromatic, nonlinear MTSI electrostatic waves.
Subsequently, phase mixing of the trapped ion motion takes
place, and the wave spectra significantly broadens up to few

times of the lower hybrid frequency. This mechanism is
explained in more detail in section 4.

3.5. Stochastic Ion Heating

[35] Nonlinear interaction between waves and particles
also results in significant heating of the trapped ions. In
Figure 7 we have presented the time history of the random
kinetic (i.e., thermal) energy content of the beam protons
and the initially cold, 28 AMU ions of ionospheric origin
corresponding to three different initial beam velocity values
normalized to the proton thermal velocity: u = Ub/Vthp = 0.5,
1 and 2, respectively, where Vthp =

p
Tp/Mp. Again, wave

propagation directions were chosen close to the fastest
growing mode. The thermal energy of a 16 AMU ion beam,
not shown here, does not change significantly, because of
the lack of significant particle trapping. As we can see from
Figure 7, the saturated thermal energy monotonically
increases with increasing initial beam drift energy for both
ion types. The energy contained within the random motion
of protons may grow by up to 130% (Figure 7a) of the
initial proton thermal energy (Tp � 210 eV). An even more
pronounced ion heating takes place within the ionospheric
ion population (Figure 7b), resulting in a 1000–6000 times
higher thermal pickup ion energy compared to the initial
thermal energy levels (Ti � 0.035 eV).

3.6. Pickup Ion Mass Dependence

[36] We also investigated the effect of the pickup ion
mass onto the final saturation level of the wave energy, and
pickup ion energization. Figure 8 shows the effect of pickup
ion mass variation on the time evolution of the instability.
Three generic ion species were included in the model
calculations: light (�1 AMU mass, e.g., H+), medium
(�16 AMU mass, e.g., O+ or CH4

+) and heavy (�28 AMU
mass, e.g., N2

+ or H2CN
+) species. It can be seen from

Figure 8a that the MTSI wave fluctuation level at the
breakdown of wave energy growth and the final saturation
level does not depend on the pickup ion mass very strongly.
On the other hand, Figure 8b shows that in the case of pickup
protons the complete thermalization occurs faster (at times of
about 60–70 wLH

�1), and at lower saturated thermal energy
levels (fraction of percent of the total kinetic energy)
compared to the case of higher mass pickup ion species
(after times of 150 wLH

�1 and at energy levels of order of
few percent). The rate of thermal energy change decreases
with increasing pickup ion mass, because of smaller oscil-
lating frequency and corresponding phase mixing rate of
the pickup ions trapped within the electric potential wells of
the waves.

4. A Few Important Issues Concerning the
Model Results

4.1. Saturation of the Wave Energy by Ion Trapping

[37] There are a few results presented in the previous
section that deserves further analysis. The first is the
evolution of the wave energy. In the previous section it
was shown that after the linear growth stage the monochro-
matic large amplitude MTSI waves lose their resonance
with the beam and saturate by ion trapping.
[38] The saturated wave energy level determined by

particle trapping can be estimated in the following way.

Figure 7. Time history of (a) thermal energy change of
protons relative to the initial proton thermal energy,
Wth0(protons), and (b) thermal energy of picked up
ionospheric ions relative to initial 28 AMU pickup ion
thermal energy,Wth0(pickup ions) corresponding to different
normalized initial beam drift velocities (u0 = Ubo/VTp = 0.5
indicated by solid line, = 1 indicated by dotted line, and = 2
indicated by dashed line). All other plasma parameters taken
are identical to those used in the case of Figure 2; fixed
propagation angles do correspond to values close to the
linear dominant mode.
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The magnitude of wave potential needed for electrostatic
particle trapping of the unmagnetized ions to be started can
be given by the following well known resonance condition:
Dv = jv � vph j � (e8T/m)

1/2, where vph = w/k is the phase
velocity and 8T is the wave potential at which the ions start
to trap. During the linear and nonlinear growth stage of the
MTSI instability the phase velocity of the waves is much

smaller than the drift velocity of the beam, so only the low-
velocity part of the distribution can be trapped, as shown by
the well-developed vortices in Figure 4a (top). Because of
their higher mass and, correspondingly, higher kinetic
energy the beam 14–16 AMU ions need higher wave
electric fields for being effectively trapped, so their phase
space vortices are absent or less pronounced as shown in
Figure 4a (middle), and they lose only few percent of their
initial bulk momentum (and kinetic energy) as shown in
Figure 5b. In the case of cold ionospheric ions the phase
velocity of the MTSI waves initially fell outside the bulk
part of the stationary ion velocity distribution. However, by
the end of the linear growth phase of the instability the bulk
velocity of the ionospheric ions increased to the order of the
phase velocity of the MTSI waves, as shown in Figure 6a,
and the heavy ions can be also trapped in large numbers.
[39] The growth of the wave electric field stops and the

wave energy saturates when the coherently moving bunches
of trapped particles first reverse their motion within the
wave potential trough. Initially the ionospheric ions act as a
coherent beam with small velocity spread within the wave
reference frame. After most of the ions are trapped and
rotated in the phase space the saturated wave energy for the
dominant instability mode may be approximated by the
following expression [Drumond et al., 1970]:

WIons
sat 	 nImI
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	 1
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where we have used the approximated dominant MTSI
mode solution (3) of the dispersion relation (1).
[40] In the case of protons only a part of the beam is in

resonance with the initially monochromatic wave. In this
case the saturation is determined by the usual expression of
finite resonance width of the growing wave spectrum: Dv =
jv � w/kj � gmax/kmax � (e8sat/m)

1/2. For the dominant
mode using (3) we can approximate the wave energy
saturated by beam protons as:
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[41] It can be seen that in the case of both ion types trapped
in significant number the saturated wave energy monotoni-
cally decreases with increasing k (i.e., decreasing wave
propagation angle relative to the external magnetic field, in
agreement with the results presented in Figure 3) following
the same power law dependence, and also scales with the
initial beam drift velocity. However, in the case of iono-
spheric ion trapping the saturated value of the wave energy
density is of order of (mI/mp)

2 times higher than the value
determined by trapped beam protons only. A comparison of
the analytical estimations (5) and (6) to the simulation results
shows that the saturated wave energy level is mainly deter-
mined by the trapping of the ionospheric ion population by
the large amplitude monochromatic MTSI wave.

4.2. Wave Spectrum Broadening, Sideband Instability

[42] Another important consequence of ion trapping and
oscillatory motion is the rapid broadening of the initially

Figure 8. Time history of the (a) MTSI wave energy and
(b) pickup ion thermal energy normalized to the total initial
kinetic energy, Wtot, in function of ionospheric pickup ion
atomic mass (MI = 1 AMU indicated by solid line, MI =
14 AMU indicated by dotted line, and MI = 28 AMU
indicated by dashed line). All other plasma parameters taken
are identical to those used in the case of Figure 2; propagation
angle corresponding to the dominant mode is q = 84.5�.
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almost monochromatic wave spectrum. The trapped particles
oscillating in the wave trough are able to act coherently like a
beam and produce something similar to a two-stream insta-
bility, called sideband instability [Kruer et al., 1969; Shapiro
and Shevchenko, 1988]. These sideband waves are excited
against the background of the main MTSI wave, being in
resonance with the nth harmonic of oscillatory motion of the
trapped particles. The effective resonance condition may be
written as:

wSB � kSBvph 	 �nwB ð7Þ

where wSB and kSB is the frequency of the sideband
instability mode in the Titan’s reference frame, wB the
bounce frequency of the trapped particles, defined as wB =
(ekmaxEsat/mi)

1/2, where kmax is the wave number of the
dominant wave mode, and Esat is the maximum, saturated
amplitude of the wave electric field, vph is the phase velocity
of the dominant monochromatic wave electric field parallel
to the direction of propagation. In Figure 9 we have shown
the Fourier spectra of the wave electric field corresponding
to two different evolution stages of the instability: linear and
nonlinear growth (see Figure 9a) and turbulent phase (see
Figure 9b). As we can see from Figure 9a at the end of the
linear growth stage, when a significant number of iono-
spheric ions got trapped into potential wells of the waves,
the main MTSI wave becomes unstable and significant
energy got pumped into another mode with somewhat
higher frequency and wave number which we identify to a
sideband instability mode. According to (7) the frequency
shift corresponding to the n = 1 case may be approximated as
Dw = wSB � wMTSI = a (eEx

maxkMTSI/mI)
1/2 where a is a

number of order unity or less, wMTSI is the frequency of the
dominant linear MTSI mode. Using the corresponding
simulation values of the saturated wave electric field
amplitude (Ex

max � 15 mV/m) and wave number (kMTSI �
1.4 10�3 m�1) values one can obtain an approximate
frequency shift between the two modes of Dw � 0.4 wLH,
which is in agreement with the frequency of the new
instability branch shown in Figure 9a. It can also be shown
that the approximation kSB	 kMTSI also holds, and according
to the simulation results kSB � kMTSI � 0.12 kMTSI.
[43] As the instability further evolves new generations of

sideband instability modes corresponding to higher harmon-
ics of the resonance condition (7) are excited. The wave
spectrum broadens owing to the phase mixing of the trapped
particles and nonlinear wave-particle effects, as seen in
Figure 9b, pumping significant energy in frequency ranges
of 2–3 times higher than the lower hybrid frequency. Using
the typical background plasma and magnetic field values
introduced in case of Figure 2, we obtain a lower hybrid

frequency, nLH � 3 Hz, thus the nonlinearly broadened
wave frequencies may reach values of order 6–9 Hz.
[44] Another important consequence of the generation of

the sideband instability modes is that as a result of the
superposition of the MTSI and sideband instability modes a

Figure 9. Fast Fourier power spectra of the MTSI wave
electric field component parallel to the propagation
direction shown (a) at the end of the linear growth phase
and (b) at the turbulent phase. Wave frequency is normal-
ized to the lower hybrid frequency (WLH), and the wave
number is normalized to the inverse of r*, defined earlier.
The wave electric field energy density is normalized to the
total initial energy density of the system, and the grayscale
bar units are represented in logarithmic scale.
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beat wave mode appears which, according to the simulation
results, propagates at phase velocity vph

Beat � (wSB � wMTSI)/
(kSB � kMTSI) � 0.25 vTp. This phase velocity being
much larger than the propagation speed of the MTSI waves
(vph

MTSI � 0.02 vTp), falls well within the distribution function
of the protons. This leads to a more rapid proton trapping
and also since protons are more effectively scattered on the
beat waves (nonlinear Landau damping) than on the primary
MTSI waves their motion can be ‘‘collectivized’’ resulting
in a more effective plateau formation in velocity space
toward velocities in the vicinity of the phase velocity of
the waves and accordingly a more effective proton heating.

4.3. Effectiveness of the Energy and
Momentum Exchange

[45] One of the primary effects of the wave-particle
interaction due to a particular instability is to reduce the
source of free energy driving that instability, in our case the
kinetic energy of the beam. It is particularly important to
evaluate the energy exchange rate, and correspondingly the
characteristic distance of effective momentum and energy
coupling between the plasma components moving relatively
to each other. After saturation of the MTSI instability and
trapping of a significant part of both beam and ionospheric
ions occurs, the motion of the trapped particles becomes
stochastic within the large amplitude wave potential
troughs. The initial approximate monochromatic wave
spectrum significantly broadens, and the quasilinear
approach becomes applicable. According to the quasilinear
approximation a balance between the linear growth and
nonlinear wave damping is maintained into the postsatura-
tion phase, during which the enhanced fluctuations scatter
the plasma particles. This scattering may be conceived as an
‘‘anomalous’’ particle transport within phase space, and the
associated wave-particle energy exchange rate can be
described by the effective collision frequency. According
to this picture in equilibrium the average momentum loss of
the charged particles has to be transferred to the random
phase waves modes (plasmons) emitted by particles in unit
time, and the effective collision frequency may be defined
as:

neff ¼
1

Pb

Z
d3kgkWk

k � Ub

wkUb

ð8Þ

where Pb and Ub is the drift momentum and drift velocity of
the beam, respectively; Wk and gk is the spectral energy
density and growth rate of the MTSI waves in the
quasilinear phase, respectively. The physical meaning of
this expression is that the rate of momentum loss of the
beam is balanced by the rate of plasmon generation induced
by the instability [see, e.g., Rosenbluth and Sagdeev, 1984].
In our case we can argue that the most unstable mode of the
MTSI instability propagates in the direction of the drift
velocity, so (8) can be further simplified leading in the one-
dimensional case to the expression:

neff ¼ gk k=wkð ÞWk½ �max=Pb ð9Þ

[46] In our case the dominant part of the beam momentum
density is given by the nitrogen/oxygen ions. Assuming that
the wave energy may be determined by formula (4), one can

approximate the effective collision frequency corresponding
to the most dominant wave mode. Using the plasma
parameters measured by the Voyager 2 within the wake of
Titan (ni = nbeam = 0.3 cm

�3,mi = 28AMU,mbeam�16AMU,
Ub = 60–120 km s�1) and the wave energy density
corresponding to the dominant mode obtained by the simu-
lation in this case (Ex = 5–15 mV/m), and using the
approximations (2) and (3) of the solution of dispersion
relation (1), finally one can obtain for the effective collision
frequency: neff � 0.2–1.6 s�1. One can also estimate the
characteristic distance of the spatial diffusion, within which
wave induced energization of the ionospheric ions takes
place, as L � Ub/neff � 75–300 km. This is an order of
magnitude smaller than the length scale needed for an
effective E � B pickup energization determined by the
gyroradius of the ionospheric ions, being approximated by
Rgi � Ub/wci � 3500–7000 km, where wci = eB0/mic is the
cyclotron frequency of the ionospheric pickup ions. This
result suggests that the MTSI mode provides an effective
coupling between the subrotation plasma of Saturn and
ionospheric plasma of Titan within a few hundred kilometers
above the topside ionosphere, while in case of the E � B
pickup the ions leave the flowside mantle region before
being substantially energized by the combined effect of the
motional electric and magnetic forces.

5. Comparison of the Simulation Results With
Cassini CAPS Measurements

[47] The Cassini Plasma Spectrometer, CAPS [Young et
al., 2004], flying onboard Cassini, has three independently
operated sensors: the ion mass spectrometer (IMS) designed
to analyze ion composition and plasma dynamics, the
electron spectrometer (ELS), and the ion beam spectrometer
(IBS) to measure narrow, beam-like distributions without
mass separation. The IMS covers the ion energy-per-charge
range 1 V � E/Q � 50 kV, and the ELS has the electron
energy range 1 eV � E � 28 keV. The whole CAPS
package can be actuated around a rotation axis parallel to
the symmetry planes of the IMS and ELS fields of view. IMS
measures ion energy in 63 channels with logarithmically
increasing energy steps up to �50 keV in 8 elevation
directions, each �20� wide, the field of view in the azimuth
direction was 11� (the azimuth direction is in the actuator
plane, the elevation is perpendicular to it). The IMS allows
detection of E/Q spectra of all ion species (not discriminating
by mass), and also is enabled to perform detailed composi-
tional analyses using the time-of-flight (TOF) technique.
[48] Significant slowing down of drifting magnetospheric

plasma attributed to mass loading was observed by Voyager 1
and confirmed by Cassini in this region. The mass loading
region was more extended in the anti-Saturn side [see Szego
et al., 2005], where the motional electric field (E =�Ub� B)
pointed outward of Titan, and a cold plasma region was
found above the ionosphere. A rapid return to the dynamical
conditions of Saturn’s magnetosphere plasma was observed
when the spacecraft left the ionosphere. Hartle et al. [2006]
showed that this asymmetry can be attributed to the fact that
pickup ions born in the Saturnian side of Titan following
their cycloidal trajectories can easily intercept Titan’s atmo-
sphere where most of them are absorbed. Since that time
more flybys have taken place, enriching these findings.
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[49] We have compared our simulation results with some
of the measurements of the Cassini Plasma Spectrometer
obtained within the interaction region of Titan, and we
found that a number of features of the experimental findings
may be explained within the framework of our theoretical
model. As it was mentioned before, the model presented in
this paper describes the microphysics taking place during
the interaction of the hot streaming plasma environment (of
either magnetospheric or solar wind origin) with the cold
ionospheric ions of Titan’s origin. The range in altitude
above Titan where the model is applicable depends on the
presence of the model conditions.
[50] Figures 10a and 11a illustrate the variation in time of

the edge enhanced ion count-energy spectra measured by
CAPS during the flybys in the flowside and wake region of
Titan, before closest approach (CA) during the T5 flyby on
16 April 2005, and the same after CA during the TA
encounter on 26 October 2004, respectively. During T5
the actuator was set to a fixed position, during the TA
encounter CAPS was actuating, the patchy structure of the
spectra for TA is due to actuator motion. The spatial
orientation of the two corresponding spacecraft trajectories
are illustrated in Figures 10b and 11b; TAwas a tailward, T5
was a polar flyby. During both encounters the ambient
streaming ions had a lower energy component identified
as 1–2 AMU ions, and a higher-energy component identi-
fied as 14–16 AMU ions (see Hartle et al. [2006] for a
more detailed discussion of the CAPS data); and the
magnetic field had a characteristic dipole structure. In
the anti-Saturn side of the spacecraft orbits near Titan, in
the deceleration region, the H+/H2

+ bulk velocity values
measured near the cold plasma region were of about one
tenth of the magnetospheric plasma flow velocities mea-
sured outside of the mass loading region; and remained
more or less stable in the cold plasma region. Time-of-flight
data are also available for the encounters, Hartle et al.
[2006] investigated the TOF spectrograms measured during
the TA flyby and identified 14 and 28 AMU ion signatures
above the ionosphere as most probably being pickup ions of
exospheric (or ion exospheric) origin detected within the
energy range of about 10–35 eV, corresponding to flow

speeds of order of 10–15 km s�1 (see Figure 12 identical to
Hartle et al. [2006, Figure 3d]). In the deceleration region
the higher-energy (higher mass) beam component behaved
differently than hydrogen ions. During the T5 encounter
(shown in Figure 10a) the characteristic energies of the 14–
16 AMU mass beam ions did not change significantly

Figure 10. (a) Time variation in energy of the edge
enhanced contours of count-energy spectra observed during
T5 after CA (16 April 2005, �1912 UT), in one (20� wide)
elevation channel of CAPS-IMS. One full energy sweep
was taken in 4 s. The vertical axis shows time in s relative to
CA, and the horizontal axis is energy in log eV units. The
actuator pointed into the ram direction. At about 1917 UT,
�320 s after CA (�1.6 RTitan), there was a discontinuity in
the magnetic field. After that, both the light and the heavy
ion components of the corotational flow can be seen partly
in this channel of CAPS-IMS. The light ions of the flow
started to decelerate at about 1000 s after CA (�2.65 RTitan),
but the heavy ion component does not show any change
in energy. (b) Geometry of Cassini’s T5 encounter
approaching Titan from the flowside direction. The
coordinate system is centered at Titan with the x axis
pointing in the direction of Titan’s orbital motion, y axis
pointing toward Saturn, and the z axis being perpendicular
to the orbital plane.
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within the hydrogen ion deceleration region. Similar differ-
ences were observed in the deceleration region between the
heavy and light ion components during other flybys, e.g.,
during the T16 pole flyby. For more details of the data see
the figure captions.
[51] The general assumption is that in the mass loading

region the deceleration is due to the E � B pickup of ions of
Titan origin; however, we are not aware of any calculation
that results in a different deceleration of the flow compo-
nents. On the other hand, according to the simulation results
presented in section 3.4 the anomalous friction type forces
generated by wave-particle interaction can decelerate the
proton flow by about the same magnitude: as shown in
Figure 6a, the proton beam bulk velocities dropped from
values of 60–120 km s�1 to final velocities of the order of
8–25 km s�1. The different behavior is also in good
agreement with the prediction of the laminar pickup dis-
cussed in the previous sections, being a consequence of the
fact that during the evolution of the MTSI the electric field
magnitude of the beam generated lower hybrid waves is not
sufficient to trap ions with energies of order of keV. The
flow speed and temperature of the ions in the cold plasma
region above the ionosphere, as derived from Figure 12 also
agree with those derived from the simulation results shown
in Figure 4.
[52] In the case of TAwhen Cassini was crossing the tail of

Titan and approached the ionosphere (shown in Figure 11a)
the signatures of the 14–16 AMU beam ions disappeared
since they were captured by the atmosphere of Titan because
of finite gyroradius effects (according to Sittler et al. [2004]
and Hartle et al. [2006]).
[53] Deceleration of the magnetospheric plasma flow in

the vicinity of the ionosphere may be caused by both mass
loading mechanisms: ‘‘standard’’ E � B, and the laminar
type pickup. However, the plasma conditions and charac-
teristic spatial scales necessary for an effective plasma
coupling are different in each case. According to Dóbé
and Szego [2005], the plasma flow deceleration and pickup
ion energization mediated by MTSI waves may be feasible
only in the presence of cold electrons of ionospheric origin,

thus our simulation results are applicable mainly near the
ionosphere, where significant number of cold ionospheric
electrons are available. Another important feature of the
laminar pickup mechanism is that it requires much smaller
characteristic distances for effective momentum and energy

Figure 11. (a) Time variation in energy of the contours of
count-energy spectra observed during TA before CA
(26 October 2004, �1530 UT), in one (20� wide) elevation
channel of CAPS-IMS. The vertical axis shows time in
seconds relative to CA, and the horizontal axis is energy in
log eV units. The duration of one full energy sweep was 4 s;
only the contour of the counts in the time-energy plot are of
importance here. The patchy structure is due to the actuator
motion. At the beginning of the time interval shown the
light and heavy ion components of the corotational flow can
be seen. The flow started to decelerate at about �1320 s
before CA (at about 4 RTitan); at this point the heavy ion
components are lost in the exosphere. Cassini was in the
ionosphere at about �300 s, the range of actuation was
changed at �430 s before CA, and the actuation was
centered around the ram direction. (b) Geometry of
Cassini’s TA encounter, crossing the wake region of Titan.
The coordinate system is the same as described in the case
of Figure 10. The wake with respect to an ideal corotating
plasma flow is also indicated.
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exchange between the flowing/hot and stationary/cold
plasma than the ‘‘standard’’ E � B type mass loading driven
by the motional electric forces. As shown in section 4.3, the
characteristic scale length of the E � B type pickup ion
energization is defined by the gyroradius of the heavy ions
of ionospheric origin, which is of order of few thousand
kilometers in the vicinity of Titan’s ionosphere. This dis-
tance is comparable to the radius of Titan (RT = 2575 km),
and accordingly defines a space region much larger than
that available within the flowside mass loading region. In
the case of MTSI driven momentum and energy exchange
the characteristic momentum coupling distances are of order
of few hundred kilometers.
[54] The laminar pickup does not exclude the effective

operation of the E � B pickup when geometry makes it
possible. Away to distinguish between the effects of the two
possible pickup mechanisms is the analysis of the pickup
ion velocity distribution function as investigated by Hartle
et al. [2006]. Using the actuator motion of CAPS as an aid
in studying ion distributions they found that the pickup ions
behaved as confined beams within the wakeside mass
loading region. These experimental findings do not contra-
dict to our simulation results since the MTSI driven non-
linear wave-particle interaction may accelerate the heavy
pickup ions to drift velocities of the order of a few km s�1

and thermal energies of the order of a few tens of eV (as
discussed in the previous sections).
[55] Important check of our local hybrid PIC model

predictions would be to compare the predicted wave electric
field spectral power distribution to plasma wave spectral
data measured by Cassini within the plasma mantle of Titan.

Plasma waves were measured in the frequency range of
interest. However, since data analysis has not been pub-
lished yet; this comparison of the model results with wave
data will be possible only at a later stage.

6. Summary

[56] We presented a one-dimensional hybrid particle-
in-cell simulation code retaining the inertia of the electrons
to analyze the microphysics of the interaction between the
subrotational plasma flow of the magnetosphere of Saturn
and the ionosphere of Titan. The interaction leads to exci-
tation of mostly electrostatic waves being generated via a
modified two-stream instability (MTSI). The initial, almost
monochromatic waves are saturated via electrostatic ion
trapping, resulting in electric field amplitudes of the order
of 5–25 mV/m. During the turbulent evolution phase of the
instability wave spectra is significantly broadened by non-
linear wave-particle interaction effects resulting in charac-
teristic frequencies in the 1–10 Hz range.
[57] The MTSI couples the external beam plasma to iono-

spheric ions typically within distances of 100–200 km.
The coupling is very weak for the heavy (14–16 AMU)
beam ion component, their energy and momentum remain
almost unchanged, whereas the light ion component of the
flow, mainly protons lose most of their total momentum and
bulk kinetic energy. The lost beam energy is transferred to
the planetary ions through waves. As a result of the effective
wave-particle interaction, these heavy pickup ions reach
bulk velocities of the order of a few km s�1 and heated by
nonlinear wave particle interaction to the temperature range
of few tens of a eV. The CAPS time-of-flight data were able
to verify some of the most important conclusions of the
model: (1) magnetospheric protons significantly decelerate
in the near ionopause region, (2) during flowside flyby the
heavy component of the streaming magnetospheric ions
did not lose their momentum, and (3) planetary ions
were accelerated and heated to superthermal energies. The
viscous-like interaction within the boundary layer between
the ionosphere of Titan and the Saturnian magnetosphere,
and strong energization of the ionospheric ions by nonlinear
wave particle interaction effects may significantly contribute
to the escape of the ionospheric plasma into the magneto-
sphere, and increase the erosion rate of the atmosphere of
Titan.
[58] Finally, we want to briefly discuss some of the

limitations and further development possibilities of our
1-D local model. Inclusion of more spatial dimensions
would refine our predictions on saturated wave energy
levels and spectral energy distribution. By allowing multiple
spatial dimension for wave propagation one may expect a
moderate reorganization of the energy budget of the system
since the dominant MTSI mode would still propagate in
directions almost perpendicular to external magnetic field
lines and aligned with the bulk motion of the magneto-
spheric/solar wind plasma flow. However, because of the
nonlinear coupling between the wave modes propagating in
different spatial directions the dominant wave electric field
fluctuations would grow to lower energy levels, the order of
magnitude of the 1-D spectral predictions should still hold.
The most natural spatial direction to add to the model would
be perpendicular to the surface of the ionopause enabling us

Figure 12. Time-of-flight spectrum taken between �912 s
and �656 s before CA during TA, between 1514:48 and
1519:07 UT (�2.5 to �1.6 RTitan) UT, in the region above
the ionosphere of Titan. The vertical axis is energy per
charge, E/Q [eV], and the horizontal axis exhibits the ions
resolved. The counts depicted by color are shown in
logarithmic scale (after Hartle et al. [2006, Figure 5d]).
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to estimate the MTSI wave energy flux directed into the
topside ionosphere of Titan. The wave energy absorbed by
the cold ionospheric electron population may serve as an
additional heat source to the ionosphere. The possibility of
the topside heating of the ionosphere of Venus and Mars by
absorbed lower-hybrid-type plasma waves was discussed by
Szego et al. [1991] and Shapiro et al. [1995] in order to
explain the discrepancy between the higher measured iono-
spheric electron temperatures and electron temperatures
calculated by thermal models using UV heating as the only
dominant heat source of the ionosphere. The magnitude of
the heat inflow caused by MTSI waves could be estimated
within the framework of such 2-D hybrid simulation model.
Another possible extension of the present 1-D model would
be a full particle simulation, where both the electrons and ions
could be approximated as macroparticles, using a somewhat
decreased proton to electron mass ratio (mp/me � 200–500).
While this would likely notmodify the general conclusions of
the hybrid simulation, some significant nonlinear electron
heating could also result, providing another experimental
means of checking the theory. Further improvement to the
model could be the release of the periodic boundary condi-
tion, and the use of an ‘‘outflow’’ type boundary condition.
This way the instability may saturate in distance rather than
time. This case would be closer to the reality, and the
simulation results would be solutions of a boundary value
problem, rather than an initial value problem. However, this
model would also need a substantial increase in the size
simulation box: from the present value of about a few kilo-
meters to a box length of order of 100 km. Extension of the
model in two spatial dimensions with nonperiodic boundary
conditions will be the subject of a forthcoming paper.
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