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[1] In this paper we present a study of the beam-driven wave generation mechanisms in
linear approximation which are viable in the flowside plasma mantle of Saturn’s moon,
Titan. The flowside plasma mantle is defined, by analogy with the dayside plasma mantle
of the planet Venus and Mars, as being the interaction region between the ‘‘cold’’
ionospheric plasma and ‘‘hot’’ streaming plasma of magnetospheric or solar wind origin,
with both types of plasma being present in comparable densities. Since no in situ plasma
and field measurements are currently available in Titan’s flowside mantle, we performed
our model calculations in a broad plasma parameter space encompassing the plasma
characteristics determined by Voyager 1 in Titan’s wake. Two types of beam instability
modes were found to be dominant: a fluid-like (nonresonant) modified two-stream
instability (MTSI) and the kinetic (beam resonant) ion-ion acoustic instability (IIAI). The
two instability modes are characterized by distinct frequency ranges (an order or below
the lower hybrid frequency for the MTSI and a few times the lower hybrid frequency
for the IIAI) and are found to be dominant in well-separated spatial regions determined by
the presence/absence of cold ionospheric electrons. Giving a global rather than a specific
description of the instability types expected to be the most important growing modes
within Titan’s flowside mantle, we intend to make predictions concerning the wave
characteristics of the dominant wave modes measurable by the plasma wave instrument on
board the Cassini spacecraft.
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1. Introduction

[2] The exploration of Titan, the largest moon of Saturn,
is one of the main objectives of the Cassini mission. Forty-
four flybys are planned at various encounter distances from
this moon, and close observations will be made of the
plasma features at Titan. Titan is the largest moon of Saturn,
orbiting it from a distance of 1,220,000 km (�20.2 RS,
where RS is the radius of Saturn) in �15.95 days (sidereal
period); its radius RT is 2575 km, and it possesses a dense
atmosphere [Hunten et al., 1984], having an exobase of
�1430 km from the surface. Voyager 1 flew across Titan’s
plasma wake on 12 November 1980 when the moon was
inside Saturn’s magnetosphere. Cassini will explore Saturn
between 2004 and 2006, i.e., �2.3 solar cycles later during
low–solar activity conditions.
[3] The characteristic properties of the interaction of

Titan with its plasma environment are determined by two
major factors.

[4] 1. Because of Titan’s nonexistent or very weak
intrinsic magnetic field the surrounding plasma flow has
direct access to the upper atmosphere and exosphere (sim-
ilar to the case of Venus, Mars, or comets). During the
Voyager 1 encounter this flow was deflected by �20�
relative to the corotation direction.
[5] 2. Titan’s orbit passes through different plasma

regions around Saturn: It may cross the magnetosheath,
the corotation region, and the plasma associated with
Saturn’s tail, and when the solar wind pressure is high, a
portion of the orbit is in the unperturbed solar wind.
[6] According to the Voyager 1’s measurements, when

Titan was located within the magnetosphere of Saturn,
the plasma in the vicinity of Titan was composed of H+

and N+ ions, with densities of 0.1 and 0.2 cm�3 and
temperatures of about 210 eV and 2.9 keV, respectively.
The temperature of the magnetospheric electrons in the
neighborhood of Titan is of the order of 200 eV. The
measured mean plasma flow speed outside the wake of
Titan is �120 km s�1, and the magnetic field is of the
order of 5 nT (Hartle et al. [1982], Ness et al. [1982],
and for a review, see also Neubauer et al. [1984] and
Neubauer [1992]). On the basis of these parameters the
flow is subsonic (sonic Mach number MS � 0.6) and
trans-Alfvénic (Alfvénic Mach number MA � 1.9). The
analysis of the Voyager 1 data gained in the wake of
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Titan showed a complex interaction between the upper
atmosphere of Titan and the magnetosphere of Saturn,
where finite gyroradius effects are essential. The presence
of pickup ions near Titan was detected by the plasma
science instrument on board Voyager 1 and was also
supported by the increased wave activity level observed
by the plasma wave system instrument during the inbound
approach. More recently, Sittler et al. [2004] and E. C.
Sittler et al. (Titan interaction with Saturn’s magnetosphere:
Voyager 1 results revisited, submitted to Journal of Geo-
physical Research, 2004) revisited the original plasma data
analysis of Hartle et al. [1982] and showed that in the outer
pickup region, ion pickup of H+ and H2

+ dominates, while
the plasma flow experienced major mass-loading effects
when it reached the exospheric population dominated by
heavy neutral species. It was also shown that finite gyro-
radius effects resulted in an asymmetric removal of the
ambient plasma from Titan’s exospheric region.
[7] When Titan reaches the magnetosheath or the unper-

turbed solar wind, the streaming plasma consists mainly of
protons. So far, no in situ measurements are available
characterizing the plasma properties of the magnetosheath
or unperturbed solar wind near Titan. According to the
model calculations of Wolf and Neubauer [1982], for an
unperturbed solar density of 0.1 cm�3 and bulk velocity of
400–500 km s�1 the stagnation point of shocked solar wind
is at a distance of �17 RS from Saturn’s center, so Titan will
be located in the magnetosheath for an appreciable fraction
of time [Acuna and Ness, 1980]. In this case the shocked
solar wind proton density varies around a few times
0.1 cm�3, and velocity is 100–300 km s�1, while the
plasma temperature (sum of the electron and proton tem-
perature) is about 7–8 � 107 K. The interplanetary mag-
netic field within the magnetosheath is about the order of
1–2 nT, resulting in a plasma beta of the order of >1. (We
note, however, that Cassini measured much lower sheath
temperature at Jupiter.)
[8] The ionosphere of Titan is formed by three different

ionization processes: (1) photoionization by solar extreme
ultraviolet radiation, (2) electron impact ionization, and
(3) charge transfer of flowing plasma with neutrals. For
planets the first source dominates on the dayside,
although the second source (electron impact ionization)
can make a significant contribution if the electron ener-
gies are elevated [Zhang et al., 1993]. In the mantle
regions of Venus and Mars the charge transfer interaction
of solar wind protons with neutral oxygen, in which the
protons are removed from the flow and are replaced by
heavy ions initially at rest, makes a contribution to mass
loading. For satellites in the inner magnetospheres of
outer planets (e.g., Io and Europa at Jupiter), electron
impact ionization associated with energetic magnetospheric
electrons is more important than photoionization. On the
nightside of Venus and Mars, other ionization processes
form the nightside ionosphere. Around Titan, when the
moon is inside the corotation region, the position of the
Sun relative to corotating plasma flow direction varies and
significantly increases the complexity of the plasma inter-
action. The relative importance of the ionization processes
in the case of Titan was discussed by Nagy and Cravens
[1998]; they concluded, in agreement with Keller et al.
[1992], that the main source is photoionization, followed

by photoelectron impact and finally magnetospheric elec-
tron sources (impact ionization due to the corotating flow
can be �20% of solar EUV). Evidently, the structure of
Titan’s ionosphere inside magnetosphere depends on the
relative angle of the directions of the particular ionization
process.
[9] At Titan, kinetic effects associated with the im-

pinging plasma may further complicate the ionosphere
structure. In a global hybrid simulation reported by
Brecht et al. [2000] the scale of the interaction region
was dominated by the heavy ion gyroradii of the ambient
and pickup ions rather than by the size of Titan and was
found to depend on the mass loading of the magneto-
spheric flow encountering Titan. Kopp and Ip [2001]
also pointed out that since the gyroradius of N+ ions in
the impinging flow can be much bigger than RT, such
ions might be recaptured on the other side, contributing
to ionospheric heating. Though Hartle et al. [1982]
attempted a kinetic description of the plasma environ-
ment of Titan, current models [Cravens et al., 1998;
Ledvina and Cravens, 1998; Kabin et al., 2000] assume
that a MHD description of the interaction of the imping-
ing plasma with Titan’s ionosphere is an acceptable
approximation.
[10] Several hydrodynamic and MHD models were de-

veloped in recent years describing the composition and
thermal structure of Titan’s ionosphere [see, e.g., Keller et
al., 1992; Roboz and Nagy, 1994; Cravens et al., 1998]. The
main ionization and heat sources incorporated in these
ionospheric models are solar EUV radiation and impact
ionization of energetic electrons of magnetospheric or solar
wind origin. The resulting dominant ion species within the
topside ionosphere were given the generic name of mass
28 amu (C2H5

+, H2CN
+, and N2

+), and the ion temperatures
turned out to be extremely cold, of the order of TI� 0.035 eV.
The temperature of the thermal component of the iono-
spheric electrons is in the range of 2–3 times the cold ion
temperature.
[11] The objective of this and a forthcoming paper is to

predict possible wave excitation modes and ion distribu-
tions observable during Cassini flybys, characteristic of
regions around Titan, where streaming plasma is directly
impinging Titan’s ionosphere. We call this plasma region
here the ‘‘flowside’’ mantle in analogy to the dayside
mantle region of Venus and Mars [Spenner et al., 1980;
Lundin et al., 1990; Nagy et al., 1990, and references
therein] because in this region around Titan both the
ionospheric plasma and the plasma of the impinging flow
are present in comparable number densities. The iono-
spheric plasma can arise within the plasma mantle from
newly photoionized, impact-ionized, or charge-exchanged
neutrals originating from the upper atmosphere of Titan
or may escape from the ionosphere into the hot magne-
tospheric plasma or solar wind.
[12] Theoretical studies support the idea that significant

collisionless momentum and energy exchange are taking
place in this transition region because of wave-particle
interaction, resulting in a highly turbulent layer, where
even the bulk properties of the plasma would significantly
change because of this so-called ‘‘anomalous viscosity’’
[Sagdeev et al., 1990]. Two types of instability modes
were proposed as explanations of the observed wave
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activity in the Venus and Mars plasma mantle: the lower
hybrid drift and modified two-stream instability with
typical frequencies in the vicinity of the lower hybrid
frequency and wavelength of the order of solar wind
electron gyroradius [Szego

0 0
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 the order
of electron Debye length. Szego

0 0
et al. [2000] 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.
[13] This paper is devoted to studying the viability of

possible linear plasma wave generation mechanisms and
physical characteristics of these instabilities within the
plasma transition region between the ionosphere of Titan
and the plasma flow encountering the ionosphere. We
shall make direct predictions concerning the wave char-
acteristics and spatial locations of the dominant instability
modes that the plasma wave instrument on board Cassini
could detect. The chosen model parameter space was
large enough so that it enclosed the plasma parameter
values determined by in situ measurements of Voyager 1
and MHD model calculations describing the plasma
environment of Titan within both Saturn’s magnetosphere
and solar wind. Thereby our results provide a global
rather than a specific point of view. On the basis of these
calculations we would also like to discuss which insta-
bility type may be expected to be the most important,
growing modes in different altitude regions in order to
facilitate the comparison with the observations of the
Cassini mission.
[14] In a forthcoming paper, using hybrid particle-in-cell

simulation, we will study the nonlinear time evolution of
the instability modes generated within the flowside plasma
mantle of Titan. That will allow us to make certain
predictions for the wave analyzer and charged particle

analyzer on board Cassini on the saturated wave electric
field energy and energy distribution function of the super-
thermal particles accelerated by nonlinear wave-particle
interactions.

2. Linear Dispersion Relation Analyses
of Beam Instabilities

[15] Plasma waves within the flowside plasma mantle
of Titan can be excited because of the interaction between
the hot, streaming magnetospheric or solar wind plasma
and cold, stationary plasma of ionospheric origin. In this
section we present the Vlasov theory of the beam-driven
instability modes having their free energy source in the
relative drift motion between the different plasma com-
ponents present within the flowside plasma mantle of
Titan.
[16] Figure 1 is a schematic illustration of the physical

model used in this paper. 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.
[17] In our model configuration we considered spatially

homogeneous, Maxwellian plasma in velocity space with a
uniform external magnetic field, and the dispersion equation
was written for the low-frequency limit, wci � w � wce,
assuming magnetized electrons and unmagnetized ions.
Here wc(i,e) = eB0/m(i,e)c is the gyrofrequency of the ions,
where i = p (protons), N+ (nitrogen ions), and I (ionospheric
ions), and e is electrons. We shall use the standard notations
where ni and ne are the ion and electron densities and mi and
me are their masses, respectively. The plasma frequency of
ions and electrons is wp(i,e) = (4pe2n(i,e)/me)

1/2, and 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, can be approximated as wLH � (wcpwce)
1/2.

The Debye length of the ions or electrons of the hot (h)
magnetospheric or solar wind and cold (c) ionospheric
origin is l(i,e) = (kBT(i,e)/4pn(i,e)e

2)1/2. The thermal
gyroradius is r(i,e) = VT(i,e)/wc(i,e), the thermal velocity is
VT(i,e) = (kBT(i,e)/m(i,e))

1/2, and the drift velocity vectors
corresponding to the ions and electrons are Ui and Ue,
respectively. The light velocity is c, and the Botzmann
constant is kB.
[18] We also used the unmagnetized ion approximation

which is valid for waves with characteristic timescales
much larger than the gyroperiod of the ion cyclotron
motion and for wavelengths much smaller than the ion
gyroradius. It is also assumed that electron cyclotron
damping is unimportant, i.e., (we/

ffiffiffi
2

p
kk VTe)

2 � 1. The
component of the wave vector k parallel to the external
magnetic field B0 is kk. Without losing generality we can

take k parallel to Ox and B0 lying within the Oxz plane.



Following Wu et al. [1983], the dispersion relation can be
written as follows:
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where

F1 � �wZ wð Þme�m I0 � I1ð Þ;
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ffiffiffi
2

p
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wZ wð Þ ffiffiffi
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F5 � �w2 1þ wZ wð Þ½ �e�mI0:

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

p
exp

(�x2)[1 + erf(ix)], where erf is the error function, K0(m) =
I0(m)e

�m, In is the Bessel function of nth order, and m �
k?
2 re

2/2, where k? is a vector component of k perpendicular
to B0. The resonance term w corresponds to different
charged particle populations. In the case of magnetized
electrons, we = (w � kUe)/

ffiffiffi
2

p
kk VTe; similarly, in the case of

unmagnetized ions, wi = (w � kUi)/
ffiffiffi
2

p
kVTi, where i

represents protons, N+ ions, and ionospheric ions.
[19] Here we have presumed that the reference frame is

linked to Titan (the ionospheric ion drift velocity is zero). The
bulk velocity of the electrons is determined by the current
neutrality assumption used throughout this study. This means
that the drift velocity of the electron population is determined
in such way that SjqjnjU0j = 0, where qj, nj, and U0j are the
electrical charge, number density, and drift velocity of the jth
type of charged particle. Current neutrality is a consequence
of the absence of the magnetic shear and is also required by
the one-dimensional hybrid particle-in-cell simulation
describing the wave evolution within the plasma mantle used
in a forthcoming paper. For the sake of consistency we
introduce current neutrality here as well. It can be proven
that releasing this condition in the analytic dispersion relation
does not alter the physical nature and evolution of the
instability modes discussed, at least in their linear stage.

3. Parameter Dependence of the Wave Excitation
Processes in the Flowside Mantle of Titan

[20] In this study we analyze how the solution w + ig
of the general dispersion relation (1) depends on inde-

pendent, dimensionless plasma parameters such as ion
beam drift velocity normalized to the proton thermal
velocity, ion beam number density normalized to the total
electron density, beam ion and electron temperature
normalized to the ionospheric ion temperature, iono-
spheric ion mass normalized to the proton mass, and
electron plasma beta (be = 8pkBneTe/B0

2).
[21] By analogy with the Venus and Mars dayside

mantle, two instability types generated by the relative
drift between the different plasma components existing
within the flowside mantle of Titan were considered:
‘‘lower hybrid–type’’ instability modes with characteristic
frequencies in the vicinity of the local proton lower
hybrid frequencies and ‘‘ion acoustic–type’’ instability
modes ranged at somewhat higher frequencies of the
order of the local ionospheric ion plasma frequency. In
the case of the lower hybrid–type instabilities the pres-
ence of magnetized electrons is needed. The instability
mode driven by the relative drift between two unmagne-
tized ion components gives rise to the so-called lower
hybrid drift instability (LHDI) waves which typically
propagate in a very narrow range of angles close to
directions perpendicular to the external magnetic field.
More obliquely propagating waves are generated by the
so-called modified two-stream instability (MTSI) scenario
driven by the relative cross-field drift of unmagnetized
ions and magnetized electrons. (For a detailed discussion
of the properties of these modes, see, for example, Wu et
al. [1983], Bingham et al. [1991], and Shapiro et al.
[1995].) In the case of higher electron temperatures (Te �
TI) the wave dispersion properties become similar to
those of ion acoustic waves. Using the nomenclature of
Gary and Omidi [1987], two types of instability branches
can be distinguished: electron-ion and ion-ion acoustic
instabilities (IIAI), depending on whether the relative drift
driving the instability is between electrons and ions or
ions and ions. It is important to note that the ion
acoustic– type instability modes are insensitive to the
presence of the background magnetic field since the
dominant wavelengths are of the order of the Debye
length and are much shorter than the electron gyroradius,
i.e., k?

2 re
2 � 1.

[22] Because of their fluid nature the LHDI waves are
strongly quenched at beam ion temperature ranges charac-
teristic to the proton and nitrogen ions measured by Voyager
1 within Saturn’s magnetosphere, so we do not consider this
instability branch for Titan’s flowside mantle in this paper.
Analyses of the dispersion relation (1) show that two
different, predominantly electrostatic MTSI modes may
exist. One is of a kinetic-type branch having frequencies
several times the lower hybrid frequency and being the
result of the resonant interaction between solar wind protons
and cold, magnetized ionospheric electrons, as proposed by
Shapiro et al. [1995] for Venus. Because of its kinetic nature
this branch develops much slower than the second, fluid-
type MTSI mode for beam ion temperatures characteristic to
flowside Titan mantle. These waves have characteristic
frequencies below the lower hybrid frequency and are
generated by nonresonant interaction between the cold,
ionospheric ions, i.e., wI = w/

ffiffiffi
2

p
kVTI � 1, and the magne-

tized electron beam, also originating from the ionosphere,
i.e., we = (w � kue)/

ffiffiffi
2

p
kkVTe � 1, and created by fast E �
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B pickup. Electron pickup takes place over a few electron
gyroperiods, a time interval much shorter than the lower
hybrid period. According to Dóbé et al. [1999], 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 fields 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.
[23] The scenario of ion acoustic–type wave generation

is quite different since in this case the instability mode is of
resonant type, i.e., we,I = (w � kue,I)/

ffiffiffi
2

p
kVTe,I < 1, and is

driven by inverse Landau damping. Accordingly, the
growth rate very much depends on the slope of the velocity
distribution function of the charged beam particles (elec-
trons and ions) moving within the resonance velocity range
enclosing the wave phase velocity. This feature will be
further discussed in section 3.2.
[24] Another important feature of the ion acoustic mode

is its sensitivity to the electron temperature or, more
specifically, to the presence of the cold electron compo-
nent originating from the ionosphere. In Figure 2 the
wave frequency and growth rate normalized to wLH are
shown as a function of wave number normalized to r* =

VTp/wLH =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tp=Te
	 
q

re (scale length comparable to
electron gyroradius calculated with proton temperature)
for three different values of cold electron number densi-
ties: nec/ne = 10�4 (line 1), 10�3 (line 2), and 2 � 10�2

(line 3). The results demonstrate how the dominant ion-
ion acoustic branch is stabilized because of Landau
damping by the presence of a cold electron population
at relative number densities as low as �1%. It can be
seen that even at these cold electron density ratios the
dominant instability is the cold electron beam-driven
MTSI mode and the frequency corresponding to maxi-
mum growth rate is below wLH. By gradually decreasing
the density of cold electrons from nec/ne = 2 � 10�2 to
10�4 the IIAI waves become dominant with typical real
frequencies in the range of a few times wLH, close to the
ionospheric ion plasma frequency. Correspondingly, the
two types of instability modes in the simultaneous pres-
ence of substantial cold and hot electron densities cannot
exist together. This behavior of the ion acoustic branch
was already discussed by Szego

0 0
et al. [2000] for con-

ditions relevant to the plasma mantles of Venus and
Mars. Here we just want to further emphasize the
importance of this behavior, which enables us to conclude
that it is sufficient to describe the electron population by
a single-temperature Maxwellian distribution function,
corresponding to either cold electrons (of ionospheric
origin) with typical temperature of the order of a fraction
of eV or hot electrons (of magnetospheric or solar wind
origin) with characteristic temperatures of the order of a
hundred eV. In sections 3.1 and 3.2 we separately
investigated the model parameter dependence of the two
dominant instability modes.

3.1. Modified Two-Stream Instability

[25] Figure 3 shows the solution of the dispersion relation
(1) corresponding to the MTSI mode for different ion beam
velocities (u � Ub/VTp = 0.5, 1, 2, and 3) as a function of
wave propagation angles relative to the external magnetic
field, q = arccos(kk/k). For fixed q values we have calculated
the wave frequencies, wm (Figure 3a), and wave numbers,
km (Figure 3c), corresponding to growth rates, gm,
maximized over the wave numbers (Figure 3b). The
frequencies and growth rates are normalized to the lower
hybrid frequency, wLH = (wcpwce)

1/2, while the correspond-
ing wave numbers to electron gyroradius are calculated
with proton temperature, r* = (Tp/Te)

1/2re. Here and in the
following results the direction of propagation of the MTSI
waves is constrained to lie within the plane defined by the
directions of ambient magnetic field and the relative
plasma drift velocity vector. With the use of sample
calculations one can demonstrate that the maximum
growth rate for these types of waves does correspond to
this case.
[26] An analytic approximation of the MTSI-type solu-

tion of the general dispersion is also shown for comparison
(thick solid line labeled ‘‘An.Sol.’’ in Figure 3) for the case
of u = 1. In the magnetized, cold fluid electron approxima-
tion, corresponding to the case when the electron resonance
term we = j(w � kUe)/

ffiffiffi
2

p
kkVTej � 1, the electron plasma

function can be approximated by the expression Z(we) ffi
�1/we. The most unstable mode corresponds to the case
when the Doppler-shifted wave frequency (w � kUe)

Figure 2. Variation of normalized frequency, wm/wLH

(solid line), and growth rate, gm/wLH (dotted line), in
function of normalized wave number, kmr*, at three
different ratios of cold to total electron number densities,
nec/ne: 0.01% (ion-ion acoustic instability (IIAI) mode,
lines 1), 0.1% (lines 2), and 2% (modified two-stream
instability (MTSI) mode, lines 3). These results correspond
to average beam plasma parameters close to the ones
measured by Voyager 1 at Titan [Hartle et al., 1982]: Ub =
120 km s�1, np = 0.1 cm�3, nN+ = 0.2 cm�3, Tp = 210 eV,
TN+ = 2.9 keV, and Te,hot = 200 eV. External magnetic field
is B0 = 5 nT [Ness et al., 1982]. Ionospheric ion and
electron temperatures were calculated by Roboz and Nagy
[1994]: TI = 0.035 eV and Te,cold � 2 TI. The mass of the
dominant ionospheric ion species was taken to be mI = 28
amu. Specific angles of wave propagation used in these
calculations correspond to the fastest-growing mode: q =
83.5� and a = 0�, where q and a are wave propagation
angles relative to the external magnetic field and bulk
velocity vector, respectively.
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coincides with the frequency of the plasma eigenmode,
which in our case is the whistler mode. (This is similar to
the Bunemann instability in an unmagnetized plasma, when
the plasma eigenmode coincided with the Langmuir
frequency.) The fluid-type resonance condition can be
written as

kUe � wcekkkc
2= k2c2 þ w2

pe

� �
; ð2Þ

determining the wavelength corresponding to maximum
growth rate. We also can easily find an approximate solution
corresponding to the resonance condition using the fluid
electron approximation

wm þ igm � 1

2

� 
4=3
ni

ne

me

mI

� 
1=3 k2c2 þ w2
pe

k2kc
2

 !1=3

1þ i
ffiffiffi
3

p� �
k � Ue;

ð3Þ

where index m indicates the fastest growing mode. The
effect of the beam protons and nitrogen ions on the linear
evolution of the instability can be neglected because of their
large drift velocity compared to the phase velocity of the
MTSI waves.
[27] In this fluid electron limit, no electron Landau

damping may occur, and the MTSI waves can propagate
along arbitrary angles relative to the magnetic field. Both
frequencies and growth rates are monotonically increasing
with decreasing propagation angles independently of the
beam drift velocity. As shown in Figure 3, the agreement
between the analytically approximated and numerical
solution breaks down when a significant part of the cold
electron component becomes ‘‘more resonant’’ with the
magnetized electron beam; that is, we becomes of the order
of unity. In this regime the MTSI waves propagating on
decreasing angles relative to the magnetic field lines are
gradually Landau damped by cold electrons, and the fluid
electron approximation loses its validity. Numerical results
show that both the frequency and growth rate
corresponding to different beam velocities show maxima
at magnetized electron resonance term values, jwej,
between 4 and 5. The maximum growth rates and the corre-
sponding wave frequencies increase with increasing beam
velocities. It can also be seen from Figure 3 that with
increasing beam drift velocity the direction of propagation
of the dominant modes becomes less perpendicular and
the width of unstable propagation angle range increases.
For a given beam drift velocity the wave numbers mono-
tonically decrease with increasing propagation angles;
however, the wave numbers corresponding to growth rates
maximized over both wave numbers and propagation
angles hardly change their values of �13/r* with the
beam velocity.
[28] It can be shown that the excited MTSI waves are

predominantly electrostatic, i.e., (wpe/kc)
2 � 1, for the cold

electron plasma beta limit. For example, be = 8pkBneTe/B0
2 �

5 � 10�4, calculated for the plasma parameters given in
Figure 2. Using this electrostatic limit, we can further
reduce the analytical expression (3) of the MTSI-type
solution of the general dispersion relation (1) to wm + igm
� (1/2)4/3(nI/ne)

1/3(mp/mI)
1/3k1/3(1 + i

ffiffiffi
3

p
)wLH by

Figure 3. Beam velocity dependence of (a) wave
frequency, wm/wLH, (b) growth rate, gm/wLH, and (c) wave
number, kmr*, corresponding to the fastest growing MTSI
modes. The beam velocities are u � Ub/VTp = 0.5 (solid
line), 1 (dotted line), 2 (dashed line), and 3 (dot-dashed
line). All the general solutions of the dispersion equation (1)
represented by thin lines correspond to electron plasma beta,
be = 5 � 10�4, except the thick dot-dashed line in Figure 3b
which represents the MTSI growth rate corresponding to
be = 10�2. Analytical approximation of the solution of
dispersion relation in the case of u = 1 (corresponding to
cold, magnetized fluid electrons) is represented by the thick
solid line. Other relevant plasma parameters are fixed and
identical to the ones used in Figure 2.
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assuming wave propagation parallel to the beam drift
velocity, kUe = kUe. Here we introduced the dimensionless

variable k = (kk/k)
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mp=me

	 
q
, measuring the angle of wave

propagation relative to the external magnetic field, q =

arccos[k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
me=mp

	 
q
].

[29] However, finite beta effects may play an important
role at higher beta values in the case of the MTSI mode. In
order to demonstrate this effect, in Figure 3b we present
(thick dot-dashed line) the solution of the dispersion relation
(1) corresponding to the u = 3 case, using a somewhat
higher electron plasma beta, be = 10�2. (All other plasma
parameters were kept unchanged.) It can be seen that for
wave propagation directions close to perpendicular the
MTSI mode was quenched or significantly reduced. This
behavior can be analytically expressed by using the fluid
electron approximation again. Accordingly, it can easily be
shown that the instability can be stabilized by electromag-
netic effects if Ue/V*A � (1/2)k, where V*A is the Alfvèn
velocity calculated with electron density and proton mass,
V*A = B0/(4pnemp)

1/2. (A similar conclusion was derived
previously by McBride and Ott [1972] for the electromag-
netic effects on the MTSI on the basis of fluid description.)
For a given beam velocity and electron plasma beta this
relation can be translated to the condition for unstable wave
propagation direction: k = (mp/me)

1/2cos q � (nb/ne)[2(TP/
Te)be]1/2u.
[30] One can also easily demonstrate the consistency

of the unmagnetized ion condition with the solution of
the dispersion relation. By using the electrostatic form
of the analytical approximation of the frequency and
growth rate of the dominant MTSI waves we
can approximate the ratio of the characteristic timescale
of the fastest growing mode to the ion gyroperiod as
tMTSI/Tci � (1/2p)(ne/nI)

1/3(me/mp)
1/2(mI/mp)

1/3(mp/mi)k
�1/3,

resulting in values of the order of or less than 10�2 for
considerable ionospheric ion densities, nI (nI/ne � 0.1–0.9),
and for all ion types (where imay represent protons, nitrogen
ions, or ionospheric ions). Moreover, the dominant MTSI
wavelength is compared to the gyroradius of the different ion
species as kmri � k(mp/me)

1/2(mi/mp)
1/2(Ti/Tp)

1/2(ne/nb)u
�1,

where we make use of the resonance condition (2). At beam
velocity comparable to proton thermal velocity, u = Ub/VTp

� 1, and wave propagation direction, k, corresponding to the
fastest growing mode, it can be readily seen that kmrci is
of the order of or greater than 10, where ri = vTi/wci.
Accordingly, we can conclude that the ion gyromotion does
not significantly alter the evolution of the MTSI mode at
least during the linear growth phase.
[31] Figure 4 shows the parameter dependence of the

dominant MTSI mode on the beam density normalized to
the electron density, nb/ne (Figure 4a); cold electron tem-
perature normalized to the ionospheric ion temperature, Tec/
TI (Figure 4b); and the ionospheric ion mass normalized to
the proton mass, mI/mp (Figure 4c). During the calculations
the rest of the parameters were kept at fixed values
corresponding to the average plasma conditions observed
by Voyager 1 spacecraft near Titan [Hartle et al., 1982] and
also determined by the ionospheric model calculations
[Roboz and Nagy, 1994] used in Figure 2.
[32] Figure 4a illustrates the normalized characteristics

frequency, wm (solid line), and wave number, km (dashed

Figure 4. Dependence of the MTSI-type solution of the
dispersion relation (1) on (a) beam density, nb/ne, (b) cold
electron temperature, Tec/TI, and (c) ionospheric ion mass,
mI/mp. The wave frequency, wm/wLH (solid line), growth
rate, gm/wLH (dotted line), and wave number, kmr* (dashed
line), correspond to the fastest growing modes determined
by maximizing growth rate over wave numbers and
propagation angles (q) relative to the magnetic field. Other
plasma parameters are fixed and identical to the ones used
in Figure 2.
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line), corresponding to growth rate, gm (dotted line), max-
imized over wave numbers and propagation angles of the
MTSI wave modes in function of the normalized beam
density. Both the wave frequency and growth rate show
maxima at slightly different corresponding beam densities
and propagation angles relative to the magnetic field. The
largest wm occurs at nb/ne = 0.55 and qm � 82�, and
the maximum of gm is at nb/ne = 0.4 and qm � 84�. The
dominant wave modes propagate at approximately linearly
decreasing angles varying from qm = 88� to 77� while beam
densities increase from 0.1 to 0.9.
[33] In Figure 4b we plot the wave characteristics of the

fastest growing MTSI mode in function of the normalized
ionospheric electron temperature. As we can readily see, the
wave frequencies, growth rates, and wave numbers are
monotonically decreasing, while the corresponding propa-
gation angles, q, are monotonically increasing with increas-
ing ionospheric electron temperatures. This behavior is a
consequence of the fact that an increase in the cold electron
temperature, while keeping all other parameters constant,
reduces the electron resonance term, jwe,coldj � (k/k)�Ue/ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 cos qVTeð Þ
p

and increases the propagation angle of the
dominant modes to values where the electron Landau
damping becomes important. In other words, by increasing
the ionospheric electron temperature the propagation angle
corresponding to the maximum growth rate is becoming
more perpendicular to the magnetic field lines, while the
range of the unstable wave propagation angle becomes
narrower.
[34] Since no in situ ion composition measurements of

Titan’s ionosphere are available so far, we have investigated
separately the effect of the cold ionospheric ion mass
variation on the dispersion properties of the MTSI waves.
As seen in Figure 4c, the frequency and growth rate of the
fastest growing MTSI mode monotonically decrease with
increasing ion mass approximately proportional to MI

�1/3 in
agreement with the analytical solution (3) of the dispersion
relation (1). Also in agreement with the resonance condition
(2), no significant ionospheric ion mass dependence of the
dominant wave numbers was found in the case of the MTSI
waves in the 1–28 amu range.

3.2. Ion-Ion Acoustic Instability

[35] Similar to the MTSI case, we analyze the model
parameter dependence of the IIAI-type solution of
the dispersion relation (1) using the hot electron limit.
Figure 5 shows the ion beam velocity dependence of the
real wave frequencies (Figure 5a) and wave numbers
(Figure 5c) corresponding to the growth rates (Figure 5b)
maximized over wave numbers of the ion acoustic
plasma waves. The illustrated curves are represented as
a function of wave propagation angle, a, relative to the
beam/core drift velocity direction, i.e., a = arccos(UbB0/
UbB0), and each curve corresponds to a given beam
velocity.
[36] It can be easily seen from Figure 5 that the ion

acoustic waves can propagate in a wide range of propaga-
tion angles and the frequency and wave numbers only
weakly depend on the wave propagation angles. This result
can easily be understood if one uses the kinetic limit of the
Z function, Z(w) ffi i

ffiffiffi
p

p
� 2w being valid for the case when

the resonance term we,p,N+ = jw � kUe,bj/
ffiffiffi
2

p
VTe,p,N+k � 1,

Figure 5. Beam velocity dependence of (a) wave
frequency, wm/wLH, (b) growth rate, gm/wLH, and (c) wave
number, kmr*, corresponding to the fastest growing IIAI
modes. The beam velocities are u � Ub/VTp = 0.5 (dotted
line), 1 (solid line), 2 (dashed line), and 3 (dot-dashed line).
The analytically approximated solution of the dispersion
relation in the case of u = 1 (corresponding to hot,
unmagnetized, kinetic electrons) is represented by the thick
solid line. Other relevant plasma parameters are fixed and
identical to the ones used in Figure 2.
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written for hot, unmagnetized electrons, protons, and N+

ions, when approximating the numerical solution of the
dispersion relation (1). According to this approximation it
can be shown that the wave number of the dominant mode
is of the order of proton Debye length:

kmlDp ¼
ffiffiffiffiffiffiffiffiffiffiffi
1=2ð Þ

p
1þ xð Þ1=2: ð4Þ

The corresponding real wave frequency scales with the
ionospheric ion plasma frequency:

wm ¼ wpI

klDp

1þ xþ klDp

	 
2h i1=2 ; ð5aÞ

where x = (T�/( T� =(T�/(T� T�/( T+ =(T+T�



resonance velocities decreases, and so does the growth rate.
On the other hand, the wave frequency, wm, is almost
insensitive to the electron and proton temperature variation.
Regarding the physical behavior of km, we can conclude

from Figure 6b that by increasing the hot electron temper-
ature the wavelength of the dominant IIAI mode increased
by a factor of �2.6. However, since the wave number of the
dominant IIAI mode was normalized to the proton Debye
length, a similar relative increase in the proton temperature
increased the characteristic wavelength of the oscillations
only by �8%.
[42] Finally, we also investigate the effect of the iono-

spheric ion mass variation on the IIAI wave properties (see
Figure 6c). Here the main conclusion drawn is qualitatively
similar to the one obtained in the MTSI case; namely, the
frequency and growth rate of the ion acoustic waves
monotonically decrease with the increasing ionospheric
ion mass, while the dominant wave number is insensitive
to the ion mass variation. The decrease in wave frequency
is approximately proportional to mI

�1/2 according to
equation (5a). Some discrepancy between the analytically
approximated and general solution occurs in the mI � 1–6
amu range because the condition kUb � w used in the
derivation of the approximated dispersion relation of the
IIAI mode was no longer valid.

4. Summary and Discussion

[43] Cassini will be the first spacecraft to measure in situ
plasma waves and charged particles within Titan’s flowside
interaction region (analogous to the dayside plasma mantles
of Venus and Mars); therefore it is appropriate to anticipate
these measurements using theoretical model calculations
based on currently available experimental and theoretical
knowledge. In this paper we have investigated possible
mechanisms for generation of broadband plasma waves
within the flowside mantle of Titan and carried out a
parametric study of the possibly dominant beam-driven
instability modes in a wide plasma parameter space within
the framework of the linear Vlasov dispersion theory.
[44] Two different types of wave generation mechanisms

were found to be existing within the flowside plasma mantle
of Titan. One is the so-called modified two-stream instabil-
ity (MTSI). In this case, among the different possible driver
beam plasma components (protons, N+ ions, and electrons)
the dominant instability branch turned out to be the relative
drift between the cold, magnetized electrons of ionospheric
origin picked up rapidly by the streaming plasma and the
cold ions originating from the upper atmosphere of Titan
either born within the mantle by photoionization, electron
impact ionization, and/or charge exchange or escaping into
the hot magnetospheric/solar wind plasma from the iono-
sphere. Another instability type which may only become
dominant in the absence of the cold electron population is
generated by the hot, unmagnetized proton beam interacting
with the background ionospheric ions via the mechanism of
inverse Landau damping (beam resonant kinetic instability).
This instability branch may be identified as an ion-ion
acoustic instability (IIAI).
[45] Table 1 presents some physical plasma parameter

ranges which were selected to mainly overlap the normal-
ized plasma parameter space used in section 3 and presum-
ably may be encountered by the Cassini spacecraft above
the flowside ionosphere of Titan. On the basis of these
model parameters we have solved the dispersion relation (1)
and calculated the corresponding variations in the wave

Figure 6. Dependence of the IIAI-type solution of the
dispersion relation (1) on (a) beam density, nb/ne, (b) hot
electron temperature, Teh/TI (thin lines), and beam proton
temperature, Tp/TI (thick lines), and (c) ionospheric ion
mass, mI/mp. The wave frequency, wm/wLH (solid line),
growth rate, gm/wLH (dotted line), and wave number, kmr*
(dashed line), corresponding to the fastest growing mode are
determined by maximizing the growth rate over the wave
numbers and propagation angles relative to the beam drift
velocity, a. Other plasma parameters are fixed and identical
to the ones used in Figure 2.

A03224 DÓBÉ AND SZEG}O: WAVE ACTIVITY IN TITAN’S PLASMA MANTLE

10 of 13

A03224



characteristics (wave frequency and wavelength) of the
fastest growing MTSI and IIAI modes, respectively. During
the calculations the listed plasma parameters were changed
one at a time while the rest of the parameters were kept at
fixed values corresponding to the average plasma conditions
observed by Voyager 1 spacecraft within the wake of Titan
[Hartle et al., 1982] and also were determined by the
ionospheric model calculations [Roboz and Nagy, 1994].
(For a list of these average model values, see Figure 2
caption.) Since the ion acoustic–type waves are strongly
damped by even a small amount of cold electrons (illus-
trated in Figure 2), the two modes cannot exist together. The
MTSI mode may be dominant closer to the topside iono-
sphere, while the IIAI mode may be operational only at
higher altitudes above the ionosphere, where the cold
electron density nec � 0. It can be seen that within the
parameter range of Table 1 the wave frequency of the
dominant MTSI mode depends mostly on strength of
the external magnetic field and the ionospheric ion mass,
the frequency being approximately proportional to the lower
hybrid frequency, nLH = (1/2p)(me/mp)

1/2(eB0/mec), and
inversely proportional to the cubic root of the ionospheric
ion mass according to equation (3). It can be similarly
shown, using the resonance condition (2), that the dominant
MTSI wavelength increases approximately proportional
with the square root of the cold electron temperature and
inversely proportional with the magnetic field. In the case of
the IIAI mode the dominant wave frequency (with
equation (5a) being proportional to the ionospheric ion
plasma frequency, npI = (1/2p)(4pnIe

2/mI)
1/2, at fixed total

plasma density (i.e., np = nb + nI = const)), decreases with
increasing beam density (nb) and ionospheric ion mass (mI).
The dominant wavelength of the IIAI mode is less sensitive
to changes in the model parameters of Table 1 than in the
case of the MTSI waves.
[46] In order to predict possible Cassini wave activity

observations within the flowside plasma mantle region of
Titan we have partly based our calculations on the results of
the two-dimensional MHD model of Cravens et al. [1998]
describing the large-scale interaction of the corotating
magnetospheric plasma of Saturn with the ionosphere of
Titan. According to this model a magnetic barrier is formed
in the topside ionosphere/mantle region, with peak magnetic
field values in the ram direction of �18 nT occurring at
altitudes around 1900 km. We took this altitude as the lower

boundary of the interaction region, acknowledging, though,
the fact that very likely, there is no sharp ionopause at Titan.
The ion species included in the model are generic light
(�1 amu mass, e.g., H+), medium (�14 amu mass, e.g.,
N+), and heavy (�28 amu mass, e.g., H2CN

+) species.
Figure 7a illustrates the altitude variation of the plasma
composition, magnetic field, and bulk velocity used as fixed
plasma background values when solving the general disper-
sion relation (1). Below 2900 km altitude we followed
Cravens et al.’s model; above 2900 km, reasonably extrap-
olated plasma parameter values were taken for the sake of
definiteness. The temperatures of the ions and electrons
were taken to be altitude-independent, with values taken
identical to those presented in Figure 2. The altitude profile
of the plasma flow velocity was chosen to reflect the case
corresponding to zenith angles between the ram flow and
flank direction (see the dashed rectangle in Figure 1 for a
schematic illustration). We also arbitrarily chose 2900 km as
the boundary altitude where the density of the cold iono-
spheric electrons becomes zero and hot, magnetospheric
electrons provide the charge neutralization. At higher
altitudes, cold electrons may be absent because of their
strong magnetization (their gyroradius being of the order of
a tenth of 1 km). However, cold ions originating from
Titan may escape more deeply into the hot streaming
plasma because of their much larger gyroradius (about a
few to a few tens of kilometers). We expect that by
analogy to the case of the dayside plasma mantles of
Venus and Mars the depth of penetration of the heavy
ionospheric ions into the magnetosphere of Saturn or solar
wind is further enhanced by the turbulent diffusion through
the magnetic field lines, reaching distances of the order of
a few hundred kilometers.
[47] Our prediction is that the most pregnant feature of

the altitude variation of the locally dominant instability
types (shown in Figure 7b) is the abrupt separation of the
plasma mantle into regions dominated by either the MTSI or
IIAI mode, caused by the presence/absence of the cold
ionospheric electron population. Closer to the topside ion-
osphere (where cold electrons are present), the MTSI is
dominant. The typical frequency slowly decreases from 2 Hz
to below 1 Hz, while the wavelength increases from �0.5 to
�2.5 km with altitudes increasing from 1900 to 2900 km. In
the absence of cold electrons the dominant ion acoustic–
type wave frequencies decrease from about 12 to 5 Hz,

Table 1. Plasma Parameter Ranges and Corresponding Wave Characteristicsa

Parameter Range

MTSI Waves IIAI Waves (nec � 0)

Frequency, Hz Wavelength, km Frequency, Hz Wavelength, km

External magnetic field 2–20 nT 0.2–3 1–12 12–13 1–2
Beam number density 0.06–0.6 cm�3 0.6–0.9 3–4 5–18 1–2
Beam proton number density 0.03–0.3 cm�3 �0.6 3–4 12–13 1–2
Beam proton temperature 35–350 eV �0.6 3–4 12–13 1–2
Beam N+ ion temperature 300–3000 eV �0.6 3–4 12–13 1–2
Cold electron temperature 0.01–1 eV 0.4–0.8 1–13 � � � � � �
Hot electron temperature 35–350 eV � � � � � � 11–13 0.5–1.5
Ionospheric ion temperature 0.01–1 eV 0.6–08 3–5 12–13 1–2
Ionospheric ion mass 1–28 AMU 0.6–3 3–4 12–82 �1
Beam ion drift velocity 30–420 km s�1 0.4–1 3–5 11–14 1–2

aPlasma parameter ranges and corresponding wave characteristics are of the dominant modified two-stream instability (MTSI) and ion-ion acoustic
instability (IIAI) modes. Parameter intervals were chosen to encompass the average plasma parameter values measured by Voyager 1 in the wake of Titan
[see Hartle et al., 1982] and predicted by ionospheric model calculations [see Roboz and Nagy, 1994].
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while the wavelength remains practically unchanged at a
value of �1.5 km when the altitudes increased from 2900 to
3400 km.
[48] We can also predict significant difference in the wave

propagation behavior of the two instability modes. The
direction of propagation of the dominant MTSI waves is
determined by the external magnetic field and the beam
velocity. The phase velocity vector (vph

MTSI) of the fastest
growing mode aligns with the drift velocity vector (Ub).
Using analytic approximations (2) and (3), one can easily

show that vph
MTSI � (1/2)4/3(nI/ne)

1/3(nb/ne)(mp/mI)
1/3k�2/3

Ub � Ub. Moreover, for a given direction of the magnetic
field the angle corresponding to the propagation of the
fastest growing mode can be approximated as cos qmax =
(kk/k)max � (1/4

ffiffiffi
2

p
)(nb/ne)(Ub/VTe) on the basis of the

condition of Landau resonance of the magnetized electrons
corresponding to the maximum growth rate of the MTSI
discussed in section 3.1. Since the direction of wave
propagation of the most unstable lower hybrid wave modes
relative to the magnetic field lines decreases with the
increasing drift velocity of the beam, it can be expected that
the MTSI waves may propagate less perpendicularly and in
a wider angle range relative to the external magnetic field
when the driver beam velocity is larger, for example, when
Titan is located within the solar wind. On the other hand,
wave propagation and polarization directions closer to the
plane perpendicular to the external magnetic field are to be
expected at lower beam velocities, corresponding to the case
when Titan is within the magnetosphere of Saturn.
[49] It is also important to determine the characteristic

wave energy propagation direction of the dominant MTSI
mode. This can be easily estimated from the ratio of the
parallel to transverse component of wave group velocity
relative to the magnetic field lines. Again, using
the analytically approximated solutions (2) and (3) of
the general dispersion relation (1) for the dominant
MTSI modes in the electrostatic limit, (wpe/kc)

2�1, we
can obtain (vgk/vg?)MTSI��(2/5)(k2/kkk?)[1� (5/2)(kk/k)

2],
k)2], where vgk � (@w/@kk)k?=const, vg? � (@w/@k?)kk=const �
(5/3)(k?/k)vph

MTSI, and k = (kk
2 + k?

2 )1/2. It can be easily seen
that with decreasing wave propagation angles of the
dominant mode, qmax (and correspondingly with increasing
(kk/k)max, caused, for example, by an increasing beam
velocity), the parallel component of the group velocity
monotonically decreases compared to the perpendicular
component. More specifically, i.e., in the case when Titan is
within Saturn’s magnetosphere, lower beam velocities may
occur; for example, when u = 0.5, the parallel to
perpendicular group velocity ratio is vgk/vg? � 6. This
means that the wave energy is convected mostly aligned
with the magnetic field draping the topside ionosphere. In
the case of higher beam velocities most probably occurring
when Titan enters into the solar wind, for example, when
u = 3, the wave energy propagates predominantly
perpendicular to the draping magnetic field, vgk/vg? � 0.6,
and can be more effectively absorbed by the tail part of the
ionospheric electron population being in Landau resonance
with the waves. The possibility of the topside heating of
the ionospheres of Venus and Mars by absorbed lower-
hybrid-type plasma waves was discussed by Szego

0 0
et al.

[1991] and Shapiro et al. [1995] in order to explain the
discrepancy between the higher measured ionospheric
electron temperatures and electron temperatures calculated
by thermal models using UV heating as the only dominant
heat source of the ionosphere. An estimation of the
magnitude of heat inflow from the streaming plasma into
the topside ionosphere of Titan mediated by fluid-type
MTSI waves generated above the ionosphere will be given
in a forthcoming paper.
[50] In the case of the IIAI waves, since all plasma

components can be considered as unmagnetized, the only

Figure 7. (a) Theoretical plasma composition, magnetic
field, and beam drift velocity within the flowside
interaction region of Titan (spatial location schematically
illustrated by the dashed rectangle in Figure 1). Below
2900 km, plasma parameter values were taken from
Cravens et al. [1998]; above 2900 km, extrapolation was
used. (b) Altitude dependence of wave frequency, growth
rate, and wavelength of the fastest-growing modes of the
MTSI and IIAI within the flowside plasma mantle of Titan
corresponding to the model plasma parameters presented
in Figure 7a. The boundary altitude where the density of
the cold ionospheric electrons becomes zero was arbitrarily
chosen at 2900 km.
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reference direction we have is the drift velocity of the
streaming plasma. According to Figure 5b the IIAI waves
can propagate in a wide range of directions. However, while
at lower drift velocities (order of u = 0.5 and 1) the fastest
growing mode propagates parallel with the streaming
plasma, at higher drift velocities (order of u = 2 and 3)
the propagation direction of the dominant IIAI instability
mode becomes more oblique to the drift velocity vector. In
contrast to the MTSI waves the phase and the group
velocities of the ion acoustic oscillations are aligned
and relate to each other approximately as vg

IIAI � (@w/@k)
� (1 + x)(1 + x + k2lDp

2 )�1vph
IIAI � (2/3)vph

IIAI, where the
phase velocity is vph

IIAI = wpI lDp/(1 + x + k2lDp
2 )1/2,

according to the approximated analytical forms (4) and (5)
of the IIAI-type solution of dispersion relation (1).
[51] Finally, it is important to emphasize that the linear

Vlasov model of the possible wave generation mechanisms
operating within the flowside plasma mantle of Titan has
strong limitations. On one hand, the nonlinear turbulent
processes can significantly alter (shift and broaden) the
wave spectra calculated by the linear theory, so one can
only consider these predictions as best estimates. On the
other hand, the linear model is not self-consistent in
the sense that it cannot give an account for the feedback
of the waves on the physical properties of plasma back-
ground. In a forthcoming paper we will show that these
wave modes can significantly alter the local bulk properties
of the different plasma components such as drift velocity
and random energy content due to collective and stochastic
energy transfer through wave-particle interaction from the
streaming plasma of either magnetospheric or solar wind
origin to the cold ionospheric plasma. Using hybrid particle-
in-cell simulation, we will study the linear and nonlinear
time evolution of the instability modes generated within the
flowside plasma mantle of Titan. Estimations for the satu-
rated wave electric field spectral energy density level will be
given. Also, the energy range where significant superther-
mal particles are to be expected because of acceleration by
wave electric fields will be determined.
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