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Hybrid simulations on Titan

• Based on S. A. Ledvina et al., Earth Planets 
Space 64, 207-230, 2012 → Three Saturn 
local time (SLT) studies.

• Ambient O+ flow with density of 0.2 cm-3 
and 120 km/s. 

• Southward magnetic field = 5 nT.

• Comparison studies from S.A. Ledvina and 
I. Sillanpaa in future.
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Ledvina model
• Cold O+ beams.

• Include a complex ion-neutral chemical 
network (12 neutral profiles & 7 major 
exospheric ion species).
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Table 1. The generic ion species used in the model, the actual ion species they represent, their assigned mass and the mass range of the actual ions
represented.

Name Components Mass (amu) Mass range
L+ H+, H2

+, H3
+ 2 1–3

M+ CH5
+, N+, CH4

+, CH3
+, CH2

+, CH+, C+ 14 12–17
H1+ C2H5

+ 29 29
H2+ CHNH+ 28 28

MHC+ C3H+, C3H2
+, C3H3

+, C3H4
+, C3H5

+, C4H3
+, C4H5

+ 44 37–53
HHC+ C5H3

+, C5H5
+, C5H7

+, C5H9
+, C6H5

+, C6H7
+, C7H5

+ 70 68–89
HNI+ C3H2N+, C5H5N+, C3HN+ 74 51–79

   

 

   

Fig. 4. This is a schematic showing the orientation of the sunlit hemisphere with respect to the incident flow. The incident magnetic field points into
the diagram.

ionosphere. Incorporating larger recombination rates in the
model will decrease the ionospheric densities and reduce
the effective obstacle size created by the ionosphere.

Titan’s lower ionosphere has been found to be dominated
(between 10–60%) by heavy (greater than 100 amu) organic
compounds (cf. Crary et al., 2009; Wahlund et al., 2009).
These compounds are currently represented in our model
by the HHC+ and HNI+ species. These species contain a
representation of all the heavy and very heavy hydrocar-
bon and nitrile ion species and related chemistry. They pro-
vide a fair representation of this part of the ionosphere for
the purposes of this study. The ionospheric model used in
the simulations is an initial step that will be refined as un-
derstanding of Titan’s ionosphere improves. Further details
about the model can be found in Appendix A.

The ion-neutral chemical model is implemented into the
hybrid code using a spherical grid similar to the grid used
for the neutral collisions described above. The density of
each ion species is volumetrically weighted to the cell cor-
ners. The ion-neutral chemistry is then integrated explicitly.
At the end of the integration time, 1 particle is added for
each species in every cell of the chemistry grid. This parti-
cle is weighted such that it represents the total density cre-
ated in that cell during the integration time. The weights of
the old particles of a given species located in the cell are re-
duced to account for losses due to recombination and chem-
ical reactions. At the start of each simulation the ion-neutral
chemistry is evolved for 20000 s to ensure that chemical
equilibrium is reached to an altitude of 2000 km. This is
well above the altitude where the advection time scales are
equal to the net ion production time scales. The ionosphere
is over built at start up, it then erodes until a balance is
reached between the rate the ions are produced and the rate
they are being advected away. This approach avoids the po-

Fig. 5. This is a schematic representation of the directions of the incident
electric and magnetic fields with respect to the flow direction and Saturn.
The incident flow is in the direction of the E × B drift.

tential problem of the ions being lost to Saturn’s magneto-
sphere before the ionosphere has a chance to build. Hence a
fully developed ionosphere is present when the run begins.
While the simulations are running the chemistry package is
able to accurately respond to changes in the ion densities.

3. The Simulations
Three simulations with the day side hemisphere located

in different orientations with respect to Saturn’s magneto-
spheric flow were run. Figure 1 shows a schematic repre-
sentation of where Titan is along its orbit and the orienta-
tion of the sunlit hemisphere with respect to the plasma flow
for each case. The sun is to the left, Saturn is at the center.
Case 1 occurs when Titan is at 6:00 Saturn local time (SLT),
case 2 occurs when Titan is at 12:00 and case 3 occurs when
Titan is located at 18:00 SLT. A close up view showing the
orientation of the sunlit hemisphere with respect to the flow
direction and Saturn is also shown in Fig. 4.

Figure 5 is a schematic showing the three-dimensional

Ledvina et al., 2012



Atmosphere and ionosphere
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Fig. 2. This is a schematic of the various grids used in the simulations.
The electromagnetic fields are solved on the Cartesian grid, while the
ion-neutral chemistry and collisions are solved on the spherical grid.
The radius of the “spherical” grid ranges between 750 km and 2700 km.

The neutral collision operators are located on a non-
orthogonal spherical grid (r , θ , φ see Fig. 2). This grid ex-
tends radially from 750–2700 km in altitude with #r = 50
km and #θ , #φ = 1.9◦. Every particle whose position
overlaps this neutral grid is subject to ion-neutral interac-
tions. Each particle collides with each neutral species us-
ing their relative velocities and their density and mass de-
pendent collision cross-sections. These ion-neutral colli-
sions result in a frictional drag applied to each particles mo-
tion and the Hall and Pederson conductivities in the electric
field.
2.3 The ionosphere

Titan’s ionosphere is the source of new plasma added to
Saturn’s magnetosphere. It also acts as a plasma sink to
the magnetospheric plasma. The extent that these processes
occur is controlled by a complex ion-neutral chemical net-
work (cf. Keller et al., 1998; Fox and Yelle, 1997). It is not
currently feasible to include such a detailed chemistry net-
works into three-dimensional simulations. Instead we have
included a simplified version of the Keller et al. (1998) ion-
neutral chemistry network. The reduced model groups sev-
eral similar species into 7 generic ion species (see Table 1).
Photoionization and secondary electron impact ionization
rates of the L+, M+ and H1+ species are pre-computed as a
function of altitude and solar zenith angle using a solar min-
imum flux (cf. Cravens et al., 2005). Electron impact ion-
ization from Maxwellian electrons with ne = 0.1 cm−3 and
Te = 100 eV moving along parabolic field lines is used to
create a night side ionosphere (Cravens et al., 2009). This is
consistent with the electron spectrum measured during the
TA encounter. All other species are created via ion-neutral
reactions of which there are over 40 (see Appendix A). This
is the same chemistry model used by Ma et al. (2004, 2006,
2007).

The chemical model was run for 20,000 s to reach equi-
librium below 2000 km altitude, the density profiles for
noon and midnight solar conditions are shown in Fig. 3.
The L+, M+ and H1+ are the dominant species above alti-
tudes of 1800 km. The night side ionosphere (Fig. 3(b)) has

Fig. 3. (A) Ionospheric density profiles versus altitude for the ion-neutral
chemical model with a 0◦ solar zenith angle (sza, noon Titan time). The
day side ionosphere is driven by photoionization. The peak electron
density is 5000 cm−3 at 1050 km altitude. (B) Ion density profiles
versus altitude from the ion-neutral chemical model with a 180◦ sza
(midnight Titan time). The night side ionosphere is driven by super
thermal electron impact ionization. The electron density peaks is 1300
cm−3 at 1225 km altitude. The night side ionosphere drops out below
1100 km.

a peak electron density of about 1300 cm−3, or 25% of the
day side density peak. However the night side density goes
to zero below an altitude of 1000 km, while the dayside
ionosphere extends down below the simulation grid. Based
on the density profiles shown in Fig. 3 the ionosphere will
not be symmetric about Titan. The day side ionosphere will
be broader with larger densities than the night side iono-
sphere. The night side ionosphere will begin at higher al-
titudes above Titan’s surface. The model results shown in
Fig. 3 give ion densities in good agreement with Cassini and
Voyager observations (cf. Keller et al., 1998; Cravens et al.,
2004). They are however about a factor of 2 larger at lower
altitudes than those reported by Ågren et al. (2009). Indeed
several ionospheric models produce densities that are too
large. This problem was pointed out by Ågren et al. (2007).
Understanding the complexity of Titan’s ionosphere is an
ongoing challenge. Recent results from Galand et al. (2010)
suggest that the effective recombination rates increase to
values higher than previously expected with decreasing al-
titudes. Galand et al. (2010) point out that more laboratory
measurements of electron dissociative recombination coef-
ficients are needed to improve our ability to model the deep

N2 & CH4 are major species in 
upper atmosphere ↓

SZA = 0°

SZA = 180°

L+, M+, H1+ dominate in upper 
ionosphere →

Ledvina et al., 2012



6:00 SLT case

5

S. A. LEDVINA et al.: IONOSPHERIC ORIENTATION EFFECTS ON TITAN’S PLASMA INTERACTION 209

Fig. 1. This is a schematic looking down on Saturn, showing the location of Titan along its orbit for each simulation case.

et al., 2000; Ledvina et al., 2004a; Sillanpää et al., 2006;
Simon et al., 2006; Modolo et al., 2007; Müller et al.,
2010). The major limitation to the hybrid simulation per-
formed to date has been their lack of any description of the
ionosphere.

The research reported here addresses this limitation in the
previous hybrid simulations. We have applied our experi-
ence from incorporating ionospheric processes into hybrid
simulations of Mars (cf. Brecht and Ledvina, 2012) to Titan.
The resulting ionosphere contains seven generic ion species
and the same ion-neutral chemistry used by Ma et al. in
their Titan simulations. There are eleven neutral species
whose altitude profiles are based on Cassini observations
and the model of Toublanc et al. (1995). The ions not only
interact with the neutrals chemically but also through col-
lisions via their respective collisional cross sections. The
ion-neutral collision process is also used to self-consistently
include the Hall and Pederson conductivities into the elec-
tric field calculation. Photoionization on the dayside is the
major ionization source, but secondary electron impact ion-
ization is also included. The night side ionosphere is cre-
ated from superthermal electron impact ionization (cf. Gan
et al., 1992; Galand et al., 1999; Ågren et al., 2007; Cravens
et al., 2009). The effect of Titan’s gravity on the ion motion
is also included.

As previously stated there are many variables to Titan’s
interaction with Saturn’s magnetosphere. This paper fo-
cuses on only one the angle of the solar illumination and
what effects it has on ion escape, plasma density and elec-
tromagnetic field structures around Titan. We examine three
cases shown in Fig. 1. The first represents Titan at 06:00
Saturn local time. When Titan is at this location the wake
side hemisphere is illuminated. The second case occurs
when Titan is at 12:00 Saturn local time. Here the anti-
Saturn facing hemisphere is illuminated. The final case has
the ram side hemisphere illuminated. This condition occurs
when Titan is at 18:00 Saturn local time. No doubt the mag-
netospheric conditions are different at each of these loca-
tions. Different magnetospheric conditions will lead to dif-
ferent ion loss rates. Including the differences in the mag-
netospheric conditions in the simulations could obscure any

effect the orientation with respect to the flow of the dayside
ionosphere has on Titan’s plasma interaction. Therefore the
incident plasma and field conditions are held constant in
each case to isolate only the effects due to orientation of the
dayside ionosphere. The magnetic field is taken to be 5 nT
pointing southward perpendicular to Titan’s orbital plane.
We take the incident plasma to consist of only O+ with a
density of 0.2 cm−3 moving with a speed of 120 km/s with
respect to Titan. The incident electrons have a temperature
of 200 eV. We do not address the issue of the upstream ion
distribution function but adopt the simplest approach and
load the ions with a beam distribution.

Sillanpää et al. (2006) have previously examined the ef-
fect of the angle of solar illumination with respect to the
incident flow. They concluded that the illumination an-
gle did not make much of a difference with regard to the
amount of plasma lost from Titan. Their results were cut-
ting edge at the time. However, several simplifying assump-
tions were necessary so that the simulations could be per-
formed. The inner boundary of their simulation was Ti-
tan’s exobase. This surface was modeled as a perfectly con-
ducting sphere of radius 4175 km. They were only able to
include two ion species. The first, N2

+ was emitted uni-
formly from Titan’s exobase. The second, CH4

+ was pho-
toionized from a Chamberlain density function. They did
not include any ionospheric processes in their simulations.
Furthermore their simulations were limited to less than 2
million particles to represent both the magnetospheric and
ionospheric plasmas. Given the complexity of Titan’s iono-
sphere and its importance as a boundary condition it is
worth re-examining the effects of the illumination angle on
ion loss from Titan.

The next section provides a discussion of the models used
in the simulations. A discussion of the ion loss for each case
follows. The last two sections will provide a discussion of
the results and some conclusions.

2. Simulation Models
2.1 The plasma model

The plasma is modeled using the hybrid approximation.
The plasma is assumed to be charge-neutral. The ions are
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Fig. 6. Sketches of the three views used to present the simulation results. (A) The polar view is the plane that contains the flow direction and the
incident magnetic field. Saturn is located into the page. (B) The orbital view is Titan’s orbital plane. The plane contains the convection electric field
and the flow. Saturn is located to the top in this view. (C) The projected view is the projection of an unwrapped sphere into a two-dimensional plane.
The incident flow is into the center of the plane (0◦ latitude, 0◦ longitude). Saturn is in the direction normal to the plane at −90◦ latitude and 0◦

longitude. The bottom edge represents the south pole, the top edge the north pole, while the right and left edges meet on the back side.

Table 2. The net ion loss rates for each species.

Species AMU Case 1 Case 2 Case 3

L+ 2 3.0 × 1021 3.0 × 1021 2.3 × 1021

M+ 14 1.7 × 1024 1.7 × 1024 1.5 × 1024

H1+ 29 3.0 × 1024 3.2 × 1024 1.9 × 1024

H2+ 28 7.0 × 1023 6.9 × 1023 6.4 × 1023

MHC+ 44 2.8 × 1023 2.7 × 1023 2.7 × 1023

HHC+ 70 5.7 × 1022 6.1 × 1022 6.6 × 1022

HNI+ 74 2.0 × 1019 9.1 × 1019 1.2 × 1019

orientation of the magnetic field, the convection electric
field, the plasma flow direction and the direction to Saturn.
The incident magnetic field points southward (down in
the figure), the convection electric field points away from
Saturn; the plasma flow is from the left. The plasma flow is
in the direction of the E × B drift.

There are three points of view that will be used in this
paper to present the simulation results. Each of the points
of view is illustrated in Fig. 6. The polar view (6(A)) is the
plane that contains the plasma flow and the incident mag-
netic field. The direction of Saturn is into the page. The or-
bital view (6(B)) is a cut in Titan’s orbital plane. The orbital
plane contains the convection electric field and the plasma
flow. Saturn is located at the top of this view. The projected
view (6(C)) is the projection of an unwrapped sphere into a
two-dimensional plane. The incident flow is into the center
of the plane (0◦ latitude, 0◦ longitude). Saturn is in the di-
rection normal to the plane at −90◦ latitude, 0◦ longitude.
The bottom edge represents the south pole, the top edge the
north pole, while the right and left edges meet on the back
side.

The plasma and field conditions are the same for each
case. The magnetic field is taken to be 5 nT pointing south-
ward perpendicular to Titan’s orbital plane. We take the
incident plasma to consist of only O+ with a density of
0.2 cm−3 moving with a speed of 120 km/s with respect
to Titan. The incident electrons have a density of 0.2 cm−3

and a temperature of 200 eV. We do not address the issue
of the upstream ion distribution function but adopt the sim-
plest approach and load the ions with a beam distribution.

4. Results
4.1 Ion loss rates

There are two straightforward questions that the simula-
tion results can be used to answer. The first is how much of
each ion species is Titan losing to Saturn’s magnetosphere?
The second is does the orientation of the sun with respect to
the plasma flow direction effect those loss rates? To address
these question we constructed a 5RT sampling box centered
on Titan. Ions that crossed the sampling faces where col-
lected over the time of each run and recorded. The loss
rates were then calculated. Each simulation was run until
the loss rates became stable. All of the cases took longer
than 2700 s of simulation time (not run time) for the loss
rates to stabilize. Rates collected before that time overes-
timated the loss of L+ and M+. All of the species except
the HNI+ (74 amu) first hit the sampling box within 500
seconds, with L+, M+, H1+ and H2+ all hitting in less than
100 s. The MHC+ first hit the box around 250 s while the
HHC+ took almost 500 s. The HNI+ took more than twice
as long, over 1300 s to reach the box. The lower the altitude
of the peak density for a given species, the longer it takes
that species to escape and be sampled at 2.5RT.

The final estimates of the loss rates of each species for
each case are shown in Table 2. The total ion loss rates
for each case are: 5.7 × 1024 s−1, 5.9 × 1024 s−1 and 4.3
× 1024 s−1 for cases 1, 2 and 3 respectively. The rates
(both the total and by species) are fairly consistent with
most values being well within a factor of two for each case.
The exception being the loss rates for the HNI+ where the
spread is a bit larger. A graphical representation of the loss
rates is given in Fig. 7.

Figure 7 shows the loss rate as a function of the species

Case 1 Gathering downward ions as incident fluxes.
Altitude: 1400 ± 50 km (too low... Gathering 
1600-1800 km in future.)

Ledvina et al., 2012



Exospheric ions (N+, CH4+...) I

6

(a)

-180 -135 -90 -45  0  45  90  135  180
-90

-45

 0

 45

 90

La
tit

ud
e 

[d
eg

]

10-3

10-2

10-1

100

In
ci

de
nt

 io
n 

flu
x 

[c
m

-2
 s

-1
]

(b)

-180 -135 -90 -45  0  45  90  135  180
-90

-45

 0

 45

 90

10-7
10-6
10-5
10-4
10-3
10-2
10-1
100
101

In
ci

de
nt

 e
ne

rg
y 

flu
x 

[e
V 

cm
-2

 s
-1

]

(b)

-180 -135 -90 -45  0  45  90  135  180
Longitude [deg]

-90

-45

 0

 45

 90

La
tit

ud
e 

[d
eg

]

0
5
10
15
20
25
30
35
40

Av
er

ag
e 

in
ci

de
nt

 v
el

oc
ity

 [k
m

/s
] (b)

-180 -135 -90 -45  0  45  90  135  180
Longitude [deg]

-90

-45

 0

 45

 90

0

15

30

45

60

75

90

Av
er

ag
e 

in
ci

de
nt

 a
ng

le
 [d

eg
]

Eflow

Accelerated by E field to Saturn facing hemisphere



Exospheric ions (N+, CH4+...) II
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(a)

(b)

(c)

Fig. 17. Contours of the log(nH1+ ) in the orbital plane for run 1 (A), run
2 (B) and run 3 (C) are shown.

(a)

(b)

(c)

Fig. 18. Contours for the log of the 28 amu H2+ for case 1 (A), case 2 (B)
and case 3 (C) are shown.

Eflow

Accelerated from tail
Ledvina et al., 2012



Exospheric ions (C2H5+ & CHNH+)
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Although molecular weight is similar, the altitude distribution of ions 
are different (see page 4).

Precipitate from wake-side



Ambient O+
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Momentum conservation with exospheric ion flows 
(Sillanpaa et al., 2006)

Incident fluxes expect to be larger at higher altitudes.
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Sputtering model ...
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• Atmosphere: N2 (and CH4?)

• Incident ions: Ambient O+, and exospheric N+(CH4+), C2H5+, 
CHNH+ (particularly interested species in Ledvina model); 
exospheric CH4+, N2+ (in Sillanpaa mode)

• Modify Mars model to Titan: (Are these assumptions reasonable?)

• Modify potentials from Johnson et al. (PSS 50, 123-128, 2002) 
for O, N, N2 + N2 → will underestimate N2 dissociation rate 
without considering three-body potential (Tully and Johnson, 
Journal of Chemical physics 117, 6556-6561, 2002)

• Treat CH4+ as N+, and C2H5+, CHNH+ as N2+ ??

• Charge exchange rate before reaching exobase (see next 
page). Is the charge of a molecule important ?



Charge exchange for O+
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Fig. 2. Collisional dissociation cross sections vs. incident atom energy
obtained from pair potentials in Table 1. 1. O+N2, 2. O+O2, 3. N+N2,
4. O + CO, 5. O2 + O2, and 6. N2 + N2. Parameters of !ts for these are
given in Table 2.

Table 2
Parameters for !tting !D[!D =C(E − Et)x=(A + Ey)]a

Parameters O + O2 O + CO O + N2 O2 + O2 N2 + N2 N + N2

C 4.51 4.69 2.75 8.53 3.01 3.38
x 1.03 1.34 0.96 1.42 1.11 1.73
A 0.21 9.96 2.25 2.06 0.749 1.16
y 1.31 1.58 1.18 1.68 1.20 1.53
Et 14.5 29.0 29.0 14.5 19.9 24.9

aEnergy is in eV; cross section is in 10−16 cm2; Et is an e"ective
‘threshold’ here: !D → 0:05− 0:1.

orientations. This process is repeated for a large number of
b to obtain the integrated cross sections, given by

!D =2"
∑

pDb#b; (3.1)

where pD is the probability of dissociation averaged over
orientations.
Collisional dissociation cross sections are shown in

Fig. 2 for O + O2, O + CO, O + N2; N + N2; O2 + O2
and N2 + N2 using the parameters for the pair potentials in
Table 1. As shown earlier for O + CO2 collisions (Johnson
and Liu, 1998), but not shown here, the oft-used binary
encounter approximation is reasonably accurate above the
steep rise in the cross section at low energy (the e"ective
threshold) but poorly describes the e"ective threshold. This
convenient model can also be used in the e"ective thresh-
old region if a ‘dissociation energy’ (Sieveka and Johnson,
1984) !tted to the e"ective threshold in Fig. 2 is used. It is
the transfer of energy to the target as a whole that results
in a larger than expected e"ective threshold even account-
ing for the mass ratios. For the atom–molecule collisions
calculated it is about three times the actual dissociation en-
ergy. Dissociation can occur down to the true threshold but
is not accurately calculated by the model used here. Also
shown are dissociation cross sections for collisions between
molecular species. For use in atmospheric models, in Table
2 we present parameters for !ts to these cross sections.

Fig. 3. Di"usion (momentum transfer) cross section, !d, calculated using
the pair potentials in Table 2. O + O2 (solid line), O2 + O2 (dash–dot),
N + N2 (dotted), and N2 + N2 (dash–dot–dot). O + O2 (dashed line)
using Sn=[#Eo=2] as discussed in the text.

In Fig. 3 results are given for !d, the di"usion (momentum
transfer) cross section, for O+O2; N+N2, O2+O2 and N2+
N2 again using the potentials in Table 1. These are the cross
sections that control the escape of energetic particles from
a molecular planetary atmosphere (Johnson, 1994). There-
fore, these determine the exobase altitude, ∼(n!d)−1. For
collisions in which energy is lost to internal degrees of free-
dom, the momentum transfer cross section is !d =

∫ ∫

(1−
f cos $)b db d%, where $ is the center of mass scattering an-
gle and % is the azimuthal angle. This is then averaged over
molecular orientations as above. Here, f is the ratio of the
center of mass momentum after the collision to that before
the collision, which is unity when there is no energy lost
to internal degrees of freedom. Also shown for O + O2 is
Sn=(#Eo=2) , where Sn is the energy transfer cross section and
#Eo is the maximum energy transfer in a head-on collision
for point particles, #=4MAMB=(MA+MB)2, whereMA and
MB are the masses of the incident and target particles. This
is exactly equal to !d for the collision of two atoms with no
internal degrees of freedom. For collision of an atom with
a diatom it is slightly larger than !d. In analytical models
of the sputtering of atmospheres (Johnson, 1994), the ratio
Sn(Eo)=[U!d(U )]; where U is the gravitational binding en-
ergy and Eo is the incident ion energy, roughly determines
the number of molecules ejected per ion incident.
It is also seen that the dependence of !d on Eo is some-

what di"erent for nitrogen than oxygen. Often the same
potential parameters are used for both O2 and N2. Since the
nitrogen potentials were obtained by a less direct method
we will carry out a much more detailed set of calculations
for this system in the future using the full set of ground
state potentials, as we did earlier for O + O. The results for

If energies of O+ > 100 eV, charge exchange 
dominate. (Cross-sections and references 
provided by Wendy Tseng)


