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AbstractAbstract
We have seen that gap moons within Saturn’s rings perturb the 
ring material on either side and create wakes on the edges of 
the rings.  A parameter that has not been heavily investigated is 
the inclination of the gap moon; our research shows how this 
orbital element contributes to the wake structure.  We have 
also studied features in the z direction of the edge structure. 
This is accomplished with the use of N-body spherical particle 
simulations with collisions and self-gravity that model the 

Keeler gap region of Saturn’s rings.  The simulations are input 

into a visualization program called SwiftVis, from which we can 
easily analyze different aspects of the resulting wake structure.  
In the simulations, the known characteristics of the Keeler gap 
and its moon Daphnis, such as eccentricity, mass, and width of 
the gap, remain at the observed values of e = 3.3E-5, m = 8.4E13 
kg, and d = 42 km, respectively.  Characteristics which greatly 
affect the efficiency of the simulations, such as particle size, 
density, and optical depth of the ring material, are kept as 
accurate as the available computing power allows.  Our 

simulations use r = 7.56 m, ρ = 0.5 g/cm^3, and τ = 0.2; these 

values lead to particle simulations with N = 30 million.  
Additionally, the simulations show that the location of the 
longitude of the ascending node affects the size of the minor 

extrema in z, located between the major extrema.  In the future 

it may be possible to ascertain the location of the ascending 
node of Daphnisand compare its precession rate to expected 
values.

IntroductionIntroduction
The Keeler gap is a narrow division in the outer part of the A ring.

When it was initially discovered by Voyager, the Keeler gap was 
assumed to be a miniature version of the Encke gap; maintained 
by a small embedded moon with far-reaching radial features and 
sinusoidal edge wakes which last as many as 500 orbital periods 
all the way back until they meet up with the moon again before 
damping out.

What Cassini found turned out to be strikingly different.  While 
there is indeed an embedded moon, Daphnis, the moon's 
significant eccentricity relative to the ring particles causes a 
particulaly non-sinusoidal edge shape.  Additionally, the edge 
wakes damp out in only a few orbital periods and the radial 
features that are so prominent in the ring material near the 
Encke gap are hardly visible near the Keeler gap.  These 
unexpected differences show that the Keeler gap is a valuable 
region of study for ring dynamics, and can contribute to our 
knowledge of ring structure and formation.

This research did not attempt to construct an exact model of the 
Keeler gap system; our interest was in examining the dynamics of 
systems similar to the Keeler gap and analyzing in detail how the 
structures are influenced by parameters such as inclination and 
longitude of the ascending node.
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Experimental MethodsExperimental Methods
For these simulations we used a large fixed cell spanning from 
slightly before the encounter with the moon to roughly 20 orbital 
periods downstream from the encounter for the edge material.  
There are pure periodic boundary conditions on the azimuthal 
edges and open boundaries on the radial edges.  This cell is much 
smaller than global, and for that reason the timescales of the 
simulations were limited to prevent particles from passing by the 
moon twice.  Given the rapid evolution of the Keeler gap system, 
this limitation does not impact the conclusions drawn here.  The 
extended size of the cell and the desire to use reasonably sized 
particles at an appropriate optical depth requires the simulations 
to involve more than 20 million particles.  To accommodate the 
large number of particles, the simulations were all run on various 
clusters of Linux machines.

A variety of simulations were run on clusters of Linux boxes using 
different inclinations and differences between phi and zeta for 
the orbit of Daphnis. Unless specified, the other parameters of 
the system such as eccentricity, gap width, and moon mass were 
kept at their known values.  All of the simulations include 
collisions between the particles and self-gravity of the particles.  
Particle spins were ignored and there was no adhesion between 
the particles.  The motion of the particles between collisions was 
modeled using cartesian coordinates in some simulations, and 
some using guiding center coordinates.  Simulation output was 
analyzed and animated with a program called SwiftVis.

Results and ConclusionsResults and Conclusions
By analyzing the Keeler gap simulations, we have gained 
several insights into the structure of a ring edge wake 
perturbed by a gap moon.  
Images rendered with photometry show the wake structure in 
detail by casting shadows from the edge onto the ring plane.  
The shadows of the wake peaks are visible even as far as 8 
orbits past the encounter with the moon.  Though Cassini did 
not get close enough to affirm it, photometry images indicate 
the existence of a steep, lip-like feature on the outside edges of 
the peaks nearest to the moon.
The inclination of the gap moon relative to the ring plane 
affects the structure of the edge wakes more significantly than 
previously expected.  Invisible in the images from Cassini, 
Daphnis' inclination of 0.0036 degrees causes the edge 
structure to move up and down the z axis as a whole unit, along 
with the motion in the z direction of the individual wake peaks.  
Also indiscernible in the Cassini images are the alternating 
major and minor extrema in the ring material in the z direction.  
The major extrema coincide with the wake peaks, and the 
minor maximums/minimums are located in between.  The small 
extrema between the large ones grow as phi minus zeta goes to 
π/2, until the maximum and minimum z of the minor extrema 
are equal to those of the major extrema when phi minus zeta is 
π/2.  The particles reaching the extrema in the minor peaks 
experience a lag behind the major peaks.  This is best viewed in 
an animation.
Another conclusion reached by analyzing the binned data is that 
the areas where the difference between phi and zeta is π/2 are 
always where the inclination of the particles is at a minimum, 
and these areas move downstream at the same rate as the 
change in inclination.
Because the density of the ring material increases in the wake 
peaks—causing more particle interaction—the edge structure 
experiences interesting developments within the wake peaks.  
The crossing of particle streamlines is indicated by a rapid 
inclination change at about 0.004 R[0] downstream from the 
moon, which was found to be a consistent feature in all of the 
simulations.  Significant damping in particle eccentricity is 
another result of the streamlines crossing.  Despite this 
similarity, we found that inclination and eccentricity change 
very differently from each other as the particles move 
downstream fro the moon.  The simulations also show that 
particle eccentricity is more damped when the inclination of the 
gap moon is increased.
There is still much to learn about the dynamics of the Keeler 
gap.  Further research will include creating high-resolution 
animations where the streamlines cross in order to better 
understand how the inclination and eccentricity develop.
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Photometry – This method of data visualization was used to gain knowledge of the ring edge structure by studying the shadows it casts.  
The high-resolution image above was created using a ray-tracing engine, in which 10 million photons were projected onto the ring cell.  
Each particle plotted represents the actual position of a particle in the simulation.  The incident light is at π/2 radians and 1 degree 
above the ring plane.  The camera is directly above, looking down.

Pseudo 3D – These 3D surface plots were constructed from binned data and show the z value in the wake structure.  The view is from within 
and slightly above the ring plane, looking out toward the orbit of Daphnis.  The plots are colored by inclination, and each of them displays a 
different moment in time within one orbital period.  From this we can see that rather than just separate up and down motion between 
wake peaks and a consistent average z of 0, the entire edge moves up and down the z axis as a whole!

Inclination Fluctuations – Something we find to be consistent throughout all of the simulations is the sudden change in 
inclination where the particle streamlines cross, at approximately 0.004 R[0] downstream from the moon.  This plot is 
colored by inclination, eccentricity, and z from top to bottom.  The white arrow indicates the first major change in 
inclination, which is also where the eccentricity begins to damp out considerably.  The section colored by z is another view 
of how the whole ring plane moves up and down as a unit; at this point in the orbit most of the bins are yellow, indicating 
that most of the particles are about 1e-6 to 5e-6 above the horizontal.

Phi-Zeta – This image is the result of an experiment in which we wanted 
to determine if the difference between phi and zeta was always ± π/2 
where the inclination is at a maximum (red).  The black lines indicate 
wake peaks and the white lines are areas where phi – zeta = ± π/2.  What 
we found is that the difference between phi and zeta is usually π/2 
where inclination is at a minimum.
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phi – zeta = 0 phi – zeta = π/2 Extrema – These binned plots have 
differences between phi and zeta of 0 
and π/2, and are from the exact same 
instance in an orbital period.  The 
inclination section (top) offers a view 
of how the small extrema between the 
large ones grow as phi minus zeta goes 
to π/2, but it's even more obvious in z 
(bottom).  The z section shows clearly 
that the minor extrema in the left plot 
are significantly smaller than the 
major extrtema, while in the right plot 
there is no distinction between major 
and minor extrema; they are equal.  
Note how eccentricity and its change 
as the particles move downstream is 
barely affected.


