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ABSTRACT 

We carried out extensive numerical orbit integrations to probe the long-term chaotic 

dynamics of the 2:3 (Plutinos) and 1:2 (Twotinos) mean motion resonances with 

Neptune. We derive maps of resonance stability measured both by time-averaged 

particle density and by mean dynamical diffusion rate, and investigate the effects of 

a massive perturber embedded in the resonance. We also investigate the population 

of Resonant Kuiper Belt Objects at 4 Gyr ago compared to the present, and discuss 

the implications for theories of Kuiper Belt origins. 

We have numerically investigated the long term dynamical behavior of 

known Centaurs. We find that their orbital evolution is characterized by frequent 

close encounters with the giant planets, with no significant long-term resonant be

havior. Most of these Centaurs will escape from the inner solar system, while a 

fraction will enter the Jupiter-family comet (JFC) population and a few percent 

will impact a giant planet. We discuss the implications of our study for the spatial 

distribution of the actual Centaur population. 

Using numerical and analytical models, we investigate the ejection of water 

molecules from Europa's surface by sputtering, the subsequent evolution of their 

ballistic trajectories, and their re-deposition onto the surface as a water frost. We 

conclude that net deposition does occur under certain conditions, making sputtering 

erosion and re-deposition a plausible explanation for the observed color dichotomy 

between Europa's leading and trailing hemispheres. 

During Cassini's approach to Jupiter, a series of images was taken to search 
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for any undiscovered satellites of Jupiter. Our analysis of these images indicates 

that no undiscovered satellites exist between 2.6 and 20 Rj with inclination i < 1.6°, 

eccentricity e < 0.0002, diameter D > lo km and albedo A > 0.1. 
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CHAPTER 1 

Chaotic Diffusion of Resonant Kuiper Belt Objects 

1.1 Abstract 

We carried out extensive numerical orbit integrations to probe the long-term chaotic 

dynamics of the 2:3 (Plutinos) and 1:2 (Twotinos) mean motion resonances with 

Neptune, including cases both with and without a massive perturber embedded in 

the resonance. Our primary results include a computation of the relative volumes of 

phase space characterized by high and low resonance libration amplitudes, and maps 

of resonance stability measured both by tiine-averaged particle density and by mean 

dynamical diffusion rate. We find that Pluto has a noticeable but modest effect on 

the Plutino population, causing a ~ 15% decrease in the number of particles that 

survive to 4 Gyr. A hypothetical one-Pluto-mass planet in the 1:2 resonance has 

only a small effect, but a perturber with ten times Pluto's mass ejects nearly all 

Twotinos in less than 4 Gyr. We suggest the present or former existence of a massive 

object in the 1:2 resonance, with approximately 3 times Pluto's mass, as a possible 

explanation for the current leading/trailing asymmetry of observed Twotinos. We 

also find that resonant Kuiper Belt Objects (KBOs) can be a significant source 

of Centaurs and Jupiter-family comets (JFCs), and may also contribute to the 

observed population of high-perihelion Scattered Disk Objects. Finally, we estimate 

that the current number of Plutinos (including Pluto's effects) is only 32% of what 

it was 4 Gyr ago, while the current number of Twotinos is only ~ 8% of the initial 

population. Although this result is somewhat model-dependent, it supports theories 

for the origin of the Kuiper Belt which produce comparable populations of Plutinos 
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and T wot in OS. 

1.2 Introduction 

The Kuiper Belt consists of several distinct dynamical populations beyond the or

bit of Neptune (Jewitt and Luu, 2000; Maihotra et al., 2000). The most abundant 

category of Kuiper Belt objects (KBOs) are the "classical" KBOs, which are found 

primarily in the semimajor axis range of 40 AU to 48 AU; most of these have rela

tively circular and low-inclination orbits, although there is also a significant fraction 

with dynamically "hotter" orbits (Brown, 2001; Levison and Stern, 2001; Trujillo 

and Brown, 2002). Scattered disk objects (SDOs) have highly eccentric and inclined 

orbits, with perihelia a few AU beyond Neptune's orbit (Duncan and Levison, 1997), 

though many have perihelia > 40 AU (Gladman et al., 2002). Finally there are the 

resonant KBOs, which have orbits in mean motion resonance with Neptune. Most 

of the known resonant KBOs are in the 2:3 resonance at a — 39.4 AU, and the 1:2 

resonance at o = 47.7 AU, although several other resonances are also populated 

(Chiang et al., 2004). 

The particular interest of this chapter is the dynamics in the 2:3 and 1:2 

mean-motion resonances with Neptune. These two resonances contain the large 

majority of known resonant KBOs, and (though the number of known objects is 

affected by observational biases) they are estimated to comprise about 10% of the 

actual Kuiper Belt population (Trujillo et al., 2001). Because the structure of these 

resonances provides a readily understandable mechanism for preserving a population 

over 4 Gyr or more, as well as dynamical pathways to less stable regions of the 

resonance where they may encounter Neptune and be transported elsewhere in the 

solar system, resonant KBOs have been proposed as the source populations for 

several other observed solar system populations, including SDOs, Centaurs, and 

Jupiter-family comets (Duncan et al., 1995; Duncan and Levison, 1997; Morbidelli, 
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1997). 

The purpose of this work is to use numerical models to create a detailed 

map of stability as it varies with location in the phase space of the 2:3 and 1:2 

mean-motion resonances with Neptune. The parameters we use to quantify stabil

ity are the time-averaged particle density and the mean dynamical diffusion rate. 

We also investigate the effects of a massive perturber embedded in each of the two 

resonances, and the behavior of particles after they have escaped from resonance. 

Section 1.3 of this chapter discusses some properties of resonant particles and our 

treatment of chaotic diffusion; Section 1.4 describes the numerical experiments that 

we carried out to study the long-term stability of particles in the 2:3 and 1:2 res

onances; Section 1.5 describes the results of our models; Section 1.6 provides dis

cussion, analysis, and detailed comparison to previous work; and Section 1.7 gives 

a summary and conclusion. 

1.3 Resonances and Chaotic Diffusion 

Two objects are considered to be in resonance if they orbit the Sun with orbital 

periods that relate to each other as a ratio of two small integers. A pertinent example 

is Pluto, whose average angular velocity (known as the mean motion, n) is almost 

exactly 2/3 that of Neptune. Correspondingly, Pluto's orbital period (the time taken 

to complete one orbit) of 248 yr is almost exactly 3/2 Neptune's period of 165 yr. 

As a result, we say that Pluto is in a 2:3 mean-motion resonance with Neptune—and 

not only Pluto, as it turns out, for a number of "Plutinos," which also occupy the 

2:3 mean-motion resonance with Neptune, have been discovered in the past decade 

(Chiang et al., 2004). The resonant relationship gives rise to several interesting 

properties, perhaps the most important of which is the stability of the resonant 

argument, a linear combination of Neptune's and the Plutino's^ orbital elements 

'^This discussion applies not only to Neptune and the Plutinos, but to any resoncint system. It would be just as 
correct, and more general, to refer to "the planet" or "the perturber" rather than Neptune, and "the test particle" 
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which is found to librate (oscillate) about a stable value for any resonant object. 

Because the Plutinos. including Pluto, are small in mass compared to Neptune, the 

resonance has a much greater effect on their orbits than on Neptune's; thus, for the 

remainder of this introductory discussion, we will consider Plutinos as if they were 

massless, ignoring their small effects upon Neptune. 

For an object in the 2:3 resonance, the resonant argument is ^2:3 = 

3X — 2Xf^ — zu, where A and zu are the Plutino's mean longitude and longitude 

of perihelion, and Xpf is Neptune's mean longitude. It can easily be seen that when 

the Plutino is at its closest approach to the Sun (known as perihelion, where A = -cu), 

the resonant argument governs the relative position of Neptune (A/v — A, which for 

the 2:3 resonance is (l>/2). Similarly, when the Plutino is at its closest approach 

to Neptime (known as their mutual conjunction, where Aat = A), the resonant ar

gument governs the Plutino's angular distance from perihelion (A — w, which for 

the 2:3 resonance is </>). In the case of the 2:3 resonance, as with most exterior 

resonances, (j) librates about a stable central value of 180°. Thus it follows that 

Neptune is about 90° away in longitude whenever the Plutino is at perihelion, and 

that the Plutino is about 180° away from perihelion (i.e., at aphelion, the furthest 

it gets from the Sun) whenever it is in conjunction with Neptune (i.e. their longi

tudes are identical). Both of these observations indicate the same conclusion, which 

is that the stability of the resonant argument helps to protect the Plutino from 

close encounters with Neptune, thus enhancing the long-term stability of its orbit. 

Furthermore, it is evident that a moderately high eccentricity (e = 0.25 for Pluto) 

positively contributes to this stable arrangement, in that it produces a larger aphe

lion which means greater distance from Neptune at conjunction, but that e cannot 

be so high that the Plutino's orbit would risk crossing that of Uranus. 

For a resonance of the form p  :  ( p  +  q ) ,  where p  and q  are positive integers, 

rather than Pluto or a Plutino. However, we will continue the discussion in terms of the specific case, for purposes 
of readability. 
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Figure 1.1: The locations of the libration centers for Neptune's 1:2 resonance, based 
on the planar circular restricted 3-body problem (Malhotra, 1999). 
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the resonant argument is </; = { p + q ) X — p X p f — q w .  It is easily seen that g = 1 for both 

the 2:3 and 1:2 resonances, which are therefore known as first-order resonances. The 

1:2 resonance, furthermore, has the form of l:n, where n is a positive integer, and 

resonances of this form exhibit a more complex evolution of the resonant argument 

(j). While most particles in exterior resonances librate about 180°, as described 

above, the stable point of a l:n resonance is eccentricity-dependent and bifurcated 

into multiple asymmetric Ubration centers (Beauge, 1994; Malhotra, 1996; Pan and 

Sari, 2003). For the 1:2 resonance in particular, the asymmetric libration centers 

appear at low eccentricities and migrate to values between ±60° and ±90° for e > 0.1 

(see Figure 1.1). A body whose (j) librates about the positive value (say, 75°) reaches 

its perihelion at a longitude that is 75° ahead of Neptune's position at that time; thus 

such particles are referred to as "leading" librators. Conversely, a particle whose (j) 

librates about the corresponding negative value reaches its perihelion at a longitude 

that is 75° behind Neptune's position, and is thus referred to as a "trailing" librator. 

"Symmetric" librators, whose ^ librates about 180°, can continue to exist even 

when the asymmetric libration centers are present, but they necessarily have large 

libration amplitudes because they must effectively transition from the leading lobe 

to the trailing lobe and back to the leading lobe during each libration cycle. 

If a Plutino's resonant argument were identically 180° at all times, then 

its orbit would be stable indefinitely. In practice, however, this does not occur. In 

Pluto's case, 4> librates about 180° with an amplitude of ~ 82° and a period of 

20,000 yr; in addition, the libration amplitude is modulated by longer-period 

variations associated with secular effects (Malhotra and Williams, 1997). Other 

resonant Kuiper Belt Objects undergo similar librations with timescales of 10^ to 

10® years for the fundamental (j) libration (Malhotra. 1996). These librations can 

be understood within a Hamiltonian restricted three-body approximation, as the 

natural behavior of a conservative system in which is a conjugate coordinate 

(Murray and Dermott, 2000). Since an encounter with Neptune becomes more 
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likely as 4> strays from the stable value (see above), the amplitude of the fundamental 

resonance libration is an important indicator of the stability of a resonant orbit. We 

denote this libration amplitude as A^, and measure it as half the difference between 

the minimum and maximum excursions. of (p. 

The variations of the resonance libration amplitude itself, Ao, cannot be 

completely described by an analytical theory. Additional weak resonances and near-

resonances, associated not only with Neptune but with other solar system objects 

(primarily Jupiter, Saturn, and Uranus), interact with the dominant resonant per

turbation from Neptune and produce chaotic behavior (Lecar et al., 2001). Chaos is 

defined mathematically as the quality of a system so sensitive to initial conditions 

that an infinitesimal initial variation produces exponentially divergent solutions. 

Therefore, a chaotic system, though deterministic (meaning that its outcome can 

be uniquely calculated from its initial conditions), is unpredictable in any prac

tical sense due to the limited accuracy with which measurements can be made. 

The chaotic nature of Pluto's orbit, (Sussman and Wisdom, 1988) demonstrates the 

importance of chaotic processes in the Kuiper Belt. 

There are two characteristics of a chaotic system which can be measured 

quantitatively. One of these is local exponential divergence of particle orbits, mea

sured by the Lyapunov exponent (e.g., see Nesvorny and Roig (2000)). The other 

is the random or chaotic nature of the orbital evolution; this can be measured by 

the "dispersion" in certain proper elements, which are a set of constants of the mo

tion associated with a low-order perturbation theory for the resonance librations 

(Morbidelli, 1997). The proper elements used in this chapter are directly derived 

from the osculating orbital elements by means of a numerical procedure described 

in Section 1.4.4, which removes quasi-periodic components of the evolution so that 

the chaotic variations can be more clearly seen. 

In order to represent the evolution of proper elements in our numerical 
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model results, two quantities are mapped in the figures of this chapter. The first 

is the time-averaged density of particles in proper element phase space, and the 

second is the mean dynamical diffusion coefficient of the proper elements. Further 

discussion of the maps themselves can be found in Section 1.5.1, but we now proceed 

to discuss the usefulness of these quantities as metrics of resonant stability. 

The time-averaged density is a measure of resonance stability as long as our 

test particles evolve in a time-independent manner, and we have evenly sampled 

the parameter space. Since we have endeavored to satisfy the latter condition (see 

Section 1.4.2), we indeed expect particles to diffuse at a relatively constant rate from 

the most stable regions of the resonance to moderately stable regions, while particles 

that began in the moderately stable regions diffuse to even less stable regions. There 

are some regions in which our sampling of phase space is coarser than the range over 

which a single particle varies. For example, the linear structure perpendicular to the 

inclination axis in Figures 1.8c and 1.8d is an artifact of our discrete initial values 

of the inclination; it reflects the relative stability of this parameter and a failure 

of particles to diffuse to new i values, in the regions of parameter space where 

such structure is seen. On the other hand, in most regions the initial structure is 

smeared out, indicating that chaotic diffusion is sufficiently active to compensate 

for the necessary discreteness in the initial conditions. In such regions, the relative 

density shown in each figure can be correlated to the degree of stability in each 

region of phase space. It does not, however, necessarily indicate the actual phase-

space density of resonant KBOs, since the initial distribiition was an outcome of 

the process of Kuiper Belt formation, and need not have been evenly distributed in 

phase space. Further discussion of the effects of the initial population on our results 

can be found in Section 1.4.2. 

In a diffusive process, ensembles of particles that start out nearby in phase 

space drift apart, as their proper elements execute a random walk. The rate at which 

they diverge is governed by a diffusion coefficient. The diffusion coefficient may vary 
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Figure 1.2; The evolution of four selected particles from our models illustrates the 
classes of behavior that we observe: a) stable resonant orbit with no measurable 
diffusion, b) stable resonant orbit which diffuses within resonance, c) initially reso
nant orbit which eventually diffuses out of resonance (after 898 Myr in this case), 
d) strongly chaotic trajectory which quickly leaves resonance (after 83 Myr in this 
case). The minimum proper elements (see Section 1.4.4 are plotted here, so the 
right-hand side of each plot is the center of the 1:2 resonance. Arrows point to the 
initial values. 
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with location in phase space, in which case particles will tend to have higher densities 

in regions with low diffusion coefficient, and will tend to diffuse out into regions 

with high diffusion coefficient. As in Morbidelli (1997), we observe 4 classes of 

behavior among the particles in our numerical models, examples of which are shown 

in Figure 1.2. A particle's proper semimajor axis^ may remain nearly stationary over 

the integration, either because the particle is on a mathematically stable trajectory 

(an "invariant torus") or because its diffusion is below the numerical resolution of 

our model (Figure 1.2a); secondly, it may evolve (diffuse) over a significant distance 

in phase space but remain in resonance (Figure 1.2b); thirdly, it may evolve (diffuse) 

to the edge of the resonance and thence escape to a more strongly chaotic non-

resonant orbit (Figure 1.2c); or fourthly, it may be strongly chaotic from the start 

and escape the resonance almost immediately (Figure 1.2d). 

1.4 Numerical Model 

1.4.1 Initial Conditions 

To obtain a sample of initial conditions that comprehensively covers the resonance 

zone, a series of "pre-runs" were performed. The primary purpose of the pre-runs 

is to save computation time by identifying values of the initial parameters that 

result in resonant particles, and including only those particles in the full 1-Gyr 

integration. Note that, becaxise of the large-amplitude fast variations caused by the 

giant planets (Section 1.4.4), initial (osculating) orbital elements are not identical to 

proper elements, and do not necessarily have a simple relationship with the resonant 

phase space. The pre-runs were also intended to ensure that the full integrations 

would have adequate coverage of the deepest, most stable regions of the resonance 

^ Although the proper eccentricities and inclinations also undergo the evolutionary processes described here, the 
proper semimajor axis is most directly related to the fundamental resonance libration amplitude A0 and the best 
indicator of long-term stability (see Section 1.4.4. Thus, the diffusion coefficients calculated in this work pertain to 
the proper semimajor axis. 
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phase space, and to increase the number of particles in these regions if necessary 

(as it turned out, this was not needed). All of the pre-runs included the 4 giant 

planets, whose initial orbital elements (obtained from JPL^) corresponded to a 

starting epoch of 1997 June 1. 

For the 2:3 resonant objects ("Plutinos"), we began with 8,000 parti

cles with initial orbital elements distributed as follows: 20 eccentricity values, 

evenly spaced in the interval e = [.05, .5]; and 8 inclination values, namely 

i = {5°, 10°, 15°, 17.5°, 20°, 25°, 30°, 35°}. The 17.5° bin was added to increase the 

resolution in Pluto's vicinity. Each {e,i} bin contained 50 particles, with initial 

mean anomalies evenly spaced in the interval M = [0°,36D°). All particles began 

with semimajor axis a = Ures — 39.35 AU, argument of perihelion w = 90°, and 

longitude of node fl = 110.4° (equal to that of Pluto at the starting epoch). Note 

that we arbitrarily adopt specific values of the initial angular elements; because 

these are osculating elements, the fast variations caused by the giant planets allow 

a full sampling of the resonance libration amplitude. The orbits of these particles 

were then integrated, along with the giant planets, for 150,000 yr; this is several 

times the typical resonance libration period, and long enough for stable libration 

of the resonant argument to manifest itself. At each 2,000-yr interval, we recorded 

the minimum and maximum values of a, e, and i over that interval, as well as 

instantaneous values of SI, w, and M, for each planet and test particle. 

For each particle, we used the results of the pre-run to calculate the libration 

amplitude of the resonant argument, — {(j)rnax — where ^2:3 = 3A — 

2A;vep — ro is the resonant argument. We found that the 75 instantaneous points 

over the 150-kyr interval were sufficient to characterize the libration. Then, for 

each (e, i) bin, we chose up to 6 particles that adequately covered the range of 

values, selecting as many particles as were available under the constraint that their 

/\(j) values be at least 35° apart. For each chosen particle, we also visually verified 

® http; / / ssd.jpl.nasa.gov/horizoiis.html 
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periodic libration of ( f ) ,  and stable behavior of a ,  e, and i  during the pre-run. Thus, 

out of 8,000 particles of the pre-run, a subset of 792 Plutinos that fully sampled the 

resonance phase space was selected for the full 1-Gyr integration. Their initial e, i, 

and (j) can be seen in Figures 1.6 and 1.7. 

A similar process was used for obtaining the initial conditions for the 1:2 

resonant objects ("Twotinos"), although certain changes were necessary due to the 

greater complexity of the 1:2 resonant cavity. In particular, we found that fixed 

initial values of the angular elements did not yield full coverage of the range of 

resonance libration amplitude, apparently due to uneven sampling of the phase 

of the short-period variations due to the giant planets. Therefore, we randomly 

distributed all three angular elements in the interval (0°, 360°), with 250 par

ticles in each {e, i} bin for a total of 40,000. The 20 eccentricity values were 

again evenly spaced in the interval e = [.05, .5], and the 8 inclination values were 

i = {5°, 10°, 12.5°, 15°, 20°, 25°, 30°, 35°}. Note that we arbitrarily included a 12.5° 

bin in place of the 17.5° bin used for the Plutinos. All particles began with semi-

major axis a = ares = 47.87 AU. 

As with the Plutinos, we performed a 150-kyr integration of these particles 

and calculated the libration amplitude of the resonant argument for each particle 

in the pre-run, this time with (l)i.2 — 2X — Xjvep — 'CO. Additionally, each particle was 

categorized, by visual inspection of the time series of (f), as having stable libration in 

one of three modes: leading < 180° at all times), trailing {(j) > 180° at all times), 

or symmetric (0 librates about 180°). Particles that did not exclusively exhibit one 

of these behaviors during the pre-run were discarded. We chose up to 4 particles in 

each {e, i} bin for each libration mode, constraining their A<p values to be at least 

15° apart, covering the full range of A© values (see Figures 1.11 through 1.16). Out 

of 40,000 particles of the pre-run, 1,292 (494 leading, 521 trailing, 277 symmetric) 

were selected for the full 1-Gyr integration. 
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A final piece of information obtained from the pre-runs is the amplitude of 

the short-period oscillations caused by the three inner giant planets. These quasi-

periodic oscillations occur on timescales as small as tens of years, and are easily 

averaged over by the 2,000-yr output intervals of the pre-runs. Therefore, we define 

for each particle over each output interval a quantity da = {amax — (and 

similarly d e  and d i ) ,  which remain remarkably constant over the 150-kyr pre-nm 

integration length (see Figure 1.5). We recorded average values of da, de, and di 

over the 150-kyr interval for each particle, and adopt these as the amplitudes of the 

short-period perturbations (see Section 1.4.4). 

1.4.2 The Distribution of Resonance Libration Amplitude in Phase 

Space 

The solid lines in Figure 1.3 show the distribution of resonance libration amplitude, 

A(f>, from our pre-runs. These distributions obtain from a large number of particles 

(8,000 Plutinos; 40,000 Twotinos) sampling a wide range of e and i, and thus 

reflect the relative volume of resonance phase space characterized by any given 

value of A(f>—thus we may call it the volumetric distribution of Ai^. Note that this 

distribution includes all particles that are stable for 150,000 yr (a few periods of 

the resonant libration), and thus does not reflect long-term stability. Because high 

values of Acj) have lower long-term stability, they are expected to be less abundant 

in the observed population than is seen in Figure 1.3. For Plutinos (Figure 1.3a), 

we see that the regions of phase space with small A^i are roughly equal in volume 

to the regions with large A(f), as indicated by the nearly constant slope of the 

cumulative fraction. We note that this confirms and refines the findings of Nesvorny 

et al. (2000). Twotinos (Figures 1.3b, 1.3c, and 1.3d) have Ac/) values that are less 

e\'^nly distributed, and also confined to narrower intervals due to the limits of the 

asymmetrical libration zones. 
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The method described in Section 1.4.1 to select the initial conditions of 

test particles used for the full 1-Gyr integrations aims to comprehensively sample 

the range of possible resonance libration amplitudes. However, in acheiving this 

goal, we are not able to simultaneously preserve the volumetric number distribution 

of resonance libration amplitude (A^) values. For example, we always selected 

the particle with the smallest /S.(p value in each {e.i} bin, which helps to better 

characterize behaviors in the deepest parts of the resonance, but which also leads to 

an over-representation of particles with small amplitudes, Aip < 5°, compared to the 

volumetric distribution. Overall, the A(f> distributions of our selected populations 

(dotted lines in Figure 1.3) reflect a "dumpiness" caused by the semi-regular A(p 

intervals at which particles were selected. We compensate for this problem by 

assigning a relative weight to each particle based on its initial A(p value (Figure 1.4). 

These weights are reflected in all of the results given in this chapter; any number 

or density of particles that we quote in our results really reflects the sum of the 

weights, and any mean value is really a weighted average. We have preserved the 

"clumps," giving all particles within a "clump" the same weight, because disrupting 

them would introduce biases with respect to e and i. Within that constraint we have 

endeavored to bring the Acj) distribution of our selected population into agreement 

with the volumetric population as closely as possible. We have also ensured that the 

relative populations of the three Twotino libration modes also reflect their relative 

populations in the volumetric random sample. The dashed lines in Figure 1.3 show 

our weighted distribution of the A(p values selected for the 1-Gyr runs. 

The majority of the results in this chapter are concerned with investigating 

the stability properties of resonance phase space, and the way in which resonant 

KBOs tend to evolve. For these purposes, the comprehensive sampling of the reso

nance libration amplitude Aip ensures the best resolution in phase space. However, 

to apply our results to the actual population of resonant Kuiper Belt Objects, we 

must make an assumption about the state of the Kuiper Belt immediately after its 
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formation was completed. The actual initial population of the resonant Kuiper Belt 

was no doubt significantly shaped by its mechanism of formation, which is thought 

to be dominated by the outward migration of Neptune, and the consequent sweeping 

of resonances through the Kuiper Belt region, over 10 to 100 Myr during the solar 

system's early history (Malhotra, 1993; Malhotra, 1995; Hahn and Malhotra, 1999; 

Chiang and Jordan, 2002; Gomes, 2003; Levison and Morbidelli, 2003). Investiga

tions of Kuiper Belt formation have not noted the Ai^ distribution of the resulting 

population, therefore we consider two possibilities for purposes of estimating current 

and former KBO populations in this work: a modified volumetric assumption (see 

above), in which we include only those particles which are stable in the resonance 

for longer than 1 Myr (reasoning that only these are robust enough to have survived 

the migration process and are thus possibly representative of a post-migration reso

nant population); and the opposing possibility that the initial Acj) distribution was 

concentrated in the smallest (most stable) values (see Section 1.6.3). 

1.4.3 Description of Full Integrations 

Seven full integrations were performed for a duration of 1 Gyr each. Each run in

cluded the 4 giant planets (GPs) as well as the test particles (Plutinos or Twotinos) 

with initial conditions obtained by the methods described above. Some runs also 

included a massive body occupying the same resonance as the test particles: Pluto 

in the case of the 2:3 resonance, and a hypothetical body in the case of the 1:2 

resonance (which we will call "Twoto" for purposes of brevity). The starting pa

rameters for all planets correspond to an epoch of 1997 June 1, while the different 

versions of "Twoto" are simply particles from Run TO which have been given a 

mass 10 times that of Pluto (except for Run T5, where "Twoto" has only 1 Pluto 

mass). See Figures 1.12 through 1.16 for the initial parameters of the hypothetical 

1:2 resonant planets. The particles chosen to act as "Twoto" all survive to the end 

of the TO integration with A(j) under 40° over the entire 1-Gyr period, and all have 
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initial inclination of 12.5°. We label the full integration runs as follows: 

- Run PO: Plutinos, with no Pluto 

• Run PI: Plutinos, including Pluto 

- Run TO: Twotinos, with no "Twoto" 

- Run Tl: Twotinos, with leading low-e ^ "Twoto" 

• Run T2: Twotinos, with leading high-e "Twoto" 

- Run T3: Twotinos, with trailing low-e "Twoto" 

- Run T4: Twot inos, with trailing high-e "Twoto" 

• Run T5: Twotinos, with low-mass version of T4 "Twoto' 

All integrations, including the pre-runs, used a step size of 0.5 Earth years 

and were performed using the "Swift-Skeel" mixed-variable symplectic A'-body inte

grator (Duncan et aL, 1998; Wisdom and Holman, 1991). The mutual perturbations 

of the giant planets, as well as any massive resonant bodies, were fully accounted 

for. 

1.4.4 Obtaining Proper Elements 

The osculating orbital parameters of a resonant KBO can vary in a number of 

different ways, but the dominant variation is the libration from the mean-motion 

resonance. This is the libration of the resonant argument (j). which is accompanied 

by correlated librations of a and e. In the approximation of the circular restricted 3-

body model for resonant orbits (which pertains well to the qualitative characteristics 

of our particle orbits), the phases of the resonant librations of a and e are constrained 
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by the conservation of the action N, also known as the "adiabatic invariant" and 

furthermore are 90° out of phase with the libration of (}>. All three of these elements 

librate with characteristic amplitudes and periods (in the range of 10^ to 10® years), 

which depend on the particle's eccentricity and libration amplitude. Any of these 

libration amplitudes (e.g., Acj) or A a) is diagnostic of how stable the particle's 

orbit is, with the lowest libration amplitudes being the most stable. Furthermore, 

long-term diffusive changes in the limits of these resonant librations are indicative 

of chaotic diffusion of the particle. However, numerical analysis of the resonant 

librations is not a simple matter, as other modes of variation occur simultaneously 

in each particle's evolution, including fast quasi-periodic variations as well as secular 

oscillations. Thus it becomes necessary to tease out the information regarding 

slow chaotic diffusion from the overall signal. Two methods for doing this are the 

application of Fourier transforms and digital filters (e.g., Quinn et al. (1991)), 

and the so-called "sup-action method" (Morbidelli, 1997). We have opted to use 

the latter, which we find to be less complex, less computationally expensive, and 

adequate for our purposes. 

Short-period non-resonant perturbations from the 3 inner giant planets 

(Jupiter, .Saturn, and Neptune) give rise to a suite of fast variations in a reso

nant particle's orbit. These variations can have relatively large amplitudes, but 

their periods are on the order of the period of conjunctions between the disturbing 

planet and the test particle. Similar perturbations also arise from Neptune, with 

periods on the order of the period of the non-resonant terms in the Disturbing Func

tion. For a first-order resonance, all non-resonant terms circulate with frequencies 

that are faster than the frequency of conjunctions between Neptune and the test 

particle.® Thus, for the resonant particles under consideration in this work, the 

''Por a particle in a first-order resonance, N = \/o(p — (p + cosi), where p = 1 for 1:2 resonant 
particles and p = 2 for 2:3 resonjint particles. N is conserved under resonant motions only; perturbations from 
massive bodies other than Neptune, and indeed non-resonant terms in the Disturbing Function due to Neptune, do 
not  conserve N. 

®The mean motion of a test particle in the P  •  { p  +  q )  resonance, as a fraction of Neptune's mean motion, is 
n/n;^ = p/(p + q)- The frequency of conjunctions between Neptune and the test particle is simply the difference 
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fastest variations are due to Jupiter, with period ~ 12 yr; while the slowest have 

periods equal to —p/(p +1)] (493 yr for the 2:3 resonance (p = 2), 329 yr for 

the 1:2 resonance (p — 1)). The effects of these short-period perturbations average 

to zero over long timescales, with their amplitudes remaining very nearly constant 

(Murray and Derrnott, 2000). 

The giant planets also give rise to long-period secular variations in test par

ticle orbits (Knezevic et al., 1991). The semimajor axis is not affected by secular 

variations, but all other orbital elements are. In the outer solar system, these secu

lar variations operate on ~Myr timescales, slower than the mean-motion resonant 

librations. Thus the latter will continue to move along lines of constant "adiabatic 

invariant" N, even as the secular variations cause N itself to oscillate. 

Figure 1.5 shows a sample particle from the pre-nm (see Section 1.4.1) that 

demonstrates all of the behaviors described here. The resonant libration, with a 

period of 22,500 yr for this particle, is clearly visible in the time evolution of a, e, 

and (j), while the evolution of i is dominated by the long-period secular variation. 

The secular variation is also noticeable as a gentle upward slope in the eccentricity 

evolution. The fast variations are indicated by the difference between the upper and 

lower solid lines (note that the output timestep for the pre-run is 2.000 yr, small 

enough that only the fast variations are smoothed over), and the constancy of their 

amplitude is easily seen by the consonance of the two dotted lines in each panel. 

To tease out the diffusive evolution of particles due to long-term chaos, we 

adopt the method of Morbidelli (1997), as follows. In each full 1-Gyr integration, 

we record for each particle, at 1-Myr intervals, the minimum and maximum values 

between the mean motions, fconj  = njv —" = /{p+q).  The argument of a non-resonant term in the Disturbing 
Funct ion,  say ( j ) '  = ip'  + q')X — p 'X — q 'w,  circulates  a t  a  rate  0 '  =  (p '  +  q ' ) n  — p 'n^ = [{p '  +q')p/(p + q) -p 'Jniy .  
Thus the ratio \4>'/fcanj\ reduces to \p' —pq'/q\- This ratio is zero for (and only for) the resonant term itself and 
harmonics thereof, which are stationary in this analytical approximation. Since p, p', q, and q' are integers, and the 
difference between two integers  is  a lways an integer ,  \4>' / fconj  I < 1 can be t rue for  non-resonant  terms only i f  pq' fq  
is not an integer, which is possible only if > 1. Therefore, for first-order resonances (that is, for g = 1, which 
describes both the 1:2 and the 2:3 resonances), all non-resonant terms circulate ™th a frequency that is equal to 
or higher (faster) than the frequency of conjunctions. 
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Figure 1.5: Pre-run output for one test particle, illustrating the different kinds 
of variation of the orbital elements as discussed in Section 1.4.4. Solid lines are 
recorded maximum and minimum values of a, e, and i over 2,000-yr intervals, and 
instantaneous values of the resonant argument. Dotted lines show the maxima and 
minima shifted by the constant values da, de, and di. Note that this particle is a 
Twotino, librating in the trailing mode. 
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of a, e, and i,  over a sliding window with a length of 10 Myr (thus the intervals are 

[0,10] Myr, [1,11] Myr, [2,12] Myr, etc.). Additionally, instantaneous values of fi, w, 

and M are also recorded every 1 Myr, so that we can follow directly the evolution 

of the resonance angles. Note that the results of this procedure will not explicitly 

display any of the behaviors described above and seen in Figure 1.5, since all have 

periods smaller than 10 Myr; rather, these processes are smoothed over, and their 

amplitudes incorporated into the differences between the recorded maximum and 

minimum values. We then remove the amplitude from the fast oscillations induced 

by the giant planets, by subtracting from the maximum values (and adding to the 

minimum values) the short-period amplitudes da, de, and di that were obtained 

from the pre-runs (see Section 1.4.1). Finally, we remove the secular oscillations 

by readjusting the proper eccentricities to correspond to the midpoint value of the 

adiabatic invariant® N over each 10-Myr interval. For a fuller discussion of the 

so-called 'W algorithm," as well as other methods described in this section, see 

Morbidelli (1997). The final proper elements defined by this process, are maximum 

(which we now refer to as 02, 62, and ^2) and minimum (oj, ei, and ii) values 

that reflect only resonant hbrations; and any long-term changes in these are due to 

chaotic diffusion. 

We can evaluate the stability of our proper elements by noting that nu

merical experiments have shown the evolution of the giant planets to be only very 

weakly chaotic (Laskar, 1990; Murray and Hoi man, 1999), so that their proper el

ements ought to be very close to stationary. Table 1.1 shows the rms deviations 

of the proper elements for each of the giant planets over all of our 1-Gyr integra

tions. These values provide a measure of the numerical resolution of our study for 

the detection of chaotic diffusion. In the case of our models, inaccuracies smaller 

®This "N algorithm" is a 2-dimensional calculation performed in a — e space, which provides a good approx
imation of the secular variations in e. The complexity of adding a third dimension to this process precludes a 
similar calculation of the secular variations in i. However, we note that the latter are generally only a few degrees 
in amplitude. 
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Table 1.1: Rms deviations of proper orbital elements for the giant planets over all 
1-Gyr integrations described in this chapter 

a a (AU) <ye 
Jupiter 0.00003 0.00017 0.004° 
Saturn 0.00033 0.00033 0.008° 
Uranus 0.0018 0.0017 0.017° 
Neptune 0.0018 0.00033 0.090° 
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than 1 part in 1,500 were inadvertently introduced' in the initial velocities of the 

giant planets, resulting in very low levels of chaos in the giant planet orbits. These 

extraneous variations are exceedingly long in wavelength (on the order of 200 Myr), 

and only occasionally (e.g., the rms deviation of Neptune's inclination) is their am

plitude larger than the numerical resolution expected of our integrations, so we do 

not expect it to have any significant effect on the trajectories of the test particles. 

Indeed, we find that even the most stable particles in our results have rms devia

tions of the proper elements on the order of those shown in Table 1.1 for Neptune, 

indicating that any significant changes in our test particle proper elements are in 

fact due to slow chaotic processes. 

1.5 Results 

1.5.1 Explanation of Figures 

Figures 1.6-1.7, and 1.11-1.16 show the initial parameters for the test particles in 

each integration run, along with the time at which each particle first exhibited non-

resonant behavior. We define a Plutino as having escaped the resonance as soon as 

Oi falls below 38.75 AU or Cg exceeds 40.25 AU; for Twotinos, the corresponding 

limits are 47.05 AU and 48.55 AU. Both of these intervals are ±0.75 AU from the 

central resonant value; t hey are over-generous in that all resonant particles remain 

within the intervals, while some particles may remain briefly within the intervals 

despite being no longer in resonance. We find that once a particle has left the 

resonance for the first time, it spends very little time (on average, a few percent 

of each particle's dynamical lifetime) back in the resonant range of semimajor axis. 
' f  

The planetary initial conditions that we do^Yiiloaded from JPL were in orbital element form. Subsequently, 
we converted them to Cartesian using an algorithm which included only the masses of the Sun and the planet in 
question. JPL, on the other hand, had included the masses of other solar system objects when it initially calculated 
the orbital elements. Although the algorithm used by JPL was in fact more accurate, the problem was caused not 
by the level of accuracy but the simple fact that our algorithm was different from JPL's. Of course, downloading 
the initial conditions from JPL in Cartesian form would have avoided this issue entirely. 
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Therefore, we consider a particle to be permanently non-resonant once it has first 

left the resonant range. 

Figures 1.8 and 1.17-1.18 show the time-averaged density of test particles 

in our integrations (in which, to reiterate, we incorporate the weights described in 

Section 1.4.2). These maps were obtained by finding the distribution in parameter 

space of all resonant test particles in a single run, at all times (i.e., at intervals that 

are 1 Myr apart, smoothed over 10 Myr, throughout the 1 Gyr total integration 

time). For this purpose only, resonant particles are defined as those that have Ox 

and 02 instantaneously in the resonant range (defined in the preceding paragraph). 

Note that both the minimum and maximum proper elements are shown together 

on each plot, which accounts for the approximate symmetry in these figures. The 

relationship of this density map to resonant stability depends upon the assumptions 

that our test particles evolve in a time-independent manner—that is, their time av

erages are directly related to phase-space densities—and that we have fully sampled 

the parameter space. These assumptions are discussed in Section 1.3. 

Figures 1.9 and 1.20-1.21 show the mean dynamical diffusion coefficient, at 

various locations in the resonance parameter space. In each bin, the diffusion coeffi

cient is defined as D =< {Aaf > /At, where the mean is taken over every resonant 

particle that is instantaneously in the bin at any time. At is a 10-Myr time interval, 

and Aa is the change in proper semimajor axis from one time interval to the next. 

The usefulness of this quantity as a measure of resonant stability is discussed in 

Section 1.3. These diffusion values can also be correlated with a characteristic time 

for diffusion, r = /D, where we use L = 0.2 AU as a characteristic lengthscale 

(half-width) for the resonant region. 

Figures 1.10a and 1.22a show, as a function of time, the fraction of particles 

in each integration run that have not yet escaped the resonance. For many runs, 

a downturn or "elbow" can be seen at about 100 Myr. This was also noted by 
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Morbidelli (1997) in his study (which corresponds to our run PO). This "elbow" 

can be explained if the volume of phase space with characteristic diffusion times in 

the range 10® < r < 10® yr were much larger than the volume with faster diffusion 

times, so that particles would begin escaping from the former region only after 

100 Myr. This in fact turns out to be the case, as seen in Figures 1.10b and 1.22b, 

which plot the distribution of dynamical lifetimes. For all runs, the evolution of the 

fraction of remaining resonant particles (fres), as a function of time, becomes very 

close to linear on a semi-log plot for times t > 100 Myr; this corresponds to a loss 

function of the form f^es = a + b log t, indicating that the flux of particles escaping 

from resonance decays as ~ b/t. We note that Holman and Wisdom (1993) found a 

similar form of the loss function for low-e, low-i particles in the outer solar system, 

although Morbidelli (1997) argues for two power law fits with a second elbow at 

t ~ 1.5 Gyr. For each run, we have made a least-squares fit of our results to find 

the coefficient b, which we use to predict the number of particles remaining after 

4 Gyr. 

1.5.2 Plutinos 

Figures 1.6-1.10 show results from the two runs of Plutinos, In Figure 1.6, we 

see that long-term stable resonant orbits in run PO are prevalent at low A0 and e 

values, and only slightly less common at higher inclinations. The highest densities 

(Figure 1.8) and lowest diffusion values (Figure 1.9) are at o ~ a^es, low e, and also 

at the center of the Kozai resonance (0.2 < e < 0.3 for Plutinos).® 

By comparing the PI results against those for PO, the effects of Pluto 

are noticeable. In Figure 1.7, particles that begin with e and i values very close 

®The Kozai resonance (Kozai, 1962) is a commeusurability between the precession frequencies of a particle's 
longitude of node (O) and its longitude of perihelion {'cu). This causes the particle's argument of perihelion (a; = 
xu — n) to librate about a constant value, usually 90° or 270°. Unlike for mean motion resonances, the location of 
the Kozai resonance (a secular resonance) does not depend solely on semimajor axis, but also on eccentricity and 
inclination. 
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Figure 1.6: Initial parameters and outcomes for test particles in run PO. Solid dia
monds indicate particles that remained in resonance for the entire 1 Gyr integration, 
open diamonds indicate particles that left resonance after 100 Myr, crosses indicate 
particles that left resonance between 10 Myr and 100 Myr, dots indicate particles 
that left resonance in less than 10 Myr. 
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to those of Pluto show some decrease in stability, but the effects are smaller for 

Plutinos in general. Indeed, very little difference can be discerned between the 

density and diffusion maps for run PO and those for run PI (Figures 1.8 and 1.9). 

One noticeable effect of Pluto can be seen by noting that the number of particles 

that remain in the Kozai resonance (identified by tracking the libration of co) for the 

entire 1 Gyr is 30% lower for PI as compared with PO. Because Pluto also occupies 

the Kozai resonance, Kozai librators will tend to have orbital elements similar to 

Pluto's. Thus, they are not only more likely to have encounters with Pluto (one 

per particle per 13 Myr in our run PI, compared to 53 Myr for PI particles that 

never experience Kozai libration), but the encounters produce greater perturbation 

because of the lower encounter velocities (Opik, 1976). But even so, the effects of 

Pluto on Plutinos are modest. In our model, only 13% of all Kozai librators are 

ejected from the resonance more quickly with Pluto (PI) than without (PO). There 

is also a significant number of particles (16% of the total) that experience "Trojan" 

behavior with respect to Pluto at one time or another (i.e., either libration or slow 

circulation of A—Ap), though only one-fifth of this subset maintains Trojan libration 

for the entire 1-Gyr integration. 

Figure 1.10a most clearly shows Pluto's overall effect on our test particle 

Plutinos. At the end of the l-Gyr integration, 53% of the resonant particles in 

PO remain in resonance, compared with 47% in PI. The percentage projected to 

remain after 4 Gyr is also only slightly less for PI (32%) than for PO (38%), and 

the loss rate coefficient {N ~ b log t) is only slightly steeper [bpi = —0.25, while 

bpo — —0.23). 

1.5.3 Twotinos 

Figures 1.11-1.22 show results from the six runs of Twotinos. In Figure 1.11, we 

again see that long-term stable resonant orbits in TO are prevalent at low Aep values; 
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Figure 1.11: Initial parameters and outcomes for test particles in run TO. Dotted 
lines divide the diagram into three panels, leading librators on the left-hand side, 
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Figure 1.12: Initial parameters and outcomes for test particles in run Tl. Symbols 
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Figure 1.18; Relative particle density for Twotino runs. The two boxes show the 
extent of the variation in the embedded planet's minimum and maximum orbital 
elements, respectively. Solid diagonal line shows the approximate boundary of the 
low-e high-i chaotic region first noted by (Nesvorny and Roig, 2001). 
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Figure 1.20: Mean dynamical diffusion for Twotino runs. The two boxes show the 
extent of the variation in the embedded planet's minimum and maximum orbital 
elements, respectively. 
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Figure 1.22: (a) Fraction of particles remaining in resonance, as a function of time, 
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but here we find (in some contrast with the Plutinos) that moderate eccentricities 

(0.1 < e < 0.3) are more likely to be stable than low eccentricities, and that 

stability falls off visibly with increasing inclination. Similar patterns are seen in the 

density and diffusion maps (Figures 1.17-1.21), where we also note that the region 

of stability spreads over a somewhat wider interval in semimajor axis than is the 

case for Plutinos. An increase in stability associated with the Kozai resonance is 

discernible in Figure 1.21 at high eccentricities (e ~ 0.45), but it appears to be 

much less active for Twotinos than for Plutinos. We also confirm the observation 

of Nesvorny and Roig (2001) of a diagonal line in e - i space, most clearly seen in 

Figure 1.18, to the left of which is a region of unstable orbits with low eccentricities 

and generally high inclinations. 

As shown in Figure 1.22a, 24% of particles in run TO remain in resonance 

after 1 Gyr, about half the fraction found above for PO, and the loss rate coefficient 

{bro — —0.29) is steeper (yielding a projected 8% remaining after 4 Gyr). This 

indicates that the 1:2 resonance has less overall long-term stability than the 2:3. 

The hypothetical ten-Pluto-mass 1:2 resonant perturber (in runs T1 

through T4) has a pronounced effect on the Twotino population. Figures 1.12-

1.16 show a dramatic decrease in particle lifetimes. The densities in Figures 1.17 

and 1.18 are both lower and more diffuse compared to run TO, as test particles are 

stirred up by '"Twoto." There is also a marked decrease in density at the center 

of the resonance (a ~ ares and 0.2 < e < 0.3), indicating that a massive perturber 

causes particles to more efficiently leave the deepest parts of the resonance. Diffu

sion rates (Figures 1.20 and 1.21) are also higher, especially in the vicinity of the 

planet. 

Figure 1.22 shows a markedly greater rate of ejection after 100 Myr for those 

runs with a more massive "Twoto." The fraction of particles remaining after 1 Gyr 

for runs Ti through T4 is {5%, 13%, 6%, 11%}, and an extrapolation suggests that 
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all four runs will have lost nearly all of their resonant test particles before 4 Gyr. 

The loss rate coefficients (6) are also much steeper, ranging from -0.39 to -0.43. In 

contrast to this, the one-Pluto-mass planet (run T5) is ineffectual by this metric, 

with no significant difference from run TO in any respect. 

The presence of "Twoto" can also have a significant effect on the lead

ing/trailing asymmetry in the Twotino population. Figure 1.19 shows that the den

sity of leading test particles is visibly decreased in the case of a leading "Twoto," 

and vice versa. As seen in Figure 1.23, a perturber in the leading lobe causes a 

decrease in the ratio of surviving leading test particles to trailing particles. This 

effect begins at t ~ 100 Myr, and concludes with a lead-trail ratio at 1 Gyr of l-to-5 

for Tl, and l-to-1.7 for T2. The opposite effect is similarly visible for a perturber in 

the trailing lobe (3-to-l for T3 at 1 Gyr, 2-to-l for T4). The one-Pluto-mass planet 

also has a significant, though smaller, effect on the asymmetry (1.45-to-l for To at 

1 Gyr). For runs Tl through T5, test particles undergo encounters with "Twoto" 

at rates of one per particle per {4.4, 7.6,4.2, 5.7,31} Myr. 

1.5.4 The Fates of Resonance Escapees 

Particles that have been ejected from resonance in our models enter other Kuiper 

Belt populations. The large majority of escaped Twotinos, and many escaped Pluti-

nos as well, have eccentric orbits (escaped Twotinos spend 86% of their time, and 

escaped Plutinos spend 19% of their time, with e > 0.3) with perihelia outside 

Neptune (escaped Twotinos spend 65% of their time, and escaped Plutinos spend 

53% of their time, with q > 30 AU). These are analogous to the so-called scattered 

disk objects (SDOs), which have been discussed by Duncan and Levison (1997). 

SDOs can be stable over the age of the solar system (indeed, ^ 10% of escaped 

particles in our models survive to the end of our l-Gyr integration), with their sta

bility often enhanced by resonance sticking. This may involve a long-term stay in 
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a single resonance, or several resonances may be visited. Many known SDOs have 

perihelia significantly beyond the region of overlapping Neptune resonances (which 

extends to ~ 35 AU), and some have q > 40 AU, but the mechanism by which they 

obtain such high perihelia is not known with certainty (Gladman et al., 2002). We 

observe in our model that some escaped resonant KBOs have have their perihelia 

raised beyond 40 AU by a combination of the Kozai resonance and a mean-motion 

resonance (see Figure 1.24). Further work remains to be done in characterizing the 

nature of this process and determining whether it is efficient enough to explain the 

observed population. 

Escaped Plutinos are less likely to have an eccentricity high enough to be 

classified as SDOs, instead spending more time (31% of their time, compared to 

less than 1% for escaped Twotinos) in the region of phase space with q > 33 AU, 

a < 40 AU. The mean lifetime of escaped Plutinos that migrate into the inner 

solar system is shorter than the analogous population of escaped Twotinos. Also, 

particles that escape at a later stage of the integration (meaning that they probably 

began in more stable regions of the resonance) are somewhat more likely than early 

resonance escapees to survive for long periods of time (at least hundreds of Myr) 

after escape. 

If a particle's perihelion migrates inside the orbit of Neptune while it is 

unprotected by a resonance, it then enters the population of Centaurs, which are 

described in Chapter 2 of this dissertation (also Tiscareno and Malhotra (2003)). 

Centaur dynamics are dominated by scattering due to the giant planets. They 

exhibit no significant resonance sticking behavior; rather. Centaur orbital elements 

tend to diffuse evenly throughout the planet-crossing region of parameter space. 

Their median dynamical lifetime is 9 Myr; approximately one-third are injected 

into the Jupiter-family comet (JFC) population, while two-thirds are ejected from 

the inner solar system. The results of this chapter confirm that ratio, with 28% of 

particles that do not survive the l-Gyr integration entering the inner solar system 
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(defined for computational purposes as r < 5 AU). We also see in the results of this 

chapter that resonant KBOs make a significant contribution to the SDO population, 

as well as directly to the Centaurs, and that the SDOs are also an important source 

of Centaurs, 

We can also estimate the rate at which resonant KBOs supply the JFC 

population, although calibrating the rate to the known populations is problematic. 

In Sections 1.5.2 and 1.5.3, we estimated the functional dependence of the fraction 

of objects remaining in resonance, versus time, as / = a + blogt, with b = —0.25 

for Plutinos (run PI) and b = —0.29 for Twotinos (run TO). This implies, for 

t = 4x 10® yr, an escape rate of df/dt = b/{tln 10), which comes to approximately 

one out of every 3 x 10° resonant KBOs escaping per million years (note that the 

current rate is significantly smaller than in the past, due to the logt dependence). 

Multiplying this rate by the number of comet precursors originally in the resonant 

Kuiper Belt (see Section 1.6.3 for the relationship to the current number of resonant 

KBOs), and also by 28% to reflect the fraction of escaped particles that reach the 

JFC population, would indicate the rate at which new JFCs come from the resonant 

Kuiper Belt. However, the size distribution of the Kuiper Belt is uncertain, with 

recent observations indicating that small KBOs are much less abundant compared 

to large KBOs (Bernstein et al., 2003), and the size of comet precursors is also 

uncertain (Lamy et al., 2004). Furthermore, as in Section 1.6.3, this calculation as

sumes a volumetric distribution of initial A0 values. The conclusion of this matter, 

therefore, awaits further study. 
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1.6 Discussion 

1.6.1 The Effects of a Massive Perturber in the 1:2 Resonance 

As described in Section 1.5.3, our model indicates that the presence of a one-Pluto-

mass planet in the 1:2 resonance would have only a minor effect on the overall 

Twotino population, while a ten-Pluto-mass planet (especially if it has low e) would 

almost completely deplete the entire resonance before 4 Gyr. Therefore, we suggest 

that a planet with an intermediate mass, perhaps about 3 Pluto masses, might 

significantly shape the Twotino population while preserving a significant fraction of 

them to the present day. Furthermore, a massive "Twoto" would create a significant 

asymmetry, with the population of the librational lobe in which the planet resides 

becoming a factor of 2 or 3 lower than the population of the opposite lobe after only 

1 Gyr. A hypothetical 3-Pluto-mass planet might not create such an asymmetry 

quite as quickly as would a ten-Pluto-mass planet, but might have similar effects if 

given a longer period of time (4 Gyr) in which to act. 

Their discovery longitudes indicate that 5 of the known Twotinos lib rate 

in the leading lobe (i.e., 4> remains below 180°) while only 1 librates in the trailing 

lobe (i.e., 0 remains above 180") (Chiang et al., 2004). If continuing observations 

bear out this asymmetry (of course, the number of known particles at present is far 

too small to rule out a statistical fluctuation), then it would become necessary to 

determine a physical mechanism for fractionating between leading and trailing libra-

tors. Although the models of Chiang and Jordan (2002) predict a leading/trailing 

asymmetry for a scenario in which the 1:2 resonance is populated during a relatively 

fast (r = 10° or 10® yr) outward migration of Neptune, the observed asymmetry 

is in the opposite sense from their prediction. Therefore, the most obvious cause 

for an asymmetry would be a planet in one lobe of the 1:2 resonance, which would 

preferentially eject Twotinos from its own lobe. In particular, our models suggest 
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that a hypothetical planet with a mass on the order of 4 x 10^^ kg (about 3 Pluto 

masses), with a low-eccentricity orbit and moderate inclination® in the trailing lobe 

of the 1:2 resonance could account for the observed asymmetry. 

The main objection to such a scenario, of course, is that no such planet 

has been observed to exist. It is possible that a planet of this size remains to be 

detected in the 1:2 resonance, especially if it has a low albedo and/or has a position 

in the sky that is currently in the galactic plane, where observations are difficult. 

However, the probability of this is rapidly decreasing as surveys that systematically 

search for such objects progress (e.g., Trujillo and Brown (2004)). A more likely 

scenario is that our hypothetical massive planet remained in the 1:2 resonance long 

enough to shape the Twotino population, and then escaped within the last 1 to 

2 Gyr. The escape mechanism could have been simply dynamical diffusion out of 

the resonance, which would be typical of the Twotinos in our model, which have 

only 8% probability of surviving for 4 Gyr. We note that the generally lesser 

stability of the 1:2 resonance makes this scenario somewhat more plausible than it 

would be for a 2:3 resonant KBO. 

1.6.2 Evolution of Resonant KBOs 

Several investigators have previously explored the behavior of resonant KBOs, and 

our results support and expand on their findings. 

Morbidelli (1997) explored chaotic diffusion in the 2:3 resonance using meth

ods very similar to ours. We observe all of the behavioral classes that he describes, 

including objects which slowly diffuse from the inner parts of the resonance phase 

space, escaping only after several billion years. We can also reproduce fairly well 

his map of chaotic dynamical diffusion in the 2:3 resonance. We have expanded 

®Note that all massive T\TOtiiaos in our models have the same initial inclination, i = 12.5°, and thus we cannot 
constrain the inclination of the planet proposed here. 
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on his work by adding greater resolution, greater coverage of particles deep in the 

resonance, and also by exploring the influence of Pluto. 

Morbidelli (1997) also estimated the distribution of residence times in the 

2:3 resonance. He found a rate of escape that was very low for the first 100 Myr, 

after which the number of surviving particles steepened to a power law of ~ 

then abruptly steepened again at 1.5 Gyr to a power law of ~ We find that a 

functional dependence of ~ blogt gives a better fit to our results after t ~ 100 Myr, 

so we cannot directly compare coefficients (see Section 1.5.1). But we do see a similar 

steepening at 100 Myr (Figure 1.10a), which we deduce to be due to a comparatively 

large volume in phase space that has characteristic diffusion times on that order 

(Figure 1.10b). We cannot directly test the claim of a second steepening and even 

higher rate of escape at times greater than 1.5 Gyr, since our integration extends 

only to 1 Gyr. However, we do not see any indication of a large volume in phase 

space with diffusion times r ~ 1.5 Gyr. 

Yu and Tremaine (1999) carried out a semi-analytical model based on a 

simplified resonant Hamiltonian, to explore the orbits of Pluto and the Plutinos. 

All Plutinos in their model experienced significant interactions with Pluto, but 

their initial sample was less comprehensive than ours. We do observe a set of 

behavioral classes that is similar to what they described, including persistent Trojan 

behavior ("tadpole" and "horseshoe" orbits, and orbits that transition between 

them), particles with a slow circulation of A — Ap, and others that experience only 

intermittent Pluto Trojan behavior. If we compare their results to the subset of 

particles in our model which experience some measure of Pluto Trojan behavior, we 

find comparable numbers of slow circulators, but we have nearly 3 times as many 

particles that spend some time as Trojans and then leave, and only one-quarter 

as many persistent librators. Again, this likely reflects the greater diversity of our 

initial sample. Like Yu and Tremaine (1999), we find that persistent Trojan behavior 

is concentrated among particles that begin with initial eccentricities and inclinations 
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close to those of Plul.o. This incidence of Pluto Trojan behavior, however, does 

not translate into a significant effect on stability in our model. Most particles that 

experience some degree of Trojan behavior are stable whether or not Pluto is present; 

12% are ejected sooner from resonance, while 6% last longer in the resonance, when 

Pluto is present. 

Nesvorny and Roig (2000) and Nesvorny and Roig (2001) investigated the 

stability of the 2:3 and 1:2 resonances, respectively. They used the digital filter 

method of obtaining proper elements, and they measured resonance stability using 

the Lyapunov exponent and the minimum distance from Neptune, rather than com

puting the dynamical diffusion coefficients as we have. Still, our maps of resonance 

stability have broad agreement in the overall shape of the resonant region of phase 

space, with the most stable regions of the resonances centered on the resonant values 

of a, and an additional center of stability associated with the the Kozai resonance. 

We also observe the diagonal line between stability and instability in e — i space for 

the 1:2 resonance, as reported by Nesvorny and Roig (2001). 

Nesvorny et al. (2000), hereafter NRF, performed a short-term numerical 

integration of the known Plutinos in order to determine their present proper orbital 

elements, including the resonance libration amplitude A(f). They found a surprising 

lack of observed Phitinos deep in the 2:3 resonance (i.e. at low A^), as well as 

at moderate eccentricities (i.e., near ep) in the Kozai resonance. They attributed 

these phenomena to the effects of Pluto. They proceeded to carry out two numerical 

integrations, including the effects of Pluto, on Plutinos that initially have both low 

Ao and Kozai libration. In one integration all particles had initial e = 0.25, and in 

the other all had initial i = 17°; both of these, of course, are very close to Pluto's 

values. We note that these are both rather small slices of phase space, and comprise 

regions in which particles have increased likelihood of low-velocity interactions with 

Pluto. For both of their integrations, NRF found that about 15% of these deeply 

resonant particles would escape from the resonance within 1 Gyr, and over half 
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would escape by 4 Gyr. compared to none at all when Pluto was not included in the 

integration. For particles with high inclinations and moderate to high eccentricities, 

the likelihood of escape was even greater. 

We can compare these results to our own model by considering subsets of 

the total number of particles in our model, which correspond to the initial conditions 

used by NRF. Thus, we consider the 3% of the particles in run PI which began with 

e = 0.25 and demonstrated some measure of Kozai libration during the integration; 

we find that 14% of this subset are ejected from the resonance more quickly when 

Pluto is present. Similarly, 3% of the particles in run Pi began with i = 17.5° and 

demonstrated some measure of Kozai libration, and 25% of these are ejected by 

Pluto. In both cases, given the small numbers involved, these results are consistent 

with the findings of NRF. The general Plutino population, on the other hand, 

predominantly consists of orbits which have neither e ~ ep nor i ip, and we find 

Pluto's overall effects to be on the order of a 15% increase in objects lost from the 

resonance over 4 Gyr, rather than 50%. 

1.6.3 Population Estimates 

Trujillo et al. (2001) estimate that the classical Kuiper Belt contains on the order 

of 40,000 bodies larger than 100 km in diameter, while the 2:3 and 1:2 resonances 

combine to hold on the order of 10% as many. Chiang and Jordan (2002) estimate 

the actual present ratio of Plutinos to Twotinos as between 2.7 and 3.6. Combining 

these, we estimate that the 2:3 resonance now contains roughly 3,000 large bodies, 

with another 1,000 in the 1:2 resonance. Then, using our result from Sections 1.5.2 

and 1.5.3, we estimate that approximately 32% of objects in the 2:3 resonance (run 

PI) survive f j -t C. vr, compared to 8% of objects in the 1:2 resonance (run TO). 

This imphes that the resonant population 4 Gyr ago included some 9,400 Plutinos 

and 13,000 Twotinos. There are two important conclusions that follow. Firstly, 
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since classical KBOs are expected to be much more stable, the resonant population 

likely comprised a much higher fraction of the total Kuiper Belt 4 Gyr ago, perhaps 

one-third or more of the total. Secondly, the presently observed Plutino/Twotino 

ratio is consistent with models that expect the two populations to have comparable 

numbers at the conclusion of Neptune's migration (e.g. Malhotra (1995)). 

As discussed in Section 1.4.2, this result relies on the assumption of an 

initially volumetric distribution of A^, meaning that the frequency of a particular 

value of is proportional to the volume in phase space characterized by that 

value (particles that do not survive the first 1 Myr of the full integration are not 

counted, as they are not likely to have survived any process by which the Kuiper 

Belt could have been formed). If, instead of the volumetric distribution, we assume 

that only the most stable particles (e.g., A0 < 30°) survive the formation process 

to become the initial particles in our model, then escapes overall are much less 

common; consequently, the fraction of particles that survive to the age of the solar 

system would be much higher, and neither of the two conclusions above would be 

very robust. 

1.7 Conclusions 

We carried out extensive numerical integrations in a two-step process to probe the 

characteristics of the 2:3 (Plutinos) and 1:2 (Twotinos) mean motion resonances 

with Neptune. We began the first step with a large number of particles and a 

broad sample of orbital elements, integrating them for 150,000 yr to determine the 

characteristics of their resonance zones. We then selected a subset of these particles, 

comprising a representative sample of the resonant phase space, and integrated these 

for 1 Gyr. Our results can be summarized as follows: 

1. In both resonances, for orbits that are stable on resonance libration timescales 
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(< 10® yr), the regions of phase space characterized by higher libration ampli-

tudes (A0) are roughly equal in volume to the regions characterized by lower 

libration amplitudes. For Plutinos, Ad is uniformly distributed between 0° 

and 160°. For Twotinos, symmetric librators are distributed primarily be

tween 145° and 160°, while asymmetric librators (both leading and trailing) 

are nearly evenly distributed between 0° and 70°. 

2. For Plutinos, the regions of greatest stability (as indicated by high time-

averaged particle densities and low values of chaotic diffusion) are found near 

the center of the 2:3 resonance (a ~ ares) and the center of the Kozai resonance 

(0.2 < e < 0.3). 

3. The presence of Pluto has modest but noticeable effects on the Plutino popu

lation. It disrupts the libration of objects in the Kozai resonance and causes 

some particles to undergo libration in a 1:1 ("Trojan") resonance. The over

all fraction of Plutinos projected to survive for 4 Gyr is 38% when Pluto's 

perturbations are neglected, and 32% when they are included. 

4. For Twotinos, the regions of greatest stability are found at moderate eccen

tricities (0.1 < e < 0.3), and spread over a somewhat wider range of semi-

major axis. A second center of stability, associated with the Kozai resonance, 

is found at higher eccentricities (e ~ 0.45), but it is much smaller than its 

Plutino counterpart. The 1:2 resonance also has weaker overall long-term sta

bility than the 2:3, with only 8% of Twotinos projected to survive for 4 Gyr. 

5. A hypothetical perturber in the 1:2 resonance with the same mass as Pluto's 

(Mp) has only a minor effect on the resonant test particles, but a perturber 

with a mass of 10Mp has a very dramatic effect, clearing particles from the 

deepest parts of the resonance, and resulting in a projected survival rate near 

zero  a t  4  Gyr .  The  lOMp per tu rbers  a re  a l so  very  success fu l  ( and  the  IMp  

perturber is moderately successful) at preferentially ejecting particles whose 
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asymmetric resonant libration is in the same mode (leading or trailing) as 

that of the perturber. 

6. The currently observed population of Twotinos is comprised of 5 bodies whose 

resonant libration leads Neptune, and only 1 that trails Neptune. Although 

one cannot rule out a statistical fluctuation in small numbers as the cause of 

this asymmetry, our models suggest an alternate hypothesis that a massive 

KBO in the 1:2 resonance, with a mass of ~ 3Mp, in an asymmetric libration 

mode trailing Neptune, with a relatively low eccentricity and moderate incli

nation, could also cause the asymmetry and be consistent with other observed 

properties of 1:2 resonant KBOs. Such a hypothetical massive object may yet 

exist undetected, or it may have escaped from the resonance in the last 1 to 

3 Gyr due to chaotic diffusion. 

7. Bodies that have escaped from the 2:3 and 1:2 resonances are a direct source of 

both Centaurs and Scattered Disk Objects (SDOs), and SDOs are also a source 

of Centaurs. SDOs visit a variety of resonances which enhance their long-term 

stability. We have seen multiple examples of an SDO which originated as a 

Twotino and had its perihelion raised beyond 36 AU owing to the Kozai effect; 

this provides a possible dynamical origin for the so-called Extended Scattered 

Disk Objects. Further work will be done on the details and efficiency of this 

mechanism. 

8. Escaped particles eventually evolve into the Centaur population, where they 

strongly interact with the giant planets. Of particles that do not survive the 

integration, 28% are injected into the inner solar system, where they most 

likely spend time as Jupiter-family comets (JFCs). 

9. Combining the analyses of Trujillo et al. (2001) and Chiang and Jordan 

(2002), we estimate the current actual number of resonant KBOs, with diam

eters of 100 km or more, to be roughly 3,000 Plutinos and 1,000 Twotinos. 
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The escape rates derived from our models indicate that the distribution 4 Gyr 

ago was roughly 9,400 Plutinos and 13,000 Twotinos (including the effects of 

Pluto, but not those of any hypothetical 1:2 resonant perturber). If the ini

tial distribution of KBOs (i.e., immediately after the formation process was 

completed) was hea\ily weighted towards the most stable objects, then these 

conclusions are not valid. But if the distribution of libration amplitudes in 

the initial KBOs was an even (volumetric) sample of the resonance phase 

space, then: 1) resonant KBOs may have constituted a much higher fraction 

of the overall Kuiper Belt population in the past than they do now, and 2) 

the presently observed Flutino/Twotino ratio implies a primordial ratio close 

to 1, consistent with models of Neptune's migration and resonance sweeping 

of the Kuiper Belt. 
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CHAPTER 2 

The Dynamics of Known Centaurs 

The content of this chapter has been previoiisly published in the Astronomical 

Journal as Tiscareno and Malhotra (2003). 

2.1 Abstract 

We have numerically investigated the long term dynamical behavior of known Cen

taurs. This class of objects is thought to constitute the transitional population 

between the Kuiper Belt and the Jupiter-family comets (JFCs). In our study, we 

find that over their dynamical lifetimes, these objects diffuse into the JFCs and 

other sinks, and also make excursions into the Scattered Disk, but (not surpris

ingly) do not diffuse into the parameter space representing the main Kuiper Belt. 

These Centaurs spend most of their dynamical lifetimes in orbits of eccentricity 0.2-

to-0.6 and perihelion distance 12-to-30 AU. Their orbital evolution is characterized 

by frequent close encounters with the giant planets. Most of these Centaurs will 

escape from the solar system (or enter the Oort Cloud), while a fraction will enter 

the JFC population and a few percent will impact a giant planet. Their median 

dynamical lifetime is 9 Myr. although there is a wide dispersion in lifetimes, rang

ing from less than 1 Myr to more than 100 Myr. We find the dynamical evolution 

of this sample of Centaurs to be less orderly than the planet-to-planet "hand-off" 

described in previous investigations. We discuss the implications of our study for 

the spatial distribution of the Centaurs as a whole. 
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2.2 Introduction 

In the past decade, there has been a rapid increase in the number of discover

ies of a transitional population of minor planets in the outer solar system called 

the Centaurs. The first object in this population, Chiron, was discovered in 1977 

(Kowal, 1989), and several dozen are now known, most discovered within the last 

5 years. These objects are characterized by highly chaotic orbits with perihelia 

lying between Jupiter's orbit and Neptune's orbit. Their dynamical lifetimes are 

much shorter than the age of the solar system, thus they must have a source in a 

more stable reservoir elsewhere in the outer solar system. The prevailing view is 

that Centaurs are objects that have escaped from the trans-Neptunian Kuiper Belt 

and represent the dynamical population intermediate between the relatively stable 

Kuiper Belt source and the short-lived short period Jupiter family comets (JFCs). 

This picture is based upon a number of theoretical investigations that have explored 

the Kuiper Belt-JFC connection by means of numerical simulations (Duncan et al., 

1987; Duncan et al., 1988; Holman and Wisdom, 1993; Levison and Duncan, 1993; 

Levison and Duncan, 1997; Duncan and Levison, 1997; Morbidelli, 1997). 

While the dynamics of Kuiper Belt objects (KBOs) has been, and continues 

to be, a hot topic of investigation, relatively little attention has been given to the 

dynamics of the Centaur population itself. The study by Levison and Duncan 

(1997), hereafter LD97, provides perhaps the best previous understanding of the 

dynamics of this class of objects. These authors used a numerical model to trace the 

evolution of objects escaping from the Kuiper Belt into the Jupiter family comets, 

including their transition as Centaurs. In common with most other past studies, 

LD97 assumed that the source population in the Kuiper Belt is dynamically "cold," 

i. e., that their orbits are nearly circular and of low inclination. Observations over 

the last decade, however, have increasingly indicated that the Kuiper Belt is not 

dynamically cold; rather, Kuiper Belt objects (KBOs) have a surprisingly broad 
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distribution of orbital eccentricities and inclinations. Furthermore, it consists of 

several distinct dynamical populations: the resonant KBOs, the non-resonant main 

belt (or classical) KBOs and the Scattered Disk objects (see Malhotra et al. (2000) 

for a recent review). Thus, the KB-JFC connection certainly needs to be revisited 

with dynamical models that take account of the relatively "excited" and complex 

Kuiper Belt structure. In the present work, we have the more limited goal of 

studying the dynamics of the population intermediate between KBOs and JFCs, 

namely, the Centaurs. We use the known Centaur population as our starting point. 

We study their long term dynamics with the goal of understanding their dynamical 

history and eventual fate, their connection to the short period comets and to the 

presumed Kuiper Belt source(s), and the present overall distribution of Centaurs. 

Our numerical model is described in Section 2.3. In Section 2.4, we de

scribe our results, including details of the diversity of orbital histories of the known 

Centaurs, quantitative estimates of their dynamical lifetimes, and statistics of close 

encounters with the outer planets. In Section 2.5, we discuss the implications of 

our results for the distribution of the entire Centaur population. We summarize our 

conclusions in Section 2.6. 

2.3 Model 

We obtained the orbital parameters of the known Centaurs from the Minor Planet 

Center (MPC)^. As of 2002 May 1, the MPC listed 110 Centaurs and Scattered-

Disk objects (SDOs) in a single table. The orbital distribution of this sample is 

shown in Fig. 2.1. Of these 110 objects, we chose a subset of 53 objects which 

have perihelion distance interior to Neptune's orbit. We define these as Centaurs, 

as distinct from SDOs which have perihelion distance exterior to Neptune's orbit. 

(Although this choice based on perihelion distance alone is reasonable as a rough 

^ http; / / cfa-www.harvard.edu/iau/lists/Centaurs.html 
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Figure 2.1: Orbital parameters of known Centaurs and Scattered Disk Objects 
(SDOs). The 53 Centaurs, which were used as the initial parameters for our simu
lation, are shown as open diamonds, while the SDOs are shown as solid diamonds. 
In the left-hand figure, the horizontal dash-dot line (which divides the two popula
tions) represents perihelia equal to that of Neptune; while the curved dash-dot lines 
represent lines of constant semimajor axis, with values corresponding to Jupiter, 
Saturn, Uranus, and Neptune. Data from the Minor Planet Center website, as of 
2002 May 1. 
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dyiiainical division between Centaurs and SDOs, a more rigorous definition of the 

distinction between the more transient Centaurs and the long-lived SDOs would be 

useful for future detailed studies. In section 2.4 we suggest a modest improvement 

of this definition, based on our results.) The epochs of the Centaurs, as given by 

the MPC, range from 2002 September 20 to 2002 May 6. For the purpose of an 

efficient numerical study, we calculated the initial conditions of these objects at the 

common epoch of 2000 January 1, assuming unperturbed Keplerian motion on their 

present orbits. 

In our sample, the median eccentricity is 0.483 and the median inclination 

is 9.4°. For those Centaurs that cross only Neptune, the Tisserand parameter^ 

with respect to Neptune (T) is significantly below 3 (ranging from 2.46 to 2.92). 

This reflects the dynamically hot nature of this sample. For comparison, LD97's 

theoretical model started with a much more dynamically cold sample: 18 of their 

21 initial particles have T between 3.01 and 3.08, and none have T lower than 2.82. 

(We must compare the initial conditions in this manner because LD97 report the 

initial conditions of their model only as KBOs that are about to encounter Neptune.) 

We modeled the Centaurs as massless test particles, and we followed their 

orbital evolution for 100 Myr under the perturbations of the outer four planets, 

Jupiter through Neptune (whose orbital elements at epoch 2000 January 1 were 

taken from Murray and Dermott (2000)). The mutual perturbations of the planets 

were calculated self-consistently in our modeling. We stopped following a particle 

once it reached r < 2.5 AU, the dynamical region of visible comets; and we consider 

a particle to have been ejected from the solar system upon reaching r > 20, 000 AU. 

For the numerical orbit integrations, we used "Swift-Skeel," a mixed-variable sym-

plectic A'^'-body integrator with the capability-to handle close encounters between 

test particles and planets (Duncan et al., 1998; Wisdom and Holman, 1991). Our 

^The Tisserand parameter of a particle, with respect to a particular planet, remains relatively unchanged 
through encounters with that planet. T = ap/a + 2i/(l — e^)a/ap cosi, where ap is the planet's semimajor axis, 
and a, e, and i are the test particle's semimajor axis, eccentricity, and inclination, respectively. 
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integrations were performed with a step size of 0.1 Earth years, and we recorded 

the position and velocity of each particle every 20,000 years. (As we will see, the 

total integration time of 100 Myr is adequate for our study, as the mean dynamical 

lifetime of our sample of Centaurs is found to be only 9 Myr.) It is important to note 

that, in light of the strongly chaotic orbital dynamics of these objects, individual 

particle histories in our results should not be viewed as the determined orbital his

tory of any single object; rather, they should be viewed statistically, in the context 

of their overall time-weighted distribution. 

In the analysis that follows, we often plot on a single figure the accumu

lated record of orbital parameters in our 100-Myr integration (with the 20,000-year 

time resolution, as stated above). Such figures illustrate the time-weighted cumula

tive orbital parameter distributions of our sample of Centaurs over their dynamical 

lifetimes. In section 2.5, we discuss the relationship between these distributions ob

tained from our simulation and those of the entire Centaur population, considering 

various observational selection effects and modeling assumptions. 

2.4 Results 

A general overview of the dynamical evolution of the observed sample of Centaurs, 

as determined in our integrations, is shown in Fig. 2.2. Here we have combined 

the records of all our test-particle Centaurs (at 20,000-year intervals over the 100-

Myr total integration time) and have obtained their time-averaged distribution as 

a function of the perihelion {q) and aphelion (Q) distances. The figure shows con

tours of this density in gray-scale, as the fraction of objects per square AU in the 

(q, Q) plane. (Note that this is not the "surface density" in physical space, but in 

dynamical parameter space.) The density variations reflect the relative lengths of 

time that our sample of Centaurs spend in various regions of this parameter space. 

A prominent feature in Fig. 2.2 is the strong drop-off in density beyond 
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Figure 2.2; The time-weighted distribution of the known Centaurs obtained in our 
integration. The shading, as shown in the legend to the upper left, is the fraction of 
particles per AU^. The solid diagonal line corresponds to orbits of zero eccentricity; 
thus, anything to the left of that line is unphysical. Similarly, the dotted diagonal 
lines represent lines of constant eccentricity. The curved dot-dash lines represent 
lines of constant semimajor axis, with values corresponding to the four giant planets. 
The horizontal dot-dash line represents orbits of perihelion distance equal to that 
of Neptune. The region contained within the dashed lines at the top-center is the 
appproximate location of the classical and resonant K BO populations (some of the 
latter actually extend to smaller perihelion distances, though this is not reflected 
in the figure). The remaining region of perihelion distances close to but exceeding 
that of Neptune defines the main zone of SDOs. 
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perihelion distance ~ 33 AU; there is very little diffusion of these Centaurs to 

§ > 33 AU. This outer boundary is likely related to the boundary of the chaotic zone 

of overlapping first-order mean motion resonances of Neptune (Malhotra, 1996). 

Although g == 30 AU is presently adopted as the boundary between Centaurs and 

SDOs, the excursions of the known Centaurs to g > 30 AU over their dynamical 

lifetimes indicate some, or possibly significant, overlap with the phase space of the 

Scattered Disk, depending upon the precise definition of the latter. Alternatively 

the apparently strong diffusion barrier identified here suggests a natural dynamical 

division between Centaurs and the Scattered Disk at g ~ 33 AU. This is consistent 

with previous studies of the dynamics of SDOs (Duncan and Levison, 1997). In 

future studies, detailed mapping of the diffusion rates near this boundary could 

define the boundary more precisely. 

Furthermore, we note that there is essentially no penetration of these ob

jects into the main region of resonant and classical KBOs (the approximate bound

aries of the latter are indicated by the dashed lines in the upper-center of the figure). 

This is not entirely surprising: dynamically long-lived regions, by their nature, are 

characterized by relatively non-porous boundaries; particles are able to slowly "leak" 

out of such a heavily populated, dynamically stable region into less stable regions, 

but their diffusion rate back into the more stable region is very small, as they are 

instead dispersed through the solar system. Thus, this apparent lack of visitation 

of our Centaurs into the main domain of KBOs does not necessarily preclude the 

latter as a possible source of these Centaurs. For the same reasons, the diffusion 

barrier between Centaurs and SDOs discussed in the previous paragraph does not 

preclude the SDOs as a source of Centaurs. 

The right-hand side of Fig. 2.2 is dominated by horizontal (constant peri

helion) features. Three of these correspond to perihelion values near the locations 

of Saturn, Uranus, and Neptune, respectively; these most likely represent the main 

paths of ejection, as particles suffer close encounters with the planets near their own 
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perihelia, and their aphelia are gradually pumped up to large values. An analogous 

feature due to Jupiter is also discernible, but is less prominent in this figure due to 

low particle densities and short timescales of ejection there. This type of evolution 

has been noted in previous studies of the formation of the Oort Cloud (Duncan 

et al., 1987; Fernandez, 1997). Another horizontal feature, in the perihelion range 

from 23 to 27 AU, does not appear to be linked with any single planet or a favored 

path of ejection. This region is characterized by higher inclinations than average 

(see Section 2.4.4 and Fig. 2.9), and may be a pocket of relative stability. 

The figure shows that these Centaurs spend most of their time at moderate 

eccentricities (0.2 to 0.6) with perihelia from 12 to 30 AU. Their distribution is 

fairly uniform across this area, with a density contrast of only a factor of ~ 30. 

This indicates that the objects diffuse freely throughout this region. 

In some contrast with the high and nearly uniform density at modest ec

centricities, there is a relatively low density at small eccentricities. This suggests 

relatively high chaotic diffusion rates at e < 0.2 compared to the rest of the Centaur 

phase space. We note that the results of LD97 similarly show a relative low density 

at low eccentricities (see their Fig. 6). Several stability studies indicate that low 

eccentricity, low inclination orbits are unstable in the Jupiter-to-Neptune region on 

timescales of 10^-10^ yr (Grazier et al., 1999; Lecar et al., 2001). Although there is 

moderate visitation of parts of the low eccentricity region in Fig. 2.2, we find that 

this is mainly due to the particles that begin with low eccentricities (see Fig. 2.1) 

but are perturbed into higher-eccentricity (e > 0.2) orbits after just a few Myr. 

The detection of several objects in this region is therefore somewhat surprising; we 

attribute it to an observational bias in favor of detecting low eccentricity objects 

(see Section 2.5.2). 
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Figure 2.3; Individual history of one of the 53 particles in our model. The starting 
parameters correspond to those of 2002 CY224. 
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Figure 2.4: Individual history of one of the 53 particles in our model. The starting 
parameters correspond to those of 2002 CR46. 
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2.4.1 Dynamical History 

The individual histories of two of the 53 particles in our study are shown in Figs. 2.3 

and 2.4. These two cases exemplify the range of behaviors seen in our simulations. 

The particle in Fig. 2.3 exhibits "resonance hopping"; that is, it jumps 

amongst various mean-motion resonances with Neptune, but does not remain in a 

single resonance for any long period of time. Beginning with an inclined, eccentric, 

Neptune-crossing orbit, this particle spends at least 28 separate discrete periods 

of time in at least 18 different resonances (characterized by a librating value of 

the semimajor axis). Its longest single stay in a resonance is only about 8 Myr. 

Yet, despite its apparent lack of stability, the particle survived to the end of the 

integration (100 Myr). Like many of the particles in our simulation that move 

from resonance to resonance, this particle spends most (97.3%) of its time with an 

inclination higher than 15°. It remains Neptune-crossing for most of its history, and 

its perihelion never exceeds 34 AU. 

In contrast, the particle in Fig. 2.4 exhibits no discernible "resonance hop

ping" or "resonance sticking" of any kind (although we cannot rule out "resonance 

hopping" with residence times shorter than 100,000 yr). Its semimajor axis 

fluctuates apparently randomly, beginning at 38.3 AU, to over 100 AU, before it 

is injected into the inner Solar System. This particle spends almost all of its his

tory in orbits that cross both Uranus and Neptune, while maintaining a moderate 

inclination (it spends only 1.3% of its time with an inclination higher than 15°, 

although some particles exhibiting this type of extended non-resonant behavior do 

have higher inclinations). The particle survives for 34 Myr under this arrangement, 

before being injected into the inner solar system. 

The other particles in our sample exhibit some combination of these two 

behaviors, either "resonance hopping" or eschewing resonances altogether. Several 

particles range quite a bit more widely in semimajor axis than, and most do not 
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survive quite as long as, the two examples shown. None stay in any single resonance 

for longer than several Myr. This behavior is similar to that found by Dones et al. 

(1996) in their integrations of the orbits of 2 short-period comets and 4 Centaurs; 

however, it is in marked contrast to the dynamics of SDOs, where "resonance stick

ing" is stronger, and particles are likely to remain in a single resonance over Gyr 

timescales (Duncan and Levison, 1997). We interpret this to indicate that stable 

resonance islands take up a much smaller fraction of Centaur phase space than is 

the case for SDOs. 

LD97 describe a process in which KBOs are "handed off" from the gravita

tional influence of one planet to another, Neptune to Uranus to Saturn to Jupiter, 

steadily inward towards the JFC population. One piece of evidence cited to support 

this is that, for all particles crossing a particular giant planet, LD97's results show a 

median Tisserand parameter T with respect to that planet between 2.6 and 2.8 (A 

value of T < 3 indicates that the particle's dynamics is dominated by that planet.) 

Another piece of evidence cited by LD97 is that the inclinations, when plotted ver

sus perihelion, show a dip just exterior to each of the four giant planets (Fig. 4 in 

LD97); this is expected for T ~ 3 which precludes high inclinations. Our results 

are not so simply interpreted. In Fig. 2.5 we plot the time-weighted inclination 

distribution vs. perihelion found in our integrations; we see no decreases associated 

with any of the giant planets. In our simulation, the median Tisserand parameters 

for particles crossing Jupiter, Saturn, Uranus, and Neptune (as described above) 

are 1.89, 2.51, 2.57, and 2.61, respectively. These values are systematically and 

significantly less than those found in LD97's model. These lower T values make it 

less likely for particles to remain under the dominant influence of a single planet, 

much less to be "handed" from one planet to another. "Hand-off" behavior proba

bly does occur to some extent amongst these Centaurs, but it does not appear to be 

the dominant characteristic in their evolution; we find their dynamics to be much 

less orderly. 
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Figure 2.5; The time-weighted inclinations vs. perihelia of the Centaurs in our 
simulation. The locations of the giant planets are shown as dashed vertical lines. 
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Figure 2.6: Dynamical lifetimes of the 53 test particle Centaurs in this simulation. 
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2.4.2 Dynamical Lifetime 

The median dynamical lifetime of our sample of Centaurs in this simulation is 

9 Myr. This is somewhat longer than the estimate of 1 to 5 Myr given by Dones 

et al. (1996), who studied only 6 objects in the inner (more chaotic) part of the 

Centaur region. The lifetimes do vary widely, with 11 of the 53 particles surviving 

less than 1 Myr, and another 11 surviving for more than 60 Myr. The distribution 

of lifetimes is shown in Fig. 2.6. Particles are removed from the simulation in two 

ways: 31 of the 53 particles are ejected from the Solar system (or enter the Oort 

Cloud), while 15 of the 53 are injected into the inner solar system. We conclude 

from this that the former outcome is approximately twice as likely as the latter for 

these Centaurs. 

During their lifetime, most objects make several transitions amongst dy

namical subclasses. Levison (1996) defines the dynamical subclass of JFCs as having 

a Tisserand parameter with respect to Jupiter, T, in the range 2 < T < 3; while 

Centaurs, or "Chiron-type" comets (after the first such body to be discovered), have 

T > 3 and semimajor axis greater than that of Jupiter. We tracked the number of 

times that each object transitions from one class to another. We find the average 

length of stay in the "Chiron-type" class to be 6.5 Myr, while the same for the JFC 

class is only 50,000 years. We also find that our sample of Centaurs spend 98.9% 

of their time in the "Chiron-type" class, and 0.7% of their time as JFCs. 

We also find transitions into all three of the classes of "nearly-isotropic" 

comets defined by Levison (1996), especially the "returning" long-period comets 

(semimajor axis between 20 and 10,000 AU). Our sample of Centaurs spend 0.2% 

of their time as "returning nearly-isotropic" comets. The inclinations of this subset 

are indeed nearly isotropic, ranging from 2.2° to 173°, with a mean of 59.6°. Their 

perihelion distances range from 0.037 AU to 6.9 AU, with a mean of 1.9 AU. 

We saw no transitions into the "Encke-type" category (aphelia inside 
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Jupiter). As discussed by LD97 (who also noted this phenomenon), there are 

several possible explanations for this: either the mechanism creating Encke-type 

comets involves effects not included in this model, such as the terrestrial planets or 

non-gravitational effects (see, for example, Fernandez et al. (2002)); or Encke-type 

comets are so rare that our model does not have sufficient statistics to see them; or 

Encke-type comets do not originate in the Centaur population. 

2.4.3 Planetary Encounters 

The number of encounters (defined as an approach within a planet's Hill radius) 

experienced by these 53 test particle Centaurs during their dynamical lifetimes is as 

follows: 4,743 encounters with Neptune (57% of the total); 2,053 with Uranus (25%); 

1,176 with Saturn (14%); and 344 with Jupiter (4%). Dividing the total number of 

encounters by the sum of the lifetimes of the test particles yields an average rate of 

I encounter per particle per 10 Myr. Two objects came close enough to a planet to 

impact it, from which we estimate that (4 ± 2)% of this sample impacts a planet. 

For comparison, LD97 estimate 1.5% of their population impacts a planet, while 

Dones et al. (1996) estimate 1%. All three of these numbers, however, suffer from 

poor statistics. 

Of the 31 particles in our simulation that were ejected from the solar system 

(or entered the Oort Cloud), 9 were ejected subsequent to an encounter with Jupiter; 

II after encountering Saturn; 2 after encountering Uranus; and 9 after encountering 

Neptune. Combining these numbers with the encounter statistics in the previous 

paragraph, we can estimate that 2.6% of the encounters of our sample of Centaurs 

with Jupiter result in ejection; 0.94% for Saturn; 0.097% for Uranus; and 0.19% for 

Neptune. 
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Figure 2.7: The time-weighted radial distribution of the known Centaurs obtained in 
our simulation. The surface density is plotted as a function of heliocentric distance 
in the ecliptic plane. The dashed line shows the best power-law fit for heliocentric 
distance r  > 30 AU, which corresponds to a power law of r' -2.5 
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2.4.4 Radial and Inclination Distributions 

The time-weighted radial distribution obtained in our simulation is shown in 

Fig. 2.7, where we plot the surface density as a function of heliocentric distance 

in the ecliptic plane. The surface density is nearly constant in the planetary zone, 

and drops off beyond 30 AU as r~°, where a = 2.5±0.1. This power law is somewhat 

shallower than that found by LD97 

The time-weighted inclinations of our sample of Centaurs over their dy

namical lifetimes are shown in Fig. 2.8 (solid line). We find that the abundance of 

inclined orbits declines by a factor of 3 from 0° to 10°. This is followed by a gentler 

decrease between 10° and 35°, and a sharper drop-off beyond that. We also note 

that the characteristic inclination (defined as the arc-cosine of the mean of cos i) 

increases with time during our simulation, from 15.5° to 19.6°. High inclinations are 

somewhat more abundant in the time-weighted distribution than in the observed 

sample (dotted line). A future detailed analysis of observational biases could test 

how the time-weighted distribution compares with models of inclination-dependent 

detection bias, such as one proposed by Brown (2001). 

The spatial distribution of inclinations obtained in our simulation is shown 

in Fig. 2.9. In this figure, we plot in gray-scale the time-weighted mean of cosi 

in 1 AU-by-1 AU bins in the (q, Q) plane. Referring back to Fig. 2.2, we can see 

that the region where our sample of Centaurs spends the most time (e « 0.2 -

0.6, q ~ 12-30 AU) has characteristic inclinations, cos^^(cosz), in excess of 16°. 

High inclinations are also found on the right-hand side of the diagram, among high 

eccentricity orbits with perihelia near Neptune (overlapping the SDO region) as 

well as in the high eccentricity feature characterized by perihelia between 23 and 

27 AU (see Section 2.4). Interestingly, the highest inclinations are found in a region 

centered on semimajor axes just exterior to that of Uranus and eccentricities up 

to ~ 0.6. Based on our simulation, this is one of the most-visited regions by the 
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Figure 2.8: The time-weighted distribution of inclinations obtained in our simulation 
(solid line), and the inclination distribution of the known Centaurs (dotted line). 
For ease of comparison, the latter histogram is scaled to a bin size of 0.004. 
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Fig. 2.2. 
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known Centaurs over their dynamical lifetimes, as evidenced by the high densities 

in this region in Fig. 2.2. We can now understand these high densities as being 

due to the high inclinations which decrease the frequency of planetary encounters 

and thereby decrease the rate of chaotic diffusion. The apparent dearth of observed 

Centaurs here (see Fig. 2.1) can be at least partially understood since the region is 

characterized by high inclinations, which makes objects less likely to be discovered 

in ecliptic surveys. 

2.5 Implications for the intrinsic Centaur population 

We have described in the previous section our results on the dynamics of the known 

sample of Centaurs, based on the distributions of their time-weighted orbital ele

ments over their dynamical lifetimes. In this section, we consider the implications of 

these results for the entire Centaur population, most of which remains undetected 

at present. 

The distributions obtained from our simulation, shown in Figs. 2.2, 2.5-2.9, 

would reflect those of the entire Centaur population provided that 

i. the Centaurs' dynamics are nearly time-independent; that is, the time-

weighted orbital parameter distributions (over the collective dynamical life

times of a small random sample of Centaurs) are characteristic of the entire 

(large) population of Centaurs in steady state between sink and source; and 

ii. the observed sample is characteristic of the actual Centaur population. 

For completeness, we should also note that an additional assumption is that 

the Centaurs' orbital evolution is dominated by the gravitational perturbations of 

the outer four planets only. The gravitational perturbations not included in our 

model (e.g., due to the terrestrial planets and other minor planets) are negligible 
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for our purposes, but other effects (such as tidal break-up during close encounters 

or the effects of outgassing) may also affect the orbital evolution; these are not 

included in our modeling. 

2.5,1 Are Centaur dynamics time-independent? 

We do find in our simulation that the orbital evolution of our sample of Centaurs is 

sufficiently chaotic on timescales much shorter than our 100 Myr integration length, 

such that, as an ensemble, it is reasonably close to time-invariant. The 100-Myr 

integration time is long enough to allow a wide range of dynamical behavior to 

develop. 'Snapshots' of the orbital distribution obtained in our simulation do not 

change significantly after ~ 5 Myr have elapsed. Our simulation has also shown that 

resonance sticking is not a dominant phenomenon in the djmamics of the known 

Centaurs, indicating that their dynamics can be described reasonably well as a ran

dom walk or diffusion process, i.e. nearly time-independent. However, we find that 

there are regions of parameter space where extrapolation of our results to the actual 

Centaur population is limited by the finite length of time of the simulation. Specif

ically, orbits of high eccentricity (e > 0.8) with q in the Saturn-to-Neptune region 

have dynamical timescales too long for a 100-Myr integration to adequately probe 

(Wiegert and Tremaine, 1999; Malyshkin and Tremaine, 1999). On the other hand, 

for orbits of low-to-moderate eccentricities and perihelion distances in the Jiipiter-

to-Neptune range, the 100 Myr length of our integration is a factor ~ 10 to 10^ 

longer than the characteristic dynamical lifetimes. 

Additional support for time-independent evolution of this population is ob

tained by considering a subset of particles that pass through a narrow range of 

semimajor axis^, e.g., 13 < a < 18 AU. The time-weighted orbital distribution of 

"^This test was suggested to us by Hal Levison. 
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this subset is found to be virtually identical to that of the entire set. Significant dis-

crepencies are found only on the border with the SDO phase space, near g ~ 30 AU 

and e > 0.8. A possible reason for this is that, as noted in the previous paragraph, 

high-eccentricity regions have slower diffusion rates than any other region of Cen

taur phase space, and thus have dynamical timescales too long for our 100 Myr 

simulation to probe adequately. For all other regions of Centaur phase space, the 

assumption of time-independent evolution is supported by this test. 

2.5.2 Are the known Centaurs a "fair sample" of the intrinsic Centaur 

population? 

The orbital distribution of the known Centaurs has not been rigorously analyzed 

for observational biases. Of known concern is the possible under-representation of 

high inclination orbits, since most known Centaurs have been discovered in ecliptic 

surveys as part of KBO searches. Brown (2001) has evaluated the inclination bias 

in the KBO population; a generally similar analysis would apply for the Centaurs. 

There is also a possible eccentricity bias. The known sample of Centaurs 

has a relative paucity of both low and high eccentricity orbits. In contrast, the time-

weighted distribution obtained in our simulation has a heavy proportion of moderate 

to large eccentricities. The eccentricity distributions of the observed sample and our 

time-weighted model population are shown in Fig. 2.10a. 

To check whether our time-weighted model population is a possible model 

for the intrinsic Centaur population, we simulate an observational survey of our 

time-weighted model population as follows. We randomly assign to each particle in 

the model population an absolute magnitude H, from the distribution N{< H) ~ 

10"^ with a = 0.7 (Gladman et al., 2001). Then, based on the heliocentric distance 

of the particle, we calculate its apparent magnitude m. Finally, we consider a 

particle to be "observed" if it has m < mum, and ecliptic latitude /? < ^max- For 
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Figure 2.10: (a) Eccentricity distribution of the known Centaurs (dashed) and our 
time-weighted integration results (solid). For ease of comparison, both curves are 
scaled to a bin size of 0.01. (b) The fraction of particles detected by the simulated 
observational survey described in Section 2.5.2, as a function of eccentricity. 
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the results described below, we adopted an absolute magnitude range 5 < H < 10, a 

limiting magnitude rrt^um = 24, and a maximum ecliptic latitude Pmax = 5°. These 

are consistent with the range of H for the known Centaurs, and the fact that, 

roughly speaking, most objects have been detected in ecliptic surveys of limiting 

magnitude near 24 (e.g., Millis et al. (2002)). 

Fig. 2.10b shows the "eccentricity bias" of the simulated survey apphed 

to our time-weighted model population; it plots the number of detected particles 

divided by the number of model particles in each eccentricity bin. It shows that 

low-eccentricity particles are much more likely to be detected than high-eccentricity 

ones. Qualitatively, this result makes sense; the modeled Centaurs span a narrow 

range in perihelion distance and a wide range of sernimajor axis; thus, for a given 

perihelion distance, objects in low eccentricity orbits remain at small heliocentric 

distances for relatively longer periods of time than those in higher eccentricity orbits, 

thus enhancing their detectability. 

In Fig. 2.11 we see that the distributions of orbital elements, a, e, i ,  obtained 

in the simulated survey (continuous lines) match well those of the observed sample 

of Centaurs (dashed lines). This suggests that the time-weighted model population 

obtained in our simulation is a possible model for the intrinsic Centaur population. 

However, it is important to recognize that it may not be a unique model, and that 

other models of the intrinsic Centaur population may also be compatible with the 

observed sample. Only a more detailed bias analysis, which is beyond the scope of 

the present paper, can establish the confidence limits for such an interpretation. 

To summarize: We conclude from this analysis that our initial conditions 

(the known Centaurs) are likely biased towards low eccentricities and low inclina

tions. However, the system evolves time-independently in most of Centaur phase 

space (excluding only the highest eccentricities, e > 0.8). Therefore, we expect 
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that the time-weighted orbital distribution obtained from our simulation is not ex

tremely sensitive to the biases in initial conditions, and we consider that it provides 

a reasonable first approximation, though not necessarily a unique model, for the 

intrinsic Centaur distribution. 

2.6 Conclusions 

We integrated the orbits of the 53 known Centaurs over 100 Myr, in a model that 

includes the Sun and the perturbations of the four giant planets self-consistently, 

using a symplectic integrator capable of handling close encounters with the planets. 

The results shed light on the long term behavior of these objects, as well as their 

connection with Kuiper Belt objects (KBOs), Scattered Disk objects (SDOs), and 

Jupiter-family comets (JFCs). Our conclusions are summarized as follows. 

1. Our integrations suggest that two-thirds of these Centaurs will be ejected 

from the solar system (or will enter the Oort Cloud), while one-third will be 

injected into the JFC population; a few percent are likely to impact one of 

the giant planets. 

2. These Centaurs do not diffuse into the dynamically stable region of orbital 

parameter space populated by resonant and classical KBOs, and make limited 

excursions into the region populated by SDOs. This is not inconsistent with 

the hypothesis that the KBOs and/or the SDOs provide the source for the Cen

taur population, as objects may slowly "leak" out of the heavily-populated, 

relatively stable regions, but diffuse through the solar system before they are 

able to diffuse back in. Based on the negligible diffusion of Centaurs to per

ihelion distance g > 33 AU, we suggest this as a dynamical di\'ision between 

Centaurs and SDOs. 
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3. The orbital evolution of this sample of Centaurs is strongly chaotic, and char

acterized by frequent close encounters with the planets. The process in which 

particles are "handed off" from the gravitational influence of one giant planet 

to another, as described by LD97. is less clearly seen in our results. It is 

possible that this behavior does occur among Centaurs, but it may be less 

prominent in our study due to the higher inclinations and lower Tisserand pa

rameters of our sample (compared to the initial conditions assumed in LD97). 

4. The known Centaurs do not exhibit long-term resonance sticking. This is in 

contrast with the behaviour of SDOs. Some Centaurs visit a number of dif

ferent resonances but spend no more than a few Myr in any single one, while 

others avoid resonances altogether. This indicates that "stable resonance is

lands'" take up a smaller fraction of Centaur phase space than is the case for 

SDOs. 

5. The median dynamical lifetime of this sample is 9 Myr, but the individual 

lifetimes are highly variable; about 20% of our sample have lifetimes shorter 

than 1 Myr, while another 20% have lifetimes exceeding 100 Myr. We found 

the average length of stay in the "Chiron-type" class (Levison, 1996) to be 

6.5 Myr, while the same for the JFC class is 50,000 yr. 

6. We find that these Centaurs spend most time at eccentricities between 

0.2 and 0.6, and perihelia between 12 and 30 AU (Fig. 2.2). 

7. Their time-weighted surface density (projected in the ecliptic plane) is nearly 

constant in the planetary region, and decreases beyond 30 AU approximately 

as a power law, ~ (Fig. 2.7). 

8. Characteristic inclinations (time-weighted values of cos~^(cos«)) are higher in 

some parts of parameter space than others, including some regions with high 

eccentricities and perihelia near Neptune, as well as in a fairly sizable region 
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with semimajor axes near that of Uranus (Fig. 2.8). It is possible that high 

inclinations enhance the relative stability of the latter region by reducing the 

frequency of close encounters with the planets. 

9. In most of the Centaur phase space (excluding only the highest eccentricities, 

e > 0.8), the dynamics are nearly time-independent in our simulation. There

fore, the time-weighted orbital distributions obtained from our simulation are 

not expected to be extremely sensitive to biases in initial conditions. A sim

ulated observational survey of the time-weighted model Centaur population 

yields orbital element distributions that are similar to those of the known 

Centaurs. It indicates that orbits of high inclination and those of moder

ate and high eccentricity are likely under-represented in the known sample of 

Centaurs. 

10. The time-weighted distributions of our simulation (Figs. 2.2, 2.5-2.9) provide 

a possible - not necessarily unique - model for the intrinsic Centaur distribu

tion. A more comprehensive analysis of observational biases, and a larger set 

of initial conditions for dynamical models, would test the time-independent 

assumption further, and would improve estimates of the intrinsic Centaur 

distribution. 
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CHAPTER 3 

Can Re-Distribution of Material by Sputtering Explain the 

Hemispheric Dichotomy of Europa? 

The content of this chapter has been previously published in Icarus as Tiscareno 

and Geissler (2003). 

3.1 Abstract 

Sputtering and re-deposition make up a significant geologic process on Europa, and 

may contribute to the observed color differences between the leading and trailing 

hemispheres. Sputtering is particularly efficient on Europa as an erosive process, 

due to the high rate of ion bombardment from the lo Plasma Torus, together with 

Europa's easily sputtered icy surface. We estimate the global average sputtering 

erosion rate on Europa at 14.7 mm Myr~^. However, 42% to 86% of sputtered water 

molecules survive to re-deposit onto the surface again. Due to gravitational escape 

and removal by electron-impact ionization, the number of re-depositing particles 

cannot overcome sputtering erosion, and the global average result of sputtering is 

net erosion. However, neither sputtering nor re-deposition is globally uniform, and 

differences in the global distributions of the two processes can result locally in net 

deposition. 

We propose that Europa's hemispheric color dichotomy might be explained 

by net deposition on the leading hemisphere, which may obscure the non-ice signa

ture by covering it with a thin water frost. To test this hypothesis, we have created 
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a simulated model of the sputtering erosion/re-deposition process on Europa. Our 

objectives are to determine the conditions under which net deposition occurs on the 

leading hemisphere, and to evaluate the effects on this process of Jupiter's gravity, 

of Europa's rotation, and of the loss of water molecules to the jovian magnetosphere. 

We have followed the trajectories of hundreds of thousands of simulated sputtered 

water molecules in a Monte Carlo process, evolving their orbits under the gravity of 

both Europa and Jupiter. We have performed this model multiple times, in order to 

explore the effects of different assumptions of the global distribution of impacting 

ions, as well as of the sputtered particle ejection velocity. Based upon our results, 

we conclude that net deposition occurs under a wide range of conditions, making 

sputtering erosion and re-deposition a plausible explanation for the hemispheric 

color dichotomy of Europa. 

3.2 Introduction 

Sputtering is the ejection of molecules from a surface (or atmosphere) due to bom

bardment by energetic particles. Europa is bombarded by ions that originate at 

lo (Lane et al., 1981), and gradually diffuse outwards on a timescale of months 

(Brown and Bouchez, 1997). These ions become caught up in Jupiter's magnetic 

field, forming a key component of the lo Plasma Torus, and impact Europa's surface 

with some preference for the trailing hemisphere. Upon striking Europa's surface, 

these ions eject (sputter) neutral water molecules, which then follow ballistic trajec

tories until they either re-deposit onto the surface or are ionized by electron impact 

and carried away by the magnetic field. Among the major icy bodies in the So

lar System (which are much more easily sputtered than rocky bodies), Europa is 

unique in terms of the high flux of ion bombardment that it experiences. Thus, 

sputtering erosion is particularly effective as a geologic process on Europa, as is the 

accompanying process of re-deposition of sputtered water molecules. 
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Previous work on the global pattern of net erosion/deposition was done by 

Sieveka and Johnson (1982). In an analysis generally applicable to icy satellites, 

they used the analytical ballistic equation (1-body problem) to derive profiles that 

show net deposition on the leading hemisphere and net erosion on the trailing 

hemisphere,when. The analytical model of Sieveka and Johnson (1982) assumed 

a particular global distribution of impacting ions, and a particular distribution of 

sputtered particle ejection velocities, and we have expanded their treatment by 

varying those parameters. Also, they neglected the effects of Jupiter's gravity, 

of Europa's rotation, and of in-flight electron-impact ionization of water molecules. 

These assumptions are generally valid for known icy satellites, but less so for Europa, 

with its relatively shallow gravity well, fast orbit, and active electron environment. 

The results of our analytical model (see Section 3.3.6) show that up to 40% of re-

impacting water molecules have a calculated time of flight greater than the time in 

which Europa rotates by 5 degrees, and up to 18% reach a distance from Europa 

greater than one-fourth of the Hill radius. Furthermore, electron-impact ionization 

of water molecules plays an important part in removing them from the system 

before they have time to re-deposit onto the surface. For these reasons, we created 

a numerical model of the sputtering erosion/re-deposition process on Europa to 

determine the impact of all these effects. 

This model can be used to evaluate the hypothesis that the observed hemi

spherical distribution of non-ice material on Europa is caused by global patterns 

of net erosion or deposition. This non-ice material was spectrally characterized by 

Galileo NIMS (McCord et al., 1998), but was also seen from the ground (Stebbins, 

1927; Stebbins and Jacobsen, 1928; Millis and Thompson, 1975; Pollack et al., 1978; 

Domingue et al., 1991) and by Voyager (Johnson et al., 1983; McEwen, 1986), In

ternational Ultraviolet Explorer (Lane et al., 1981; Ockert et al., 1987; Nelson 

et al., 1987; Domingue and Lane, 1998), Hubble Space Telescope (Gilmore et al., 

1996; Nollet al., 1995), Galileo Ultraviolet Spectrometer (Hendrixet al., 1998), and 
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Galileo Solid State Imaging System (Denk et al., 1998). Due to the concentration 

of this signature on the trailing hemisphere, its cause was initially interpreted to be 

the implantation of ions onto the surface (Lane et al., 1981; Eviatar et al., 1981: 

Sack et al, 1992), although Johnson et al. (1988) mentioned sputtering and re-

deposition among other possible mechanisms. However, more recent observations 

that the signature is clearly associated with geologic activity indicates that geologic 

processes also play an important role (McCord et al., 1998; McCord et al., 1999). 

It has been proposed that this spectral component is caused primarily by sulfate 

brines that reach the surface from the sub-surface ocean and form hydrated sulfate 

salts upon freezing (ibid.); or that geologically-related sulfuric acid hydrates are ob

served in the infrared, while their radiolytic sulfur products are seen in the visible 

(Carlson et al., 1999). In either case, the hemispheric asymmetry of this feature is 

most likely caused, in some way, by the interaction of the surface with bombarding 

ions that may cause radiolysis, chemical alteration, or erosion and re-distribution 

of the hydrate and icy matrix. While differences in geologic activity cannot be def

initely ruled out as the cause of the hmispheric color dichotomy, the tidal stresses 

that drive geologic activity are expected to be symmetric across Europa (Helfen-

stein and Parmentier, 1983; Helfenstein and Parmentier, 1985; Greenberg et al., 

1998), and there is no observational evidence (such as a hemispheric difference in 

the density of impact craters or other geologic features) to support this explanation. 

Hence we are forced to consider mechanisms based on exogenic processes.. 

One explanation for the concentration on the trailing hemisphere, which 

may not be mutually exlusive with other processes, is that net deposition of re-

impacting sputtered water molecules on the leading hemisphere forms a frost layer 

which buries the non-ice material and mutes its spectral signature. This hypothesis 

is tested here by using the present numerical model to investigate the conditions 

under which net deposition can occur on Europa, and comparing derived profiles to 

the observed distribution of non-ice material. 
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Section 3.3 describes the numerical model, including input parameters and 

procedures, as well as the analytical model that we used for comparison. Section 3.4 

describes the results of both models. Section 3.5 discusses the implications and 

limitations of the results. Section 3.6 summarizes conclusions. 

3.3 Description of the Model 

The process described by this model is the ejection of neutral water molecules from 

Europa's surface (sputtering), followed by the re-deposition of those molecules after 

following a ballistic trajectory. We assume that molecules remain on a ballistic tra

jectory until they either re-impact the surface or are ionized; thus we are neglecting 

collisions in Europa's tenuous atmosphere. We also neglect the effects of sublima

tion, which we assume to be small compared to sputtering. See Section 3.5 for a 

discussion of these assumptions. 

Several different parameters are important in characterizing this process. 

These include the rate at which water molecules are ejected, the global distribution 

of this process, the initial energies and directions of the sputtered molecules, and the 

rate at which the molecules are ionized in flight by electron impact. After discussing 

these, we will proceed to discuss the procedures of both the numerical model and 

the companion analytical model. 

3.3.1 Input Parameters; Global Rate of Sputtering 

The species, energies, and number flux of the ions bombarding Europa's surface 

can be inferred from the radiation environment in Europa's vicinity of the Jovian 

magnetosphere. Measurements of the radiation by the Galileo Energetic Particle 

Detector (EPD), in context of earlier measurements, were presented by Cooper 

et al. (2001). Hydrogen, oxygen, and sulfur ions exist in roughly similar numbers 
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Figure 3.1: Input parameters for the numerical model, (a) Globally-averaged flux 
of II^ (solid), O"^ (dotted), and (dashed) ions striking the surface, taken 
from measurements of ions in Europa's vicinity. Data from Cooper et al. (2001). 
(b) Sputtering yields, based on the energy of the impacting ion, for H+ (solid), 
(dotted), and S""^ (dashed). Data based on Shi et al. (1995). (c) Two scenarios 
for the global distribution of sputtering, from Pospieszalska and Johnson (1989): 
Case A (solid), with a high concentration of sputtering on the trailing hemisphere; 
and Case B (dashed), with a less heterogeneous distribution, (d) The lifetime of 
neutral water molecules against electron-impact ionization is calculated by convolv
ing the ionization cross-section of water (solid) (Hwang et al., 1996) with a Maxwell 
distribution of electron velocities (dashed). 
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and follow similar energy curves (see Fig. 3.1a). These results can be combined with 

laboratory measurements of the yield of sputtered molecules per impacting ion. to 

derive the overall sputtering rate. Measurements of sputtering yield are reviewed by 

Shi et al. (1995), and follow curves as shown in Fig. 3.1b. The number of sputtered 

molecules increases with the impactor energy until a peak is reached, after which 

point more of the impactor's energy is deposited more deeply and fewer of the 

affected molecules are able to reach the surface, causing the yield to drop for higher 

energies (Johnson, 1990). By convolving^ the ion flux with the sputtering yield and 

integrating over energy and solid angle at the surface, we derive a global sputtering 

rate of 14.7 mm Myr"^ for Europa. Although the details of their calculation were 

not given. Cooper et al. (2001) arrived at a similar estimate of 16 mm Myr~^ 

3.3.2 Input Parameters: Global Distribution of Sputtered Molecules 

Perhaps the least certain of the parameters considered here, the global distribution 

of the ion flux over Europa's surface (which is directly proportional to the sputtering 

rate) has the ability to dramatically affect the outcome of our experiment. For the 

relevant ion energies, there are three major classes of behavior: 

A. Low-energy ions (those with gyroradius less than the satellite radius) are far 

more likely to strike Europa's trailing hemisphere than its leading hemisphere, 

as they are carried along by Jupiter's magnetosphere and strike the slower-

moving satellite. The velocity with which they will strike the surface is a 

vector sum of the guiding center velocity and the velocity at which they gyrate 

around the magnetic field lines. 

B. The middle-energy scenario can come into effect even for ions with gyroradii 

less than the satellite radius. If the energy and the pitch angle are both 

'^The energy range for the convolution is that for which there is data in Fig. 3.1a, approximately 22 keV to 
120 MeV. 
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high enough that the velocity perpendicular to the orbital plane (i.e., parallel 

to the field lines) is greater than the guiding center velocity, ions become 

able to drop onto Europa's leading hemisphere from above or below Jupiter's 

equatorial plane. As energy increases, and the gyroradius becomes greater 

than the satellite radius, the global distribution curve flattens considerably, 

as the trailing hemisphere becomes less favored. 

C. A third possible regime involves ions so energetic that they bounce in the 

magnetosphere's polar region and return to the equatorial plane before their 

flux tube has finished moving across Europa. In this scenario, the strong pref

erence to bombard the trailing hemisphere can be renewed, since flux tubes 

become emptied before reaching the leading hemisphere. This scenario is rel

evant for electron bombardment of Europa (Paranicas et al.. 2001). However, 

the velocities necessary for the flux tube to be substantially emptied are in 

excess of 0.1c, corresponding to a kinetic energy of 5 MeV amu~^. Although 

this limit does catch the tail of the ion-energy curve in Europa's vicinity, es

pecially for the hydrogen, it probably does not significantly affect the bulk of 

the ion bombardment. 

Pospieszalska and Johnson (1989) investigated the global distribution of im

pacting ions at Europa by modeling the motions of ions in the magnetosphere. They 

obtained distribution curves for two end-member cases. The first, corresponding to 

Case A above, is highly heterogeneous, with a strong preference for ion bombard

ment of (and sputtering from) the trailing hemisphere. The second, corresponding 

to Case B, has a much more gentle slope, with the trailing hemisphere favored 

by only a roughly 2-to-l margin (see Fig. 3.1c). In fact, the suite of ions bom

barding Europa includes both low- and high-energy components. The distribution 

of low-energy ions, which are more numerous, is likely to resemble Case A; while 

higher-energy ions, which are smaller in number but sputter more efficiently, resem

ble Case B. Detailed modeling is needed to determine the abundance and global 
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distribution of the impacting ions at a spectrum of energy levels, then integrating 

the sputtering yields together so that a global sputtering profile can be obtained 

(keeping in mind that only the abundance of sputtered molecules, not their direc

tion or velocity, depends on the ion energy). However, since these more detailed 

models are still lacking, we performed two separate runs of our model for the results 

described in this paper, using the two end-member profiles of sputtering distribu

tion presented by Pospieszalska and Johnson (1989). In addition, we have assumed, 

for simplicity, that the global average sputtering rate is equal to the rate derived 

in the previous section by considering Europa's radiation environment—that is, we 

have assumed that any inhomogeneities in ion flow on one side of Europa are quan

titatively compensated for on the other side—though, in reality, this need not be 

the case. One particular source of asymmetry is the gyromotion of impacting ions, 

which causes the impact sites to smear eastward (i. e., preferring the anti-jove half 

of the trailing hemisphere). This effect may rival those of Jupiter's gravity and 

Europa's rotation in magnitude, but we do not include it here. 

3.3.3 Input Parameters: Energies and Directions of Sputtered 

Molecules 

The energy with which a water molecule is ejected from the surface is independent 

of the energy or identity of the impacting ion (Johnson, 1990; Johnson, 1998). 

More-energetic ions may eject more water molecules (i. e., higher sputtering yield), 

but the ejected molecules will follow the same energy distribution regardless. This 

distribution depends on the binding energy U holding the molecule onto the surface. 

In Europa's case, the binding energy theoretically ought to be characterized by the 

sublimation energy of water, U = 0.45 eV per molecule (Johnson, 1998). However, 

the results of some laboratory experiments fit instead to a much lower "effective [/" 

of 0.05 eV per molecule (Boring et al., 1984; Haring et al., 1984; Riemann et al., 

1984). Thus, we performed two separate runs of our model to account for the two 
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possible values of U. 

For high yields from rough icy surfaces, the distribution of energies of sput

tered molecules is 

(Johnson, 1990; Johnson, 1998), where Y is the (constant) total number of sputtered 

molecules, and dF is the number of sputtered molecules with energies between E 

and E + dE. 

For the purpose of assigning an initial kinetic energy Ei to each molecule 

in the Monte Carlo simulation, a generated random number Ri, between 0 and 1, 

is set equal to the fraction of molecules with energies below Ei. That is, 

giving the energy of each sputtered molecule in terms of the generated random 

number i?j and the H2O binding energy U. 

Since sputtered molecules are generally not the product of a primary col

lision with the impacting ion, but of a chain reaction of collisions, we assume that 

the initial directions of sputtered molecules have a homogeneous distribution. The 

azimuthal angle is taken to have equal probability of any value between 0 and 27i, 

and the elevation angle is taken to have a cos 0 distribution (R. E. Johnson, personal 

communication, 2001). 

3.3.4 Input Parameters: Rate of Removal by Electron-Impact loniza-

In the numerical model, the trajectories of water molecules sputtered from Europa's 

surface are followed until they either re-deposit back onto the surface, or are ion

ized and carried away by Jupiter's magnetosphere. The dominant mechanism for 

1 dY U 
(3.1) 

Y d E  ( E  +  U y '  

(3.2) 

tion 
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removing neutral molecules from Europa's atmosphere is electron-impact ionization 

(Smyth and Cornbi. 1988). To account for this process, a lifetime is stochastically 

assigned to each particle in the simulation before it is launched from Europa's sur

face. If this lifetime expires before the molecule re-impacts the surface, the molecule 

is considered to be ionized and is removed from the model. In doing this, we as

sume that the electron environment near Europa is fairly homogeneous—that is, 

that ionization is just as probable at one point as at another. 

The ionization rate (the inverse of the ionization lifetime) is given by 

(Sittler and Strobel, 1987), where v  is the electron velocity, < y { v )  is the cross-section 

for electron-impact ionization of neutral water (Hwang et al., 1996), and f{v) is a 

Maxwell distribution defined by characteristic values for the electron temperature 

(T = 40 eV) and density (n = 70 cm^^) for Europa's vicinity (Smyth and Cornbi, 

1988). The convolution of a{v) and f{v) is illustrated in Fig. 3.Id. The resulting 

ionization lifetime for water molecules in Europa's vicinity therefore is r = 1.84 x 

10® seconds = 51.2 hours. To assign lifetimes ti to each molecule in the model, we 

set, as before, a generated random number Ri equal to the Poisson probability of a 

lifetime between 0 and U. That is, 

3.3.5 Numerical Model Procedure 

Once the relevant parameters have been evaluated as discussed above, the Monte 

Carlo numerical model is carried out. For the results presented here, four separate 

runs were carried out (each integrating the trajectories of 240,000 sputtered water 

molecules), accounting for the first two sputtering distribution scenarios discussed 

in Section 3.3.2, and the two possible values of the surface binding energy discussed 

(3.3) 

(3.4) 
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in Section 3.3.3. To begin the model, each particle is assigned a location on Eii-

ropa's surface, a velocity, and a pre-determined lifetime, as discussed above. The 

particle trajectories are then integrated under the restricted three-body problem, 

accounting for the gravity of both Europa and Jupiter, as well as Europa's rota

tion. In addition, some second-order effects were included (the J2 moments for both 

Jupiter and Europa, as well as Europa's C22) while other second-order effects were 

ignored (e. g., Europa's eccentricity), but second-order effects in general are most 

likely of lower significance than the uncertainty due to a finite timestep. A timestep 

of 1 second was used for the integration (see discussion in Section 3.3.6). 

With Jupiter at the origin and Europa at x  —  —  6.7 x 10® m, the primary 

components of the gravity are given by 

^  _  G M j  ̂  G M e ^  
^ grav — 3 3 

'"'e 

where rj = [si, yj. z k ]  is the particle's position with respect to Jupiter, and rg = 

[{x — XE)h yj, zk] is its position with respect to Europa. We also account for the 

centrifugal and Coriolis forces: 

lucent = • j'h yj] (3.6) 

Fcor = 2Q • [ V y i ,  Vxj] , (3.7) 

where Q is the angular velocity of Europa's orbit, and v = Vyj, is the 

particle's velocity. 

The location, velocity, elapsed time, and maximum distance from Europa 

reached, are tracked for each particle for each timestep. If, during a timestep, any 

particles cross Europa's surface, those particles are backtracked along the current 

velocity vector to find the precise time and place of re-impact. The simulation 

continues until all particles have either re-impacted or been eliminated by ionization. 
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3.3.6 Analytical Model Procedure 

Using the same starting conditions as the numerical model, an analytical model was 

also carried out to serve as a diagnostic tool and as a baseline for comparison. The 

results from the analytical model are qualitatively similar to the curve corresponding 

to Europa {kT/U = .68) in Fig. 3 of Sieveka and Johnson (1982). Like that paper, 

this model assumes that sputtered molecules follow Keplerian elliptical trajectories, 

under the sole influence of the primary component of Europa's gravity. Under 

these assumptions, each molecule's trajectory and landing site can be immediately 

calculated from the initial conditions, without the need of numerical integration. 

The angular displacement of a molecule's landing site from its launch site (5), its 

maximum distance from Europa {r„iax)-, and its time in flight [tfnght) are obtained 

from a simple 1-body Keplerian trajectory around Europa; 

cos 5 = 

fmax — 

^flight — 

e  =  

cosE = 

where Re is Europa's radius, Vgsc = \^'2GMe/Re is the escape velocity from 

Europa. and v and x are the molecule's initial velocity and elevation angle. For 

initial position and velocity vectors r and v. the landing site is found by rotating 

the vector r about a vector n = r x v by angle <5. The displacement angle 5 is less 

than TT when sin^ X ^ Vesc/2^^; and greater than TT otherwise. 

The numerical and analytical models were tested together by finding tra

jectories for the same set of molecules. For the test, the numerical model was run 

with all secondary effects (Jupiter's gravity, Jupiter's and Europa's quadrapoles, 

S{v/vesc)^sm^ Xcos^ X 

Re(^ + e) 

2(1 - {v/Ve,oY) 
RE [ TT -- cos~^(cos E) 2{y/ve,sc) cos^ x 

Vesc .(1 -  {v/VescfY''^ 1 -  {v/VescY .  

\/l - ̂v/VescYK^ - {v/Vescf)^W?X 

2(tj/-iJese)sin^X- 1 + e^ 

2e{vlv^scY Sin^ x 

(3.8) 

(3.9) 

(3.10) 

(3.11) 

(3.12) 
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centrifugal and Coriolis forces) "turned off," so that the assumptions matched the 

analytical model. For a timestep of 1 second, the mean distance between landing 

sites for a single particle in the two models was 0.11 degrees (along Europa's sur

face), and the median was 0.03 degrees. In rare cases, the discrepency was as high 

as 2.7 degrees. This test serves to verify the accuracy of both models, as well as the 

adequacy of a 1-second timestep. 

3.4 Results 

3.4.1 Patterns of Net Erosion/Deposition 

Figs. 3.2 through 3.5 show the results from the four runs of the numerical model. 

In the high-velocity case (17 = 0.45 eV per molecule, see Section 3.3.3), we found 

that 42% of sputtered molecules eventually re-impact; so, given our global average 

sputtering rate of 14.7 mm Myr^'^ (see Section 3.3.1), we obtain a global average 

net erosion rate of 8.6 mm Myr~^. In the low-velocity case (27 = 0.05 eV per 

molecule), 86% of sputtered molecules re-impact, for a global average net erosion 

rate of 2.1 mm Myr~^. 

In Case A, with a highly heterogeneous global distribution of sputtering 

(see Section 3.3.2), the rate of re-deposition has a less heterogeneous distribution 

than does sputtering, resulting in net deposition on the leading hemisphere. This 

result is qualitatively similar to that described by Sieveka and Johnson (1982). In 

Case B, with a less heterogeneous global distribution of sputtering, net erosion 

is significantly lower on the leading hemisphere than on the trailing, but no net 

deposition occurs. Interestingly, net deposition nearly happens in the low-velocity 

Case B. Because sputtered molecules travel much shorter distances, the large-scale 

movement of material is not as dramatic as in the high-velocity Case A; however, 

global average net erosion is much closer to zero due to the low number of escaping 
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Figure 3.2: Results from the numerical model for Case A with high sputtering ve
locity {U — 0.45 eV per molecule). Solid lines are model results, while dotted lines 
indicate approximate l-a error bars. Error bars indicate precision of the numer
ical model based on the finite number of particles, not any quantification of the 
likelihood of the assumed sputtering distribution. The distribution is shown as a 
function of "latitude," using a coordinate system with the "poles" at the leading 
and trailing apexes. Variation with "longitude," not shown, is much smaller than 
the error bars, (a) Initial distribution of sputtering, (b) Resulting distribution of 
re-deposition, (c) Net erosion, the difference between sputtering and re-deposition. 
Note that net erosion becomes positive (net deposition) on the leading hemisphere 
in Case A. 
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Figure 3.3: Results from the numerical model for Case R with high sputtering 
velocity {U — 0.45 eV per molecule). Same description as in Fig. 3.2. No net 
deposition occurs in this case. 
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Figure 3.4: Results from the numerical model for Case A with low sputtering ve
locity {U — 0.05 eV per molecule). Same description as in Fig. 3.2. Net deposition 
does occur, similar to the high-velocity Case A. 
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Figure 3.5: Results from the numerical model for Case B with low sputtering velocity 
{u = 0.05 eV per molecule). Same description as in Fig. 3.2. No net deposition 
occurs, although net erosion is below 1 mm Myr"' at the leading apex. 
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particles, and thus the outcome is rather sensitive to secondary effects. In all 

cases, no discernible pattern is seen in the orthogonal direction (i. e., in the plane 

containing Jupiter and the poles of Europa). The dashed lines show approximate 1-

a error bars, estimated by dividing the data into two separate groups and comparing 

the two. 

Fig. 3.6 presents a comparison between our model results and the hemi

spheric color dichotomy observed on Europa by the Voyager and Galileo spacecraft. 

This figure shows a close correspondence between the region where net deposition 

is predicted to occur for water molecules sputtered by low energy ions (Case A), 

especially in the case of high sputtering velocities, and the areas seen to be brighter 

and less red in the color mosaics. This brighter, yellow-hued region does not extend 

across the entire leading hemisphere, but rather is confined to longitudes between 

30W and 150W. If the color contrast were due solely to implantation of ions or to ra-

diolysis or chemical reaction of the endogenic material by implanted ions, we might 

expect a more pronounced color difference at the boundary between the leading and 

trailing hemispheres. Instead, the brighter and less red regions have a geographic 

distribution similar to the zone of net deposition (green in Fig. 3.6c). We note 

that neither sputtering redistribution nor radiolysis are viable explanations for the 

hemispheric color asymmetry when there is no significant hemispherical dichotomy 

in the impacting ions (Case B). In the case of low sputtering velocities, the distri

bution of net deposition is closer to the leading/trailing hemisphere boundary than 

in the high-velocity case. In our opinion, the high-velocity case is a better match to 

the observations. This suggests one (or both) of two things; Either sputtering on 

Europa has higher ejection velocities than seen in the laboratory (i. e., the effective 

binding energy is closer to the actual sublimation energy of water ice); and/or the 

distribution of impacting ions .is not as heterogeneous as in Case A. 
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Figure 3.6: {upper left) Mosaic of Voyager 1 Narrow Angle Camera images of Eu-
ropa. This is a false color composite made up of orange (615 nm), green (585 nm) 
and ultraviolet (325 nm) images portrayed as red, green and blue, respectively. 
Eleven color image sets were used for the mosaic, with resolutions that ranged from 
14 to 37 km pixel""^ and phase angles from 3 to 10 degrees. The result is shown in 
an equal area cylindrical projection with the prime meridian (sub-Jupiter point) on 
the right. The orbital leading hemisphere occupies the right half of the mosaic, and 
can be seen to be much brighter and less contaminated with non-ice materials than 
the trailing hemisphere, {upper right) Mosaic of Galileo color images from orbits 
G2, C9, E14 and G28. Individual image resolutions varied from 1.4 to 14 km pixel^^ 
and phase angles ranged from 2 to 77 degrees. This is a false color composite made 
up of 1-micron (968 nm), green (560 nm) and violet (413 nm) filter images por
trayed as red, green and blue, respectively. Europa's non-ice materials appear red 
at these wavelengths, except on the orbital leading hemisphere where they have a 
yellow hue. {middle left) Equal area cylindrical projection of net erosion rates de
rived from the numerical model for high-velocity Case A. {middle right) Same, for 
high-velocity Case B. {lower left) Same, for low-velocity Case A. {lower right) Same, 
for low-velocity Case B. 
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3.4.2 Factors Affecting Sputtering Erosion/Re-Deposition 

The largest difference between the results from the numerical model and from the 

simpler analytical model comes from the in-flight ionization of water molecules. 

Ionization causes the number of re-impacting molecules to decrease by 10%, with a 

preference for removing molecules that travel farther. In regions of net deposition, 

where there is a delicate balance between erosion and re-deposition, ionization can 

change the overall net effect by more than 20%. This sensitivity of the results to 

small changes in the initial conditions is important to note, and makes it difficiilt 

to categorically rule out net deposition, given the uncertainties in the impactor 

distribution. 

Ionization can be accounted for in the analytical model by counting only 

those re-impacting molecules with calculated less than the randomly-selected 

ionization lifetime. When this adjustment is made to the analytical model, the 

impact of non-"l-body-problem" effects can be investigated. The numerical model 

accounts for Europa's rotation, Jupiter's gravity, and the second-order components 

of Europa's and Jupiter's gravity, all of which are neglected in the analytical model 

and in previous work. In the analytical model for the high-velocity case, 40% of re-

impacting molecules have a calculated time of flight greater than the time in which 

Europa rotates by 5 degrees (4300 seconds), and 18% reach a height of one-fourth the 

Hill radius.^ Such molecules are expected to be significantly impacted by these non-

"1-body" eflFects, to be more likely to re-impact anywhere on the surface, and thus to 

increase net deposition (or at least decrease net erosion) on the leading hemisphere. 

However, our results show that in-flight ionization mitigates these effects, since 

molecules that spend a longer time in flight are correspondingly more likely to 

be ionized. Of the molecules that re-impacted with tfUgM < 4300 seconds in the 

analj^ical model, 23% were removed by ionization in the numerical; similarly, 44% of 

Europa's Hill radius is the distance from Europa at which the gravitational influences of Jupiter and Europa 
become comparable to each other. 
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molecules with calculated r^ax < fHUi/^ were ionized in the numerical model. In 

comparison, the overall fraction of molecules that re-impact in the analytical model 

but are ionized in the numerical model is only 10%. In the low-velocity case, non-

"1-body" effects are much less important, as far fewer sputtered molecules travel a 

significant distance away from Europa's surface. 

The impact of non- "1-body" effects is in fact discernible in the high-velocity 

case. 12% of re-impacting molecules strike more than 10 degrees, along the surface, 

away from their analytical landing sites (21% more than 5 degrees away). Much of 

this deflection consists of a moderate westward drift and is due primarily to Europa's 

rotation, while Jupiter's gravity also causes significant deflection (Fig. 3.7). On the 

leading hemisphere, non-"1-body" effects (not including ionization) account for a 

5% increase in net erosion (or decrease in net deposition). This further defecit of re-

deposition is primarily due to a subset of molecules who remain in flight longer due 

to deflection by non- "1-body" effects, causing them to retain a higher probability of 

ionization. We conclude from this analysis that non-"1-body" effects have a modest 

but significant impact on sputtering erosion/re-deposition in the high-velocity case, 

and that these effects generally make net deposition less likely. 

3.5 Discussion 

We have presented the results of a new numerical model, shedding light on the 

circumstances under which net deposition of water frost can occur on the leading 

hemisphere of Europa. Under the assumption of highly heterogeneous ion bombard

ment (Case A in section 3.3.2), we find net deposition on the leading hemisphere 

at rates up to 3 mm Myr~^ Given Europa's surface age of about 50 Myr (Zahnle, 

2001), we might then conclude that a water frost deposit as thick as 50 mm can 

build up on the leading hemisphere if Europa remains in a constant orientation 

with respect to Jupiter. However, non-synchronous rotation can move surface area 
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Figure 3.7: Differences in particle landing sites between the numerical and analytical 
models for the high-velocity case. Each particle's position is rotated on Euler an
gles so that the landing site for the same particle in the analytical (purely ballistic) 
model is at the origin. Each contour (50%, 90%, 95%, 97%) shows the percentage 
of particles that falls inside the contour. Note that many particles in the numerical 
model land westward of their ballistic landing sites, due to the rotation of Europa 
during the time that the particle is in flight. Furthermore, the width of the distri
bution in the north-south direction is dominantly due to the deflection of particle 
trajectories by Jupiter's gravity. In the low-velocity case, not shown, most particles 
land very close to their ballistic landing sites. 
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away from the leading apex before such a thick deposit has time to form. Direct 

observation only constrains Europa's non-synchronous rotation period to be longer 

than 10,000 yr (Hoppa et al., 1999). If we assume a non-synchronous rotation pe

riod of 250,000 yr, as proposed by Hoppa et al. (2001), the thickness of water frost 

generated by net deposition is much smaller (about 0.3 mm), but still thick enough 

to significantly influence the global pattern of spectral signatures for sufficiently 

fine-grained frost. 

Several assumptions made by this model merit discussion: 

- The global distribution of ions bombarding Europa's surface (and, conse

quently, the distribution of sputtering) is not known in detail, and can sig

nificantly affect the existence and extent of net deposition. We have used 

two end-member profiles, following the results of Pospieszalska and Johnson 

(1989), corresponding to a higher or lower level of concentration on the trailing 

hemisphere. As discussed in Section 3.3.2, the best model would be an inte

gration of the relative effects of these two regimes. More detailed models of 

the global distribution of ion bombardment, incorporating the recent Galileo 

data, are forthcoming (J. F. Cooper, personal communication, 2001, 2004), 

and their effects can readily be evaluated by this model when they become 

available. 

- The effects of sublimation are neglected in this model. Sputtering on Eu-

ropa is greater in magnitude than sublimation, except at surface temperatures 

above 125 K (Johnson, 1998). Temperatures this high are only reached on 

the equator at noon (Orton et al., 1996). Thus, at all points on Europa, the 

time-averaged effects of sputtering are many orders of magnitude higher than 

sublimation (Johnson, 1998). 

- We have also neglected the effects of mixing at the surface due to micromete-

orite bombardment, which may be comparable on the leading hemisphere to 
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the effects of net deposition due to sputtering (Cooper et al., 2001). The flux 

of small impactors at Europa is not well known, nor is it known how many 

of them are in Jupiter orbit (and thus preferentially swept up onto Europa's 

leading hemisphere). The high-resolution pictures of all of the Galilean satel

lites have placed surprisingly small upper limits on the flux of small impactors. 

Some investigators believe that even the few small craters that we see are sec

ondaries from larger impacts (Bierhaus et al., 2001). Micrometeorites may 

or may not compete effectively with net deposition on Europa, but they are 

outside the scope of this paper. 

- For the purposes of this model, we have assumed that Europa's atmosphere 

is largely collisionless, allowing sputtered water molecules to follow ballistic 

trajectories from launch to re-deposition. On the other hand. Hall et al. 

(1995) estimate the column density of O2, based on their observations, at 

1.5 ± 0.5 X 10^° em close to the threshold for which the collisionless as

sumption is valid. The effect of atmospheric collisions would be to knock 

water molecules off their original courses, causing re-deposition to be more 

globally uniform than it would otherwise be. This would cause net erosion 

to be even more concentrated on the trailing hemisphere (since re-deposition 

would be less likely there), than in the results given in this paper. Similarly, 

a collisional atmosphere would cause net deposition to be more likely on the 

leading hemisphere than reported in this paper. 

- This model considers the ejection of neutral H^O molecules from the surface 

as the only significant product of sputtering on Europa. In reality, sputter

ing does have other products as well, including dissociated species such as 

O2 and H2 (Johnson, 1998), and other possible surface constituents such as 

Na and K (Johnson et al., 2002). However, the impact of these other products 

is expected to be second-order. 
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3.6 Conclusions 

Our results show that net deposition, leading to burial of material under a water 

ice frost, can occur on Europa's leading hemisphere under a wide range of circum

stances. The global net erosion map seen in Fig. 3.6c, for the case of sputtering 

concentrated on the trailing hemisphere (Case A) and high ejection velocities, shows 

net deposition of up to 3 mm Myr~^ in some places. 

In addition, we have investigated the effects of several parameters that were 

not included in previous work, and have varied other parameters: 

- The removal of sputtered molecules, while in flight, by electron-impact ion

ization causes re-deposition to be as much as 10% lower. A change of this 

magnitude can be very significant in determining whether the balance be

tween sputtering and re-deposition results in net deposition, considering how 

delicate that balance sometimes is. This effect can and should be included in 

analytical models of this process. 

- The rotation of Europa while sputtered molecules are in flight, resulting in 

deflection of their landing sites, also has a modest but significant effect. In the 

case of high ejection velocities, 12% of re-impacting molecules have their land

ing sites deflected by more than 10 degrees. This effect can also be included 

in analytical models. 

- Jupiter's gravity has a discernible effect in deflect ing the landing sites of sput

tered molecules, and also in deflecting their trajectories so that they stay 

in flight longer and are more likely to be ioni/ed. This effect can only be 

accounted for in numerical models. 

- The surface binding energy, which determines the ejection velocities of sput

tered molecules, was varied in this investigation. The high-velocity case (with 
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the binding energy u equal to its theoretical value, the sublimation energy 

of water ice) results in a high rate of net erosion on the trailing hemisphere 

(due to a large fraction of molecules that escape), but also higher rates of net 

deposition on the trailing hemisphere. The low-velocity case (using a lower 

"effective" binding energy, as seen in some laboratory experiments) results in 

a much lower global rate of net erosion, with net deposition taking place on 

the leading hemisphere. Due to much shorter flight times, neither Europa's 

rotation nor Jupiter's gravity have any significant effect in the low-velocity 

case. 

- The global distribution of impacting ions, which is directly proportional to the 

global distribution of sputtering, was also varied. For both ejection velocity 

distributions, net deposition occurs on the leading hemisphere when sputtering 

is strongly concentrated on the trailing hemisphere (Case A). When sputtering 

is less heterogeneous (Case B), net deposition does not occur (although local 

net erosion gets as low as 0.6 mm Myr~^ for low ejection velocities). 

Further experiments using the techniques described in this paper can ex

plore the effects that other parameter variations may have on Europa's erosion/re-

deposition environment. Also, as more precise characterizations are made of the 

parameters that affect sputtering erosion and re-deposition on Europa (especially 

those parameters that are varied in this paper), their effects can be quickly seen by 

using this model. 

The best match between calculated patterns of net deposition and the 

brighter, yellow-hued region seen in Voyager and Galileo mosaics, results from the 

highly heterogeneous distribution of sputtering (Case A) with high ejection veloci

ties. Neither .sputtering redistribution nor radiolysis are viable explanations for the 

hemispheric color asymmetry when there is no significant hemispherical dichotomy 

in the impacting ions (Case B). In conclusion, burial of non-ice materials on the 
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leading hemisphere remains a plausible explanation for Europa's color dichotomy. 
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CHAPTER 4 

Cassini ISS Search for Inner Satellites of Jupiter 

4.1 Introduction 

Among the imaging experiments performed by the Cassini spacecraft during its 

approach to Jupiter (Porco et al., 2003) was a survey for undiscovered satellites. 

A total of 160 images (80 pairs) were obtained over a period of 64 days (from 

4 Oct 2000 to 6 Dec 2000), using the Cassini ISS Narrow Angle Camera (NAC), 

with a resolution of 6 x 10~® radians/pixel and an image size of 1024-by-1024 pixels. 

The spacecraft's distance to Jupiter for these images ranged from 82 million km to 

25 million km, and the phase angle ranged from 20° to 8°. Two identical exposures, 

30 seconds apart, were taken of each frame so that cosmic ray hits could be identified 

and excluded by comparing the paired images to each other. Each scan of Jupiter's 

orbital plane consisted of 8 image pairs, 4 on each side of Jupiter. As Cassini 

approached Jupiter, the outer limit of the surveyed region decreased from near 

Callisto's orbit to outside Europa's (Figure 4.1). We were unable to systematically 

survey the region interior to Amalthea (2.6/?,/) due to scattered light from Jupiter. 

Due to limited observing time on the spacecraft, image sequences were taken 

at intervals ranging from 60 to 120 hours. The movement of the spacecraft during 

these intervals, as well as the movement of any observed satellites, would be so large 

as to make it impossible to identify objects by the usual method of looking for a 

moving object against a background of stationary stars. Instead, it was necessary 

to use an alternate technique in which the search was restricted to satellites with 
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near-planar, near-circular orbits. 

4.2 Analysis of Images for Candidate Moons 

4.2.1 Navigation 

The first step is to determine the exact direction in which the camera is pointed 

for each image. Navigational data from the spacecraft's computer is essential as a 

starting point, but is only accurate to within several pixels. To refine the navigation, 

stars in the Guide Star Catalog (GSC 2.2)^ were matched with detected stars in 

the image, and the relative offset computed. With several stars in each image, the 

statistical uncertainty in the corrected pointing can be computed, and was generally 

a small fraction of a pixel. 

4.2.2 Identifying Detection Candidates 

To model scattered light, each image was smoothed using a boxcar filter with a 

window 50 pixels square. The resulting continuum was then subtracted from the 

image to leave only point sources on a flat background. 

Due to data volume limitations, the images for this experiment were down

linked from the spacecraft in a format including only the final 8 bits of each data 

number (DN). Any DN of 256 or greater was reported as modulo 256. This did 

not hamper our analysis for the most part, since our background continuum was 

generally low and smooth, and point sources could easily be recognized even if they 

"wrapped around." In some cases, however, especially for images closer to Jupiter, 

^ http://imuw-gsss.stsci.edu/gsc/GSChome.htm The Guide Star Catalogue II is a joint project of the Space Tele
scope Science Institute and the Osservatorio Astronomico di Torino. Space Telescope Science Institute is operated 
by the Association of Universities for Research in Astronomy, for the National Aeronautics and Space Adminis
tration under contract NAS.5-26555. The participation of the Osservatorio Astronomico di Torino is supported by 
the Italian Council for Research in Astronomy. Additional support is provided by European Southern Observa
tory, Space Telescope European Coordinating Facility, the Internationa! GEMINI project and the European Space 
Agency Astrophysics Division. 
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Figure 4.1: Extent of the systematically covered region at various stages of the 
survey. 
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the scattered light in an image exceeded a DN of 255 and "wrapped around" to 

zero. In such cases, the transition region was modeled and the regions interior to it 

(i.e., closer to Jupiter) had the missing 256 DN added to each pixel. This was done 

before the modeling of scattered light, so that the smoothness of the background 

was preserved. 

Even after the removal of the scattered light continuum rendered the image 

background very nearly flat, regions which had had higher scattered light remained 

noisier due to the higher number of photons they had received. Since the standard 

deviation of pixel DN was not constant over the image, we computed the local 

standard deviation (using a 50-pixel square) for each pixel, and identified detection 

candidates as any pixel with DN at least 8 times the local standard deviation above 

the local mean. This method identified hundreds of detection candidates in each 

image, nearly all of which were in fact cosmic rays or anomalous noise. The aim of 

the next several steps in our analysis was to examine the detection candidates and 

to exclude any that were spurious. 

4.2.3 Winnowing Detection Candidates 

Using the high accuracy of the camera pointing (Section 4.2.1). the two images 

in each pair (taken 30 seconds apart) were compared to each other. A detection 

candidate in one image was only retained if it appeared in the other image in the 

pair, within 3 pixels of the same position. Detection candidates were also compared 

to the known positions of stars (from GSC 2.2, see Section 4.2.1) and Jovian satel

lites, and detected stars were noted for use in calculating the brightness detection 

limit (see Section4.4). In addition, the possibility that neighboring pixels might be 

affected by a single event was considered. Two or more detection candidates within 

5 pixels of each other were clustered as a single candidate, and any clusters that 

were irregularly shaped or larger than 20 pixels across were visually inspected to 
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determine their validity. 

At the end of this analysis, each of the 80 image pairs had an average of 

16 detection candidates remaining, which we will henceforth refer to as "candidate 

moons." The final step is to determine if any candidate moon in one image pair is 

correlated to a candidate moon in another image pair, and thus plausibly the same 

object appearing in both image pairs. 

4.2.4 Calculating Candidate Orbits 

Since we were not able to identify candidate moons by observing movement, we 

instead calculated a circular, planar orbit for each candidate based on the single 

image pair in which it was identified. This was done by following the ray of the 

camera's line of sight until it intersected with Jupiter's equatorial plane, then finding 

the circular orbit that corresponds to the calculated jovicentric radius. 

4.2.5 Correlating Candidate Moons from Inaage to Image 

To allow for the possibility that satellite orbits may not in fact be perfectly circular 

and planar, an "error rectangle"^ was defined for each candidate moon, centered on 

the candidate's position, with sides of length — 20 pixels and 2ay = 20 pixels 

(after confirming that these values were larger than the navigational uncertainties; 

see Section 4.2.1). This error region was then converted into an uncertainty in the 

candidate's jovicentric radius as follows: 

_ ad/cosPr 

y/{cos Br/cfxT + (sin 9r/ay)'^ 

where 9^ is the orientation of the candidate's jovicentric radial axis when projected 

onto the image plane; fdj- is the angle between the projected and unprojected radial 
2 An error ellipse would have been more accurate than a rectangle, but also more difficult to calculate. In this 

analysis, the error parallelogram always circumscribes the corresponding error ellipse, so that it is possible to iind 
spurious correlations but not to lose any real correlations. 

i 
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Figure 4.2: For a hypothetical case in which = 1.5 and ay = 1, the calculated 
value of <Tr is shown as an elliptical average based on the orientation of the projected 
r vector in the image plane {9r). A similar calculation is performed for 
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vectors; a is the camera scale in radians per pixel; d is the distance from the camera 

to the candidate. The quantity in the denominator determines a,, as an elliptical 

average of and ay, based on its orientation in the image plane (see Figure 4.2). 

Similarly, the uncertainty in each candidate's jovicentric longitude {a^ in 

radians) was calculated as follows: 

a, = 
yj (cos 9^1 + (sm 9^/OyY 

where 9^ is the orientation of the candidate's jovicentric longitudinal axis when 

projected onto the image plane, and /3^ is the angle between the projected and 

unprojected longitudinal vectors. Here we have also di\ided by r, the candidate's 

jovicentric radius, to convert the longitudinal uncertainty into radians. 

For each candidate found in one image pair, the error rectangle (which has 

now been projected onto Jupiter's equatorial plane) was then evolved under Kepler's 

Laws to the time of another image pair. Since the inner radial edge orbits faster than 

the outer radial edge, the error rectangle is deformed into an "error parallelogram." 

If a candidate's error parallelogram overlaps with that of any candidate found in the 

second image pair, then those two candidates are considered to be correlated, that 

is, possibly the same object appearing in both images. Any detection candidate 

that was not able to correlate with candidates in other image pairs was discarded 

as a candidate. 

4.3 Survey Results 

Using the procedures outlined above, a total of 1,292 candidate moons were found in 

the survey's 80 image pairs (an average of 16 candidates per image). However, only 

2 sets among those 1,292 candidates were found to correlate between multiple image 

pairs. Both sets of correlating candidates were followed into other survey images in 

which they would also be expected to appear, and were not found, so they do not 
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appear to be real objects (with almost 1,300 candidates, it is not unexpected to have 

a few false correlations). Therefore, the conclusion of this survey is a non-detection 

of any previously unknown Jupiter satellites, within the detection limits stated in 

Section 4.4. 

We note that known .Jovian satellites can provide a test of our methods. 

Besides the four Galilean satellites, which were frequently visible at such high bright

ness that they saturated the detector, the Jovian satellite Thebe was also detected 

in 3 image pairs. The processing routines successfully identified Thebe as a can

didate moon in all three cases. However, the correlation routine failed to identify 

Thebe as a moon because its eccentricity is higher than the stated detection limit. 

No other known Jovian satellites crossed into the survey's field of view. 

The source of nearly 1,300 candidate moons is not entirely understood. We 

tested the hypothesis that they were faint stars by upgrading our star catalog to 

GSC 2.2 as mentioned in Section 4.2.3 (we initially used a less complete catalog). 

But this resulted in a large number of faint stars appearing in the star catalog but 

not in the observations (thus allowing us to better estimate our brightness detection 

limit, see Section 4.4), and did not resolve the large number of candidate moons. 

Therefore, the most likely possibilities seem to be cosmic ray hits or noise, despite 

the protective measure of comparing two separate exposures of the same frame in 

an attempt to eliminate such artifacts. 

4.4 Calculation of Detection Limits 

There are four conditions that must be satisfied in order for a Jovian satellite to be 

detectable by this survey. The first, brightness (Section 4.4.1), is common to any 

observational survey. The other three detection limits concern whether any detected 

moon would be recognized as a moon by our analysis. This recognition requires the 

prediction of its future position based upon a single observation (placing limitations 
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on its eccentricity and inclination, Sections 4.4.2 and 4.4.3), as well as multiple 

observations of the object (likely only within the region that was systematically 

searched, 2.6 RJ to 20 RJ). 

4.4.1 Brightness 

As seen in Figure 4.3, most GSC stars brighter than 14.5 magnitude were detected 

in the survey images (the fraction of stars is never exactly one because a star may be 

blocked by a Galilean satellite, or may reside in a region in which scattered light or 

noise was too high to be surveyed for candidate moons), while few stars dimmer than 

14.5 magnitude were detected. Therefore, we would expect any satellite brighter 

than 14.5 magnitude (as seen from the spacecraft) to be detected. At an average 

range of 40 million km with an albedo of 0.1, would have a diameter of 15 km. 

Stated more precisely, we can put the following limits on the size and reflectivity of 

a detectable satellite: 

4.4.2 Eccentricity 

By Kepler's Third Law, the fractional uncertainty in the mean motion is 3/2 the 

fractional uncertainty in the semimajor axis, or (3/2)e. Over a characteristic time 

for the survey of t ~ 800 hr, the uncertainty in orbital longitude can build up 

to = {An)t = (3/2)net. Projecting this deviation onto the image plane, the 

uncertainty in pixels is given by 

where r is the satellite's distance from Jupiter (the most likely region to find a new 

satellite is the vicinity of Thebe, r ^ 220,000 km); j3 is Cassini's jovicentric latitude 

40 X lO^fcm 

'Cassini 
(4.3) 

Ap --

rA^sin/? (3/2) anet sin/3 
(4.4) 

ad rd 
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Magnitude 

Figure 4.3: Fraction of stars detected in the survey emages, as a function of mag
nitude. 
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(average value, 15°); a is the resolution (6 x 10~® radians/pixel); and d is Cassini's 

range to Jupiter (average value, 40 million km). Since the maximum deviation from 

the expected position, that would still be identified by the correlation routine as the 

same object, is about Aj? = 25 pixels, we derive a limiting eccentricity of e < .0002. 

4.4.3 Inclination 

The diagram in Figure 4.4 shows a moon with a vertical distance oi z = ai above 

Jupiter's equatorial plane. The distance between point M' (the moon's position 

projected onto the equatorial plane) and point X (the position seen by Cassini) is 

Ar = ai/ tan Projecting onto the image plane as before, we have the deviation 

in pixels: 
Arsin/? ri cos 6 

with variables defined as above. Thus, a maximum deviation of Ap = 25 pixels 

yields a limiting inclination of ? < .03 radians, or 1.6". 

4.5 Conclusions 

No new Jovian satellites were discovered, but some new detection limits were de

fined. Table 4.1 lists our detection limits along with the correponding parameters 

of the known inner satellites of Jupiter. Any unknown satellite of Jupiter satisfying 

the conditions listed in the first line of Table 4.1 would have been detected by this 

survey. 
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Figure 4.4: Illustration for the Calculation of the Inclination Detection Limit. A 
hypothetical moon is assumed in the survey to be at point X, the intersection of the 
equatorial plane with the line of sight from Cassini (C) to the moon (M). Jupiter 
is at point J. The distance between X and the projection of the moon's position 
onto the plane {M') is Ar. The moon's distance above the plane is given hy z = ai. 
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Table 4.1; Relevant Data for Known Inner Satellites of Jupiter, with Comparison 
to Detection Limits for This Survey. 

Location Dsat Albedo e i 
Detectable 2.6Rj < a < 20Rj > 15 km > 0.1 < .0002 < 1.6° 

Metis 1.79Rj ~ 40 km 0.05 0 0° 

Adreastea IMRj ~ 20 km 0.05 0 0° 

Amalthea 2.5Rj 190 km 0.06 .003 

o
 

o
 

Thebe 3.lRj 100 km 0.05 .018 1.1° 

lo 5.9Rj 3642 km 0.61 .04 0.04° 

Europa 9ARj 3130 km 0.64 .01 0.47° 

Ganymede l5.0Rj 5268 km 0.42 .002 p
 

o
 

Callisto 2Q.3Rj 4806 km 0.20 .01 0.28° 
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