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ABSTRACT 

Main sequence stars are commonly surrounded by debris disks, composed of cold 

dust continuously replenished by a reservoir of undetected dust-producing planetes-

imals. In the outer Solar System, Kuiper Belt (KB) objects produce dust by mutual 

or interstellar grain collisions. 

The orbital evolution of KB dust has been numerically modeled. Its equi

librium radial density distribution can be accurately estimated even though there 

are inherent uncertainties in the prediction of structure, owing to the chaotic dy

namics of dust orbital evolution imposed by resonant gravitational perturbations 

of the planets. The particle size distribution of dust is greatly changed from the 

distribution at production, as a result of radiation forces and the perturbations of 

the planets. The contribution of KB dust to the population of interplanetary dust 

particles collected at Earth may be as low as a few percent. 

Gravitational scattering by giant planets creates an outflow of large grains. 

We quantify the characteristics of this large-particle outflow in diff"erent planetary 

architectures, discuss its implications for exo-planetary debris disks, and for the 

interpretation of in-situ dust detection experiments in space probes traveling in the 

outer Solar System. These outflows may contribute to the clearing of circumstellar 

debris in planetary systems, affecting the particle size distribution of their local 

ISM. 

In anticipation of future observations of unresolved debris disks with 

Spitzer, we are interested in studying how the structure carved by planets affects 

the shape of the disk's spectral energy distribution (SED), and consequently if the 

SED can be used to infer the presence of planets. We numerically calculate the 
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equilibrium spatial density distributions and SEDs of dust disks originated by an 

outer belt of planetesimals (35-50 AU) in the presence of different planetary config

urations, and for a representative sample of chemical compositions. The dynamical 

models are needed to estimate the enhancement of particles near the mean motion 

resonances with the planets, and to determine how many particles drift inside the 

planet's orbit. Based on the SEDs and predicted Spitzer colors we discuss what 

types of planetary systems can be distinguishable from one another. 
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CHAPTER 1 

Introduction 

The search for extra-solar planets is one of the most exciting adventures in sci

ence. It addresses a fundamental question that has occupied the human mind for 

millennia: are there other potential sites for life, far beyond our Earth? 

Optical, infrared and millimeter observations have revealed that most newly 

born stars are surrounded by circumstellar accretion disks of gas and dust, like the 

hypothetical solar nebula from which the planets in our Solar System once formed. 

This leads to the idea that potential planetary material is a by-product of star for

mation. The last decade has witnessed significant progress in this field and we now 

know that at least some of these circumstellar disks have formed planets, as stel

lar radial velocity surveys indicate that about 7% of the FGK main sequence stars 

have a Saturn or Jupiter-mass planet orbiting within 3 AU (Marcy, 2003). But long 

before planets were discovered by the Doppler technique in the mid 90's, there was 

indirect evidence of planet building from observations of debris disks around several 

main sequence stars (Backman & Paresce, 1993 and reference therein). These Solar 

System-sized disks of micron-sized grains are thought to be the result of mutual 

collisions between asteroid-like bodies or the evaporation of comets close to the 

star. All these observations indicate that planet formation is indeed a common by

product of the star formation process. But how common? And is our Solar System 

unique or rare in its configuration? The study of debris disks can help us answer 

these questions. 
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1.1 Overview of Star Formation 

Most stars are born in molecular clouds. These clouds fragment by some unknown 

process into denser cores, with molecular hydrogen number densities of lO^-lO"^ 

cm"^, masses of a fewxM5„„ and scales of a fewxO.l pc. Molecular clouds and 

cloud fragments are roughly consistent with being gravitationally bound, with ther

mal pressure (T=10-100 K), turbulent motions, and magnetic fields providing the 

primary support against gravity. For a star to form, gravity needs to overcome these 

other forces. This happens in the densest regions, where there is small turbulent 

motions and substantial dust extinction, shielding the gas from the heating effects 

of luminous stars (therefore keeping the temperature and the thermal pressure low), 

and keeping the photoionization level low (reducing the effect of magnetic fields). 

At this point, the cores reach a critical configuration where they cannot support 

themselves against gravity, collapsing at nearly free-fall, with expected timescales 

of only a few hundred thousand years [Hartmann (2000), and references therein]. 

Typical molecular gas clouds must contract by a factor of a million in linear 

dimensions to form a star. Because the collapse is so rapid, any angular momentum 

transfer is inefficient, and therefore any small initial rotation of the star-forming 

cloud is magnified by conservation of angular momentum, resulting in a rapidly-

rotating disk (containing most of the mass) and a smaller, stellar core. About 

50% of pre-main-sequence stars have disks at 10® years, with disk masses of (1-

10)xl0~^ Msun, comparable to the minimum mass solar nebula (the total mass of 

solar composition material needed to produced the observed condensed material in 

the Solar System planets). 

Disks formation is followed by a longer phase of disk accretion, during which 

angular momentum is transferred to a small fraction of disk particles at large radial 

distances, permitting the accretion of most of the disk mass onto the central star. 

Disk accretion appears to produce the highly-collimated atomic jets (with velocities 
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of several hundred of km/s and collimation angles of only a few degrees) and slower 

and less collimated molecular outflows that commonly emanate from young stellar 

objects. These outflows may play an important role in the energetics and angular 

momentum transport of inner disk regions. Their collimation mechanism is not 

fully understood but is thought to result from the magnetic acceleration from the 

surface of the rotating keplerian disk. 

Eventually, infall to the disk stops and the disk becomes depleted in mass: 

most of the disk mass is accreted onto the central star; some material may be 

blown away by stellar wind ablation or by photo-evaporation by high-energy stellar 

photons; and the material that is left behind might coagulate or accrete to form 

planets. After years, most of the primordial gas and dust have disappeared 

(Hartmann, 2000). But in many main sequence stars older than ~10^ years (~15% 

within ^^25 pc of the Sun, Habing et al., 2001), a second generation of dust appears 

forming what is known as a "debris disk" (Aumann et al., 1984). Figure 1.1 shows 

a schematic representation of disk evolution. 

1.2 Debris Disks as Evidence of Planetary Formation 

Why called "debris disk" ? Stars harboring debris disks are too old to have remnants 

of the primordial disk from which the star itself once formed. The timescale of 

dust grain removal due to Poynting-Robertson (P-R) drag for a solar type star is 

tpR~400xR^//3 years ~ 10® years, where R is the grain distance to the central star in 

AU, and /? is the ratio of the radiation pressure force to the gravitational force (in the 

range 0-0.5). Grain removal due to radiation pressure is much faster, as the particles 

escape quickly on hyperbolic orbits. Grain removal timescales are therefore much 

shorter than the age of main sequence stars, >10^ years, indicating that these dust 

disks are not primordial but are produced by a reservoir of undetected kilometer-

sized planetesimals producing dust by mutual collisions or by evaporation of comets 
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Figure 1.1: (left); Direct images of circumstellar disks at distinct evolutionary 
stages: (top) HST images of silhouette disks seen in projection against the bright 
background of the Orion Nebula (McCaughrean and O'Dell, 1996); (middle) corono-
graphic image of the disks surrounding /3-Pictoris seen in scattered light (Kalas and 
Jewitt, 1995); (bottom) our own zodiacal dust disk (with comet Hale-Bopp) seen 
from the summit of Mauna Kea (courtesy of Paul Kalas). (right) Schematic SEDs 
representing early optically thick and later optically thin disks. This study is fo
cused on the last evolutionary stage. This composed figure is a courtesy of Michael 
Meyer. 
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scattered close to the star (Backman and Paresce, 1993). Furthermore, in order to 

induce frequent mutual collisions or infall of comets, the planetesimal orbits must 

be dynamically perturbed by unseen massive planetary bodies. The spectroscopy 

of systems like /3-Pictoris supports this interpretation (Knacke et al., 1993; Pantin 

et al., 1997). In the standard scenario, debris disks are generated mainly at early 

times when planetesimals are forming and colliding frequently; this period would 

coincide with the heavy bombardment in the early Solar System. In agreement 

with this scenario, far-infrared surveys with ISO indicate that disk detection drops 

abruptly at ~0.4 Gyr (Habing et al., 2001) and that the mass decline in the disks 

is proportional to t"^ between stellar ages of 10 Myr and 1 Gyr (Spangler et al., 

2001). The processes responsible for the clearing of dust are stellar winds, radiation 

pressure, sublimation, collisions (reducing the size of the dust particles until they 

are small enough to be blown away by radiation pressure) and, as suggested in 

Chapter 4, gravitational scattering by giant planets. 

However, Greaves and Wyatt (2003) found recently that a small number of 

stars with an age of a few Gyr do have disks, in disagreement with the standard 

scenario. They claim that Habing et al. (2001) and Spangler et al. (2001) results 

are biased toward younger ages, as they were preferentially detecting A (younger) 

stars. These new results indicate that debris disk duration is <^0.5 Gyr, and may 

occur at any time during the main sequence, and that the disk mass decline in 

time is slow, not steeper than It is suggested that the disks have "on" and 

"off" stages with large differences in dust mass. Furthermore, recent observations 

by Spitzer (Gorlova et al., 2004; Rieke et al., 2004) may suggest that in some cases 

the debris disk phenomena may be the result of stochastic catastrophic collisional 

events, rather than a continuous generation of dust for long periods of time. In the 

study presented in the following chapters we adopt the standard scenario, where dust 

is produced continuously and a steady state is reached. However, this scenario may 

need to be revised as it is expected that Spitzer, with much higher sensitivity and 
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better spatial resolution than ISO and IRAS, will revolutionize our understanding 

of debris disks. 

1.3 Do Debris Disks and Giant Planets Coexist? 

We know that at least 15% of A-K main sequence stars are surrounded by de

bris disks (Zuckerman, 2001), and this percentage could be higher because surveys 

are sensitivity-limited. We also know from radial velocity surveys that ^7% of 

FGK main sequence stars have Saturn-to-Jupiter-mass planets within 3 AU (Marcy, 

2003). We are still trying to understand the correlation between debris disks and 

planets. Greaves et al. (2004) carried out a small submillimeter survey of 8 stars 

with known giant planet companions and found no debris disks down to a dust 

mass limit of 0.02 MEarth- Conversely, only <5% of 20 solar-like stars with debris 

disks have giant planets inside a few AU, while the majority are inferred to have 

cavity-clearing planets on large orbits. 

High-resolution images of few debris disks have revealed the presence of 

density structure that suggests that debris disks and planets do coexist. Dynamical 

models have shown that planets can sculpt the disks, creating gaps, arcs, rings, 

warps and clumps of dust (Roques et al., 1994; Liou and Zook, 1999; Mouillet et al., 

1997; Wyatt et al., 1999; Moro-Martm and Malhotra, 2002; Kuchner and Holman, 

2003). The combination of very high resolution imaging at long wavelengths and 

theoretical dynamical models can provide interpretation of the disks' structure in 

terms of planetary architectures. Figure 1.2 shows some of these observations. 

JCMT submillimeter observations of e Eridani show a 60 AU ring with four peculiar 

peaks of emission (Greaves et al., 1998), that have been interpreted as dust particles 

captured into the 5:3 and 3:2 exterior resonances with a 0.3 M© planet at 40 AU and 

with 0.3 eccentricity (Quillen and Thorndike, 2002); an alternative model suggests 

a 0.2 Mjup planet at a distance of 55-65 AU (Ozernoy et al., 2000). HST NICMOS 
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coronagraphic observations at 1.6 (im of HR 4796A show a ring 70 AU in radius 

and <14 AU wide, with an abrupt truncation and a clearing inside 50 AU. It is 

suggested that the dynamical confinement of the dust particles may be due to the 

influence of one or more unseen planetary bodies (Schneider et al., 1999). High 

resolution millimeter interferometry observations of the Vega system show two dust 

concentrations interpreted as dust trapped in the strongest of the distant resonances 

of a 3 Mjup mass planet at 40 AU and with 0.6 eccentricity (Wilner et al., 2002). 

1.4 Overview of Dust Dynamics: How Planets Sculpt Debris Disks 

Dust particles are small enough to experience the effect of radiation and stellar wind 

forces. Radiation pressure makes their orbital elements and specific orbital energy 

change immediately upon release from parent bodies. If their orbital energy becomes 

positive, the dust particles escape on hyperbolic orbits. In the Solar System, these 

particles are known as /3-meteoroids (Zook and Berg, 1975). If their orbital energy 

remains negative, the dust particles stay on bound orbits. P-R and solar wind drag 

subsequently tend to circularize and decrease the semimajor axis of these orbits, 

forcing these particles to slowly drift in toward the central star (Burns et al., 1979). 

Assuming that the dust particles are constantly being produced, this inward drift 

creates a dust disk of wide radial extent, that is referred to as a debris disk. Debris 

disks are systems that satisfy the following conditions (Backman, 2002): (1) their 

inferred lifetime is longer than the P-R and collisional lifetimes; (2) they are optically 

thin to stellar radiation, even along the mid plane; and (3) they have little or no 

gas, so that the dust dynamics is controlled by gravitation and radiation forces only. 

[When the gas-to-dust ratio is ~1, i.e. 100 times smaller than the solar nebula, 1 

cm-size particles are still affected by gas drag; when the gas-to-dust ratio is ^10"'', 

1 //m-size particles are still affected (Weidenschilling, 2003)]. 
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e-Eri (JCMT) 850/im Vega (PdB) 1.3mm 

HR4796A (HST) 1.6/im HD141569 (HST) 1.3/xm 

Figure 1.2: High resolution images of debris disks: (top) in thermal emission for 
e Eridani (Greaves et al., 1998) and Vega (Wilner et al., 2002); and (bottom) in 
scattered light for HR 4796A (Schneider et al., 1999) and HD141569 (Weinberger 
et al., 1999). 
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When planets are present, the journey of the dust particle toward the cen

tral star is temporarily interrupted by the trapping of the particle in Mean Motion 

Resonances (MMRs). MMRs occur when the orbital period of the particle is in a 

ratio of small integers to that of the perturbing planet. [The p:q MMR means that 

the orbital period of the particle is p/q times that of the planet, where p and q 

are integers.] In an MMR, the inward drift is halted because the energy loss due 

to P-R drag is balanced by the resonant interaction with the planet's gravitational 

field. This resonance trapping can potentially create structure in debris disks, as the 

particles accumulate at certain semimajor axes. Sufficiently massive planets may 

also scatter and eject dust particles out of a planetary system, creating dust free 

or depleted zones. Such structures, if observed, can be used to infer the presence 

of planets. Liou and Zook (1999) (hereafter LZ99) found that the presence of the 

Giant Planets has an important effect on the structure of the debris disk that is 

presumably generated in the KB: Neptune creates a ring-like structure between 35 

and 50 AU, due to the trapping of particles in exterior MMRs, and Jupiter and 

Saturn are responsible for the ejection of about 80% of particles from the Solar 

System (Liou et al., 1996) (hereafter LZD96). The latter effect creates a clearing 

in the inner 10 AU that resembles the inner gap in the ^-Pictoris disk. If observed 

from afar, the KB disk would be the brightest extended feature in the Solar System, 

and its structure, if spatially resolved, could be recognized as harboring at least two 

giant planets: an inner planet (Jupiter plus Saturn) responsible for the gap and an 

outer planet (Neptune) that creates the ring-like structure (LZD96). 

1.5 Motivation of This Study 

An understanding of the orbits of giant planets in mature planetary systems is fun

damental for the study of the stability of orbits in habitable zones, where terrestrial 

planets could form and survive. One step toward the detection of habitable planets 



23 

is the identification of systems in which giant planets orbit well beyond the habit

able zone, so that the chaotic regions created near the strongest inner resonances 

with the planets, and where terrestrial planet orbits could not survive, all lie out

side the habitable zone. But the current extra-solar planet detection techniques are 

not efficient in detecting and characterizing long period planets, so we do not yet 

have an unbiased and statistically complete census of planetary systems. The study 

of structure in debris disks may serve as an unbiased (but rough) complementary 

method to find extra-solar planets, that will allow us to learn about the diversity 

of planetary systems. 

High-resolution space-based optical and near-infrared images of disks in 

scattered light and ground-based mid-IR, submillimeter and millimeter observations 

of disks in thermal emission are beginning to probe structures on scales relevant to 

planetary system formation. Observations of gaps, warps, waves and holes in de

bris disks serve as indirect evidence for the presence of planetary bodies in these 

systems, and the combination of these very high resolution images and theoretical 

dynamical models can provide the interpretation of the disks' structure in terms of 

planetary architectures (see e.g. Ozernoy et al. (2000), Wilner et al. (2002) and 

Quillen and Thorndike (2002)). Nevertheless, I find that the current approach for 

the modeling of these observations is unsatisfactory for two reasons: (1) Numerical 

models are obtained for only one particle size, even though we know that the struc

ture is significantly different depending on the particle size under consideration. 

The structure is more pronounced for larger particle sizes because the trapping in 

resonances is more efficient when the drag forces are small. The modeling of de

bris disk structure should take into consideration an appropriate range of particle 

sizes. (2) Either particles are carefully placed in individual resonances or they are 

restricted to regions containing the main resonances. This is problematic for two 

reasons: (a) in the presence of giant planet with small eccentricity, the azimuthal 

structure of the dust disk is not predictable in detail because it depends sensitively 
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on the times of residence in the various resonances and these are highly variable 

and unpredictable (for large eccentricity planets this may not be the case); and 

(b) the relative "strength" of the dominant resonances depends quite strongly on 

the initial conditions (Moro-Martm and Malhotra, 2002). Therefore, one must be 

cautious about placing the dust particles ad hoc. A better approach, that will give 

us a more complete physical understanding of the system, would be to consider 

where the dust-producing planetesimals may be and to release the dust particles 

from these dust sources. 

In the future, ALMA will be able to image the dust in debris disks with 

an order of magnitude higher spatial resolution (10 milliarcseconds) than VLA and 

the Hubble Space Telescope, in systems which are more than an order of magni

tude fainter; i.e. it will be able to search for analogs of the Kuiper Belt dust disk. 

Careful modeling of the dust density distributions, like the approach taken here, 

will be essential to interpret these high resolution observational data. In the more 

immediate future, Spitzer will carry out spectrophotometric observations of hun

dreds of circumstellar disks that will likely be spatially unresolved. This is why we 

are interested in studying how the dust density structure affects the shape of the 

disk spectral energy distribution (SED) and consequently if the SED can be used 

to infer the presence of planets. About 15% of Spitzer guaranteed time observation 

and two out of its six legacy programs are focused on the detection and charac

terization of circumstellar disks around nearby stars. In these programs, imaging 

and spectroscopy will be used to study the spatial structure and composition of the 

disks, the frequency and duration of the protoplanetary disk phase (constraining the 

probabilities and timescales for the formation of the major planetary bodies), and 

the frequency and nature of planetary systems outside our own. Using the type of 

models presented here, we can interpret some of these observations of unprecedented 

sensitivity in terms of planetary architectures. The discovery and characterization 

of planetary systems are two of the eight objectives that define the roadmap of 
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NASA's Origins program. Spitzer is the first of its new space-based missions and 

its observations will serve to design exo-planet search programs for SOFIA, SIM, 

JWST and TPF. NASA Origins objectives, however, cannot be achieved only by 

the development of advanced technology. To make significant progress, this needs 

to go hand by hand with a substantial theory/modeling effort. This is the context 

in which we have carried out the research presented here. 

In Chapter 2, we describe the numerical integration method, the method 

for deriving the equilibrium spatial distributions of dust in debris disks harboring 

giant planets, and the tests performed to check the suitability of these methods. In 

Chapter 3, we apply this numerical approach to the study of the Kuiper Belt dust 

disk, as an example of a debris disks generated by an outer belt of planetesimals 

with embedded giant planets. In Chapter 4, we describe an effect by which the 

gravitational scattering of the dust grains by massive planets launches a "wind" of 

large dust grains. We explore the characteristics of this large-particle outflow in 

different planetary architectures, and its implications for exo-planetary debris disks 

and for the interpretation of in-situ dust detection experiments in space probes 

traveling in the outer Solar System. In Chapter 5, we explore how the structure 

carved by the planets affects the shape of the disk's spectral energy distribution 

(SED), and consequently if the SED can be used to infer the presence of planets 

in spatially unresolved debris disks. Finally, Chapter 6 describes our plans for the 

future. 
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CHAPTER 2 

Modeling Spatial Density Distributions 

2.1 Introduction 

The modeling of the spatial density distribution of dust in debris disks requires the 

study of the dynamical evolution of the grains. We numerically solve the equations 

of motion of hundreds of dust particles, in the size range from 1 to 40 //m (for 

p=2.7 g/cm^), or from 3 to 120 //m (for p=l g/cm^), generated in a debris disk 

analogous to the Solar System's Kuiper Belt. For the orbit integrations, we use 

a modified version of the multiple time step symplectic method SyMBA (Duncan 

et al., 1998; Moro-Martm and Malhotra, 2002). Our models include the combined 

effects of solar gravity, solar radiation pressure, the P-R effect and solar wind drag, 

and the gravitational forces of planets. We model the Solar System with 7 planets 

(excluding Mercury and Pluto, and including the mutual perturbations of the plan

ets), and we model hypothetical systems without planets. In each model system, 

the parent bodies of the dust particles are assumed to be uniformly distributed 

in orbits with semimajor axis between 35 and 50 AU, eccentricities such that the 

perihelion distances are between 35 and 50 AU, and inclinations between 0° and 

17°, in approximate accord with current estimates of the orbital distribution of the 

classical Kuiper Belt (Malhotra et al., 2000; Brown, 2001). On all our models, 

the initial values of mean anomaly (M), longitude of ascending node (fi) and argu

ment of perihelion (u) were randomly distributed between 0 and 27r. The sinks of 

dust included in our numerical simulations are (1) ejection into unbound orbits, (2) 

accretion into the planets, and (3) orbital decay to less than 0.5 AU heliocentric 
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distance. 

In §2.2 we describe our numerical integration method and the tests per

formed to check the suitability of the code; §2.3 describes our methods for deriving 

the equilibrium spatial distribution of the dust disk; and §2.4 summarizes our re

sults. 

2.2 The Numerical Method 

In order to study the dynamics of dust from the KB we need to solve the problem of 

the dynamical evolution of micron-sized particles, under the effect of gravitational 

forces of the Sun and the planets and radiation and solar wind forces. This has been 

solved in the past using the adaptive step size Runge-Kutta integrator RADAU 

(Liou and Zook, 1997; Kortenkamp and Dermott, 1998; Liou and Zook, 1999; Liou 

et al., 1999). Another possible choice is the standard mixed variable symplectic 

(MVS) integrator, developed by Wisdom and Holman (1991). Its advantage over 

implicit Runge-Kutta integrators is its speed, about an order of magnitude faster 

(Wisdom and Holman, 1991). This is why the MVS method is now used in long-

term studies of the Solar System, allowing us to reach integration times approaching 

the age of the system. Its disadvantage, however, is that it cannot handle close 

encounters amongst bodies. Since the outcome of close encounters between the dust 

particle and the planets is critical for the study of the dynamical evolution of dust 

grains, previous researchers have chosen RADAU as their numerical integrator. But 

recently, Duncan et al. (1998) (hereafter DLL98) have developed a new multiple 

time step symplectic algorithm, SyMBA, that can handle close encounters in a 

symplectic way, thus retaining the speed of the MVS method while being able to 

overcome its main disadvantage. 

The equations of motion of the N-body system are integrated using a vari

ation of SyMBA called SKEEL, which we have modified to include radiation forces. 
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In this section, we summarize the main features of SKEEL as described in DLL98, 

followed by a description of how radiation forces were introduced and the tests that 

we have performed to check the validity of our results. 

2.2.1 The Multiple Time Step Symplectic Integrator SKEEL 

The MVS method solves the Newtonian gravitational N-body problem by separating 

its Hamiltonian, 
n I 19 n — 1 n ^ 

y ,2.1) 
^ 2mi ^  ̂  Ti, i=0 ' i=0 i=i+l ^ 

into two integrable components, 

H  =  H ,  +  H ^ ^ H k e p  +  H i n u  ( 2 . 2 )  

where ^^Kep is the dominant Keplearian Hamiltonian, 

= t (If - . ».1 
and is the interaction Hamiltonian, 

^ _ "A /Grriimo _ Gm^X _ ^ Gmjmj 

V  L ^ i '  f i O  J  i=l V « lu / j=i+l 

I'y =1 Qi ^ Qi I is the distance between particles i and j, p^ is the momentum 

of particle i, qi is its conjugate phase space coordinate and m, is its mass, with 

i=0 corresponding to the Sun. The separation into two integrable Hamiltonians 

is possible using jacobian coordinates, denoted by the primed variables. In the 

jacobian framework, the coordinates and momenta of each body are referred to a 

system whose origin is at the center of mass of all the bodies with lower indices 

(Wisdom and Holman, 1991). 

The time evolution of the N-body system can be expressed by 

w(r) = e^^'^^w(O) = (2.5) 
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where the curly braces refer to the Poisson bracket operator and w = (q,p) is the 

phase space coordinate. A second order sympletic integrator consists in approxi

mating the time evolution by 

^T{,HQ+HI} ^ G(T/2){,FFO}G-R{,HI}G(T/2){,I/O}^ (•2_G^ 

also denoted by 

B„ (j) E,(T)E„ ( j )  ,  ( 2 . 7 )  

where Ei(r) is the evolution under Hj for time r. Note that during close encoun

ters, Vij becomes small, the second term in grows, and since the speed of the 

MVS method relies on having the MVS method fails (DLL98). To over

come this problem, Duncan, Levison & Lee developed SKEEL, a multiple time step 

sympletic method applied to a Hamiltonian equivalent to (2.1), 

P.) = E ^ ̂  IE". 1^ -E E ̂  
i=l ^ ' I SJj I / ^"Hot ^"I'O I ^3 

(2.8) 

where. 

and 

Qi 

P,; = 

Qi - qo if i ^ 0 

Pi - ̂  Ej^o Pi if « ^ 

EJ=o Pj i f i  =  0 .  

Qi and Pj are respectively the heliocentric positions and barycentric momenta (if 

i ^ 0) and the position of the center of mass and the total momentum of the system 

(if 1 = 0). mtot is the total mass of the system. 

The separation into integrable parts now becomes, 

P j )  =  H x e p  +  H s u n  +  H i n t ,  ( 2 - 9 )  

where 
n 

= V f I 
OtTHi I Qj 

-̂. = E(̂ -̂ ). P-io) 
i—1 
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= p.ii) 
2m„ ^ 

n—1 n 

= - E E (2-12) 
i^l j = i+l I \ 

The contribution from the second term in the rhs of (2.8) is ignored because it 

corresponds to the center of mass that moves as a free particle. A second order 

symplectic integrator consists in approximating the time evolution by the following 

symmetrized sequence of steps, 

Esun ^2) ^2) EKep{^)Eint ^2) Esun (2)' (2.13) 

where Ej(r) is the evolution under H, for time r. For each body there is: (1) a 

linear drift in position by (r/2mo) ^ P,-, to account for the motion of the Sun with 

respect to the barycenter; (2) a kick to its momentum for time (r/2), to account for 

the gravitational forces of all the massive bodies except the Sun; (3) an evolution 

along a Kepler orbit for time r; (4) another kick like (2); (5) another linear drift like 

(1). During a close encounters between a particle and a planet, the contribution 

from the encountering planet is separated from the rest so that the time evolution 

becomes 

Esun ( 0  EZ, Q EZ ( 0  EK.,(T)EtS (l) EZ ( j )  (5), (2.14) 

where refers to the contribution to Hint from all the planets except the one in 

the encounter, and is the same but for the planet in the encounter only. The 

close-encounter algorithm, represented by 

rpenc 
int [D EKe,(r)EZ , (2.15) 

is as follows. The two-body potential terms in Hj„(, due to the encountering planet, 

are decomposed into 
Gm<m, 
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For details about the conditions need to satisfy and the particular functions used 

in SKEEL, see DLL98. The multiple time step method consists then in applying 

(2.15) recursively, 

E^JR)  ̂  E„ ( I )  ( I )  «  E„ (5)  [E,  (^)  {J)]"E„ ( | )  

(2.17) 

where E;(r) and Esj(T) are the evolution for time r under Vj and YiKep + Hsun 

+ respectively. At each level of recursion, the evolution under Es.(r), is 

approximated by: (1) evolution under for r/2; (2) M second-order steps of length 

r; (3) evolution under V, for r/2. This is equivalent to placing concentric shells 

around the massive body; the smaller the shell, the smaller the time step associated 

with it, allowing to resolve peri-planet passage. In particular, DLL98 uses Tk/Tk+i 

= M; for our runs, M = 3. Note that this multiple time step algorithm only 

activates during close encounters. When the bodies are farther apart, the algorithm 

reduces to (2.13); this is because so that the pairs 

are interchangeable. 

We use units in which G=l; the unit of mass is IM©, the unit of length is 

1 AU and the unit of time is the period of a massless particle at 1 AU divided by 

27r. 

2.2.2 Radiation Pressure, Poynting-Robertson and Solar Wind Drag 

For simplicity, let's consider radiation forces in the 2-body problem. [The general

ization to the N-body problem is trivial if we assume that the mass of the central 

body is dominant over the rest of the massive bodies], A particle of mass /i, moving 

with velocity v with respect to a central body, which is the source of a radiation field 

of energy flux density S=L/, feels a force due to the absorption and re-emission 
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of radiation that is given (to terms of order v/c) by Burns et al. (1979), 

c 

V 

c 
(2.18) 

where A is the geometric cross section of the particle, r and v are its heliocentric 

ation. Qpr is the radiation pressure coefficient, a measure of the fractional amount 

of energy scattered and/or absorbed by the grain. Qp^ is a function of the physical 

properties of the grain and the wavelength of the incoming radiation; the value we 

use is an average integrated over the solar spectrum. We will refer to the velocity 

dependent part of (2.18) as the Poynting — Robertson (P-R) drag and to the radial 

term as the radiation pressure force. The radiation pressure force arises from the 

interception by the particle of the momentum carried by the incident solar photons. 

The factor (1-r/c) is due to the Doppler effect that modifies the energy flux of the 

incident radiation by shifting its wavelength. The P-R drag arises from the motion 

of a particle of velocity v through a radiation field with finite velocity c (Burns et al., 

1979). In the inertial reference frame, it can be thought of as a mass loading drag: 

the re-emitted radiation emits more momentum into the forward direction of motion 

due to the Doppler effect, which means that the particle loses momentum; since the 

mass is conserved, the particle is decelerated (there is a drag force). In the particle's 

reference frame it originates from the aberration of the radiation, that generates a 

drag force. 

We can define the dimensionless constant P as the ratio between the radi

ation pressure force, Fj.=SAQp^/c, and the gravitational force, Fg=GmoiJ,/r^, so 

that (5 =Fr/Fg=SAQp^r^/ (Gmo/ic) = (3L/167rGmoc)((5pr/ps). F'or the Sun, fi—5.7 

X 10~® Qpr/p^, where p and s are the density and radius of the grain in cgs units 

(Burns et al., 1979). The advantage of using the dimensionless parameter /5 is 

that it is independent of distance, being a function only of the particle size and 

position and velocity and S is the unit vector in the direction of the incident radi-
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composition. Using this notation, the equation of motion for the 2-body problem is 

(Pr —Gmr, Gmr, 
1 - ) S- -

c c 

and after rearranging some terms and using the fact that S=r/r becomes, 

( f r  

dt"  ̂

-Gmo{l — /3) P Gruo 
j-S g J.2 

r 

r 
r + V 

(2.19) 

(2.20) 

Solar wind corpuscular forces also alfect the motion of the particle. The 

solar wind pressure, equivalent to the radiation pressure, can be ignored because 

the momentum flux carried by the solar wind is about 2 x 10"'' that of the radiation 

(Burns et al, 1979), but the solar wind drag, equivalent to the P-R drag, may not 

be negligible. We can easily include this force by using the dimensionless parameter 

sw, ratio of the solar wind drag to the P-R drag. In this paper we use sw=0.35 

(Gustafson, 1994). The equation of movement is then 

dt"  ̂

and after rearranging, 

dt"  ̂

-Gmo , Mmo 
1 — (1 + sw)-j S 

V 
(1 + sw)-

c 

-Gmo{l - PsvjGmo 
;; r 

(2.21) 

(2.22) 
rJ c f 

where ^sw = (l+sw)/5. The Hamiltonian associated to the first term in the rhs 

of eq. (2.22) is HKBP in eq.(2.10), with mo{l-/3) instead of mo- Physically, this 

means that radiation pressure makes the dust grain feel a less massive Sun. In our 

numerical integrator, SKEEL-RAD, we introduce the second term in (2.22), the P-

R and solar wind drag term, as an additional kick to the momentum of the particle. 

The algorithm thus becomes, 

/ N- \  . / T" \  / N~ \  
(2.23) Ec hun (5) B™," (5) E'^'%{T)EI^ (5) Esun (|) . 

The radiation pressure force shifts the location of a MMR with a planet. For a 

planet at api, the location of the the p:q MMR in the presence of radiation is, 

a = (2.24) 
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2.2.3 Comparison with Analytical Results 

There is no analytic solution to the general problem of a particle moving under 

the effect of gravitational forces from the Sun and the planets and radiation and 

solar wind forces. For this reason, the code cannot be tested in the most general 

case. But there are analytic solutions for the evolution of the orbital elements of a 

particle under the effect of radiation in the 2-body problem (Wyatt and Whipple, 

1950; Burns et al., 1979) and in the circular restricted 3-body problem (Liou and 

Zook, 1997). We will use these solutions to test the numerical procedure and the 

validity of our results. 

1. Jacobi Constant Conservation 

In the circular restricted 3-body problem, consisting of a massless particle, a central 

mass and a planet in a circular orbit, the Jacobi constant is an integral of the motion. 

We have integrated the orbits of 50 massless particles in the presence of the Sun 

and Neptune (with a=30 AU and e=0). The semimajor axes of the particles were 

uniformly distributed between 36 and 40 AU and the perihelion distance was set to 

30 AU. We use a step size of 2 years and an integration time of 10® years. We found 

that 34 out of 50 particles have close encounters, with AJ/J(0) ^ 0(10~®)-0(10"'^). 

The remaining 16 that do not suffer close encounters have AJ/J(0) ~ 0(10~®). The 

worst jacobi conservation has AJ/J(0) ~ 7-10~®. These results suggests that close 

encounters are integrated accurately. 

2. Rates of Change of Orbital Elements 

Burns et al. (1979), following Wyatt and Whipple (1950), derived the time rates 

of change (averaged over an orbit) of semimajor axis (a), eccentricity (e), and 

inclination (z), of a particle in the 2-body problem in the presence of radiation and 

solar wind forces, 
da, (1 + sii))/3mo 2-f-3e^ 
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,(ie, 5{l + sw)Pmo e 
2c a2(l-e2)i/2' ^2.26) 

(f )PH = 0. (2,27) 

Figure 2.1 presents the evolution of a and e for a particle with /3=0.2 and sw=0.35. 

The agreement between the numerical and analytical results is perfect. 

When radiation is introduced into the circular restricted 3-body problem, 

the Jacobi constant is no longer an integral of the motion. Using the time variation 

of the Jacobi constant due to radiation and solar wind forces, together with the 

time rate of change of the Tisserand criterion, Liou and Zook (1997) have derived 

analytic expressions that describe the orbital evolution of a particle trapped in a 

MMR with a planet. The equation relating the time variation in e and i is 

e -de ,  2M/2 • -di l^swmor . + 2)(1 -
+ (1 - e ) / Sim- = ^[cos. I. 

(2.28) 

where ^5u,=(l+sw)/? and a and api are the semimajor axis of the resonant orbit and 

the planet respectively, related by equation 

a-apKl-/5)'/'(-)'/'. (2.29) 
Q 

In the particular case when i=0, 

. _ (1 + - e')'/',. _ a//'(3e' + 2)(l-/j)'/^ 
a?ce ' 2a=/2{l -  ̂ ' 

The expansion of eq. (2.16) to second order in e and i allows to decouple their time 

variations; after integrating the resulting two differential equations, Liou and Zook 

(1997) arrive at these equations (valid only for e-type resonances), 

9  r  9  ,  K — 1  / r . o i \  e = [eo —]exp(-—t) + ——, (2.31) 

i ^ ioexp{-^t), (2.32) 

where A=2(l+sw)/3 mo/a^c and K=p/q; p and q are the two integers that specify 

the p:q resonance (K>1 for exterior MMR, and K<1 for interior MMR). To carry 



36 

.2 200 x 
^ 150 
0 
'd 100 

a 
6 50 
(D 
^ 0 

0.8 

Z 0.6 

1 0.4 

0 2 10® 4 10® 6 10® 8 10® 
Time (yrs) 

Figure 2.1: Evolution of a and e for a particle with P—0.2 and sw=0.35 in the 2-body 
problem. The solid and the dotted lines coincide and represent the numerical and 
analytical results respectively. 
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out the comparison between analytical and numerical results, we have followed 

the orbital evolution of 100 pyroxene dust particles, 1/im in diameter {P—0.17, 

sw=0.35) in a circular Sun-Neptune system. The different panels in Figure 2.2 

show the evolution of four of these particles trapped in the 1:1, 5:3, 4:3 and 5:6 

MMR with Neptune (a=30 AU, e=0). The agreement with equation (2.19) is good 

for small eccentricities, where the analytical expression holds. We conclude that the 

code is treating radiation and solar wind forces accurately. 

2.3 Equilibrium Distribution 

Ideally, one would like to be able to follow the evolution of a number of particles 

large enough to resolve the disk structure. However, even though our numerical 

integrator is very efficient, this task is not feasible with the current computational 

power. We estimate that for a 50 AU radius disk about 10^ particles would be 

needed to resolve the structure induced by the Solar System planets. To get around 

this problem, LZ99 used the following approach to obtain the equilibrium spatial 

distribution of the dust using only 100 particle simulations: first integrate the orbits 

from their source in the KB until they are either ejected from the Solar System 

or drifted into the Sun, recording the positions of the particles every 1000 years; 

then transform the particles' coordinates into a reference frame rotating with the 

planet dominating the structure (Neptune); and finally accumulate all the rotated 

coordinates. This yields a time-weighted spatial distribution of the 100 particles over 

their dynamical lifetime. It is equivalent to the actual spatial density distribution 

of KB dust provided: (1) the dust production rate is in equilibrium with the loss 

rate, and (2) the dust particle dynamics is ergodic (i.e. the time-weighting reflects 

the spatial density). LZ99 point out one limitation of this approach: it assumes 

the same planetary configuration at the time of release of the dust particles (i.e. 

every 1000 years). There are, however, other more important limitations that were 
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Figure 2.2: Comparison between numerical (solid line) and analytical results for 
the the evolution of the orbital elements of Ifim pyroxene dust particles (^=0.17, 
sw=0.35) in a circular Sun-Neptune-dust system. Neptune is placed at 30 AU with 
e=0. The dotted lines represent the analytical results given by (2.19) and (2.20) 
(valid to 2nd order in eccentricity and inclination) and the dashed line correspond 
to (2.18) (valid for all eccentricities when i=0). (a) Particle trapped for 2 Myr in the 
1:1 MMR with Neptune. Since the eccentricity is already quite large at the time of 
trapping (e~ 0.3), the agreement with (2.19) is not very good, (b) Particle trapped 
for 50 Myr in the exterior 5:3 MMR with Neptune. The agreement is very good 
until the eccentricity reaches ~ 0.3, at that point it starts to deviate, (c) Particle 
trapped for 14 Myr in the exterior 4:3 MMR with Neptune. At the time of trapping, 
the inclination is very small (~ 0.6°). The evolution of the eccentricity is perfectly 
described by (2.18) and (2.19). (d) Particle trapped for 4 Myr in the interior 
5:6 MMR with Neptune. The overall evolution of eccentricity and inclination are 
described reasonably well by (2.19). The semimajor axis stays constant as the 
eccentricity decreases until it reaches the limiting value 0, the point at which the 
particle leaves the resonance. 
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overlooked by LZ99. We consider these in detail because this is presently the only 

feasible approach to the problem of structure formation in debris disks. 

2.3.1 Distribution of Particle Lifetimes 

Owing to the ergodic assumption, the debris disk structure obtained using LZ99 

approach is determined to a large extent by the longest lived particles, which rep

resent only a very small fraction of the dust population. The question is: are these 

particles anomalous, or are they part of a continuous distribution of lifetimes? In 

the case of anomalies, the structure would be dominated by the dynamics of a 

very small number of particles of uncertain significance, in which case the struc

ture obtained by LZ99 approach would not necessarily resemble any equilibrium 

distribution. If the second option were true, however, the longest lived particles 

would indeed be statistically significant, since they will represent the contribution 

from an existing population of particles whose lifetimes are part of a long tail in a 

continuous distribution. 

In order to answer this question, we have studied the lifetimes of the par

ticles in all our models for the Solar System run so far. To facilitate discussion, we 

include here the list of our models. 

- Models I-A: parent bodies at a=45 AU, e=0.1 and i=10°. 4 giant planets. 

- Models I-B: same as above but without planets. 

- Models II-A: parent bodies randomly distributed between a=35-50AU, perihelion 

g=35-50 AU and ii=0-17°. 7 planets (excluding Mercury and Pluto). 

- Models II-B: same as above but without planets. 

For all models, the mean anomaly (M), longitude of ascending node (f2) and 

argument of perihelion (w) of dust particles, were randomly distributed between 0 

and 27r. All models were run with 100 particles each for 5 dififerent /5s: 0.01, 0.05, 

0.1, 0.2 and 0.4; for a density of 2.7 g cm^^, these values correspond to particle sizes 
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of 40, 9, 4, 2 and 1 /im, respectively; for 1 g cm they correspond to 120, 23, 11, 

6 and 3 /im, respectively. 

Figure 2.3 shows the lifetimes for all the particles in our models. For the 

present discussion, the difference between having 4 or 7 planets is not important. 

What is important for this argument is that the initial conditions of the parent 

bodies are different upon release of the dust particles. We see in Figure 2.3 that 

the median lifetime and the dispersion of lifetimes are both systematically smaller 

for larger /3. The longer lifetimes are due to longer trapping at exterior MMRs with 

Neptune. The residence time in an MMR is variable and unpredictable owing to 

the underlying chaotic resonance dynamics (Malhotra et al., 2000). From the point 

of view of using these simulations to obtain the equilibrium spatial distribution of 

dust, the most worrisome feature is that the lifetime of the longest-lived particle 

may be several times longer than the next longest-lived, and more than an order 

of magnitude greater than the median lifetime. This may be due to numerical 

errors that affect the behavior of a few particles, or it may be due to the underlying 

chaotic dynamics that produces a long tail in a continuous distribution of dynamical 

lifetimes. 

To distinguish between these two possibilities, two additional runs of 100 

particles each (with different random values of M, and co) were done for Model 

I-A with /3=0.1. The results are shown in Figure 2.4. We see that with increasing 

number of particles, the gap between the longest and next longest lived particle is 

reduced. Overall, the distribution of lifetimes resembles the sum of a gaussian and 

a uniform distribution. With only a few hundred particles in numerical simulations, 

we are limited to small numbers of long lived particles. However, we conclude with 

some confidence that the longest lived particles are not anomalous but statistically 

representative of a real dynamical population. 
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Figure 2.3: Lifetimes of the particles in models LA (with 4 planets; thin solid line), 
models LB (without planets; thin dotted lines), models ILA (with 7 planets; thick 
solid line) and models ILB (without planets; thick dotted lines). The insert for 
P=0.01 is included to show the full time expand of these very long-lived particles. 
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confusion. The presence of the planets increases the lifetime of the particles. The 
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2.3.2 Spatial Distribution 

Figure 2.5 shows the "equilibrium" number density distributions that result after 

applying LZ99 approach to the three models I-A with /3=0.1. The relative occur

rence of the different MMRs can also be seen in the histogram presented in this 

figure. Note that the only difference between the three runs is in the initial M, fl 

and CO. We see that the dust particles' times of residence in various mean resonances 

with Neptune are highly variable. 

Figure 2.6 shows the radial profiles (averaged over all 6 )  and angular profiles 

(integrated between 25 and 35 AU) of the number and brightness (see §5) density 

distribution derived from 4 different sets of 100 particles each. This figure indicates 

that the LZ99 approach: (1) is able to predict reliably the radial structure; and 

(2) the azimuthal structure is not predictable in detail, except for a 'gap' near the 

outermost planet Neptune. 

We have explored how fast structure is created and the effect of excluding 

the contribution to the structure from the longest lived particles. Our results, which 

are summarized in Figure 2.7, show that the structure is created quickly and that 

the radial profiles of the number density distribution do not strongly depend on the 

contribution from the longest lived particles. This provides further validation of the 

LZ99 approach. 

2.4 Conclusions 

(1) We have followed, from source to sink, the orbital evolution of dust particles 

from the Kuiper Belt. To integrate the equations of motion efficiently, we have 

introduced radiation and solar wind forces in the multiple time step symplectic 

integrator of DLL98. We have established the suitability of our code by comparison 
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Figure 2.7: (top) Time scale in which structure is created: (a) Number density dis
tribution for one of the models I-A with /3=0.1 by the time the last particle leaves 
the system (125.9 Myr). (b), (c) and (d) show the structure seen at earlier and ear
lier times: 31.8, 15.9 and 7.95 Myr, respectively, (bottom) Effect of excluding the 
longest-lived particles: (e), (f), (g), (h) show the structure after excluding the con
tribution from the 2, 6, 10 and 14 longest-lived particles respectively. These results 
validate the use of LZ99 approach by indicating that the structure is created quickly 
and that the radial profiles of the number density distribution do not strongly de
pend on the contribution from the longest-lived particles. The dot indicates the 
position of Neptune. 
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between numerical results and analytical solutions to 2-body and restricted three-

body cases, as well as comparison with other numerical results in the literature 

(LZD96, LZ99). 

(2) We have carried out numerical simulations for single size particle disks in the 

presence and in the absence of planets in order to estimate the uncertainties in

herent in the prediction of structure in the outer solar system debris disk, owing 

to the chaotic dynamics of dust orbital evolution. We simulate dust particle initial 

conditions according to the wider distribution of parent bodies indicated by the 

recent observed distribution of KBOs, and our simulations extend to larger particle 

sizes than previous studies. 

(3) We find that the distribution of KB dust particle lifetimes in the Solar system 

are described as a sum of a gaussian and a nearly uniform distribution; the latter 

represents only a small fraction of all particles but extends to very long lifetimes, 

while the gaussian represents the dominant fraction of particles. The mean and 

dispersion of the gaussian component increases systematically with particle size, 

and is in the range of a few million years for 1-100 /um particle sizes. We do not 

find any correlations between the initial orbital elements and dynamical lifetimes of 

dust particles (see §3.2). 

(4) We have examined carefully the method used by LZ99 to estimate the equilib

rium spatial distribution of KB dust in the Solar System. This method is based on 

the ergodic assumption, so the dust structures obtained are determined to a large 

extent by the longest lived particles, which represent only a very small fraction of 

the dust population. The ergodic assumption is generally not applicable in chaotic 

dynamical systems. Nevertheless, we have established that in practice this method 

gives reliable results for several aspects of dust dynamical studies for three reasons: 

(i) the distribution of dust particle lifetimes is described as a sum of a gaussian plus 

a nearly uniform distribution, i.e. the longest-lived particles are not anomalous, 
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they are statistically representative of the long tail population; (ii) the dust spatial 

structure is created quickly; (iii) the radial profile of the equilibrium number density 

distribution does not strongly depend on the longest-lived particles (although the 

azimuthal structure does). 

(5) We find that the azimuthal structure of the dust disk is not predictable in detail, 

except for a 'gap' near the outermost planet Neptune. This is because the azimuthal 

structure depends sensitively on the long lived particles trapped in mean motion 

resonances with Neptune, and the times of residence in the various resonances are 

highly variable and unpredictable. 
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CHAPTER 3 

The Kuiper Belt Dust Disk: a Study Case of a Debris Disk with Giant 

Planets 

3.1 Introduction 

The results presented in Chapter 2 validate the use of our numerical approach for the 

modeling of the spatial density distribution of dust in debris disks harboring giant 

planets. In this chapter, we will apply this method to the Solar System Kuiper Belt 

dust disk. The Solar System, being filled with interplanetary dust and harboring 

giant planets, is an ideal case of study to investigate the effect of massive planets 

(Jupiter through Neptune) on the dynamics of the dust originating in an outer belt 

of planetesimals (the Kuiper Belt; KB). 

The dust in the inner Solar System gives rise to the zodiacal light (observed 

by Pioneer 10, IRAS and COBE), and its dominant sources are debris from Jupiter 

family short period comets and asteroids (Liou et al., 1995; Dermott et al., 1992). 

The discovery of a debris disk around /3-Pictoris, extending to 100s of AU, together 

with the confirmation of the existence of the theoretically predicted Kuiper Belt 

objects (KBOs) (Jewitt and Luu, 1995), suggest that significant dust production 

also occurs in the outer Solar System. This dust would spread throughout the Solar 

System due to P-R drag forming a dust disk that, if observed from afar, would be 

its brightest extended feature. Kuiper Belt Objects (KBOs) are icy bodies that lie 

in a disk beyond Neptune's orbit. It is estimated that there are about 10® objects 

with diameters greater than 100 km in the 30-50 AU annulus and a total population 
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roughly 3 orders of magnitude larger than that of the asteroid belt (Jewitt and Luu, 

2000). The outer limit of the belt is presently not well determined but may be near 

50 AU (Chiang and Brown, 1999; Allen et al., 2001). Dust production in the KB 

occurs due to mutual collisions of KBOs (Backman and Paresce, 1993; Backman 

et al., 1995; Stern, 1996) and to collisions with interstellar grains (Yamamoto and 

Mukai, 1998). Stern (1996) suggested that mutual collisions among KBOs can 

generate debris at a rate of (0.0095-3.2) x 10^^ g s~^. Using this estimate, Yamamoto 

and Mukai (1998) calculated a dust production rate of (0.0086-2.9) x 10^ g s~^ in 

particles smaller than 10 fiui. The impacts of interstellar dust on KBOs are also 

a significant source of interplanetary dust particles. Yamamoto and Mukai (1998) 

estimated that if there are ~10^^ KBOs of radius >0.1 km, the total dust production 

rate for particles smaller than 10//m is (0.37-2.4) x 10® g s~^ if the objects have hard 

icy surfaces, or (0.85-3.1) x 10^ g s""^ if the objects are covered with icy particles 

smaller than the interstellar grain impactors. 

Detectors on board Pioneer 10 and 11 have indeed been able to detect in 

situ dust in the outer solar system (Landgraf et al., 2002). Interstellar dust grains 

are estimated to contribute less than one percent to the measured flux, therefore this 

dust is thought to have a solar system origin. The dynamical signatures indicate that 

the dust detected between Jupiter and Saturn is due to short period external Jupiter 

family comets and short period Oort cloud comets. The dust detected beyond 10 

AU (outside Saturn's orbit) is most likely produced by KBOs. If so, then a KB dust 

production rate of 2x10^"^ particles per second (for particles between 0.01 and 6 mm) 

is needed to explain the measured fluxes. Assuming a fragmentation power law for 

the size distribution, this corresponds to a dust production rate of5x10^ g s^\ in 

agreement with the theoretical estimates above (Landgraf et al., 2002). The study 

of KB dust is of interest for several reasons: (1) it is a source of micrometeoroid 

impacts on outer Solar System bodies, and as such it could affect the giant planet 

atmospheric chemistry; (2) its contribution to the background radiation at long 
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wavelengths is important for Cosmology; (3) it is a source of anomalous cosmic 

rays; (4) it may enrich the local ISM with large particles (see Chapter 4); (5) it is a 

platform for organic chemistry in space; and it constitutes a hazard to fast-moving 

space probes traveling in the outer Solar System. There are several space missions 

planed for the future that will contribute in an important way to the understanding 

of KB dust. HST-ACS will carry out a survey to study with unprecedented detail 

the KBO population. Cassini dust detectors will study the mass, velocity and 

chemical composition of dust grains smaller than 10 //m between 5-10 AU, while 

New Horizons and InterStellar Probe will provide data at larger distances (10-40 

AU and 200 AU, respectively). 

The study of hypervelocity micrometeoroid craters on lunar material and 

on the panels of the Long Duration Exposure Facility showed that Earth accretes 

about 3x10^ kg of interplanetary dust particles (IDPs) every year (Grun et al., 

1985; Love and Brownlee, 1993). Some of these particles are collected from the 

stratosphere by high-flying aircraft and are brought back to Earth for laboratory 

analysis. It is therefore very important to know their origin, as these studies can 

provide important information about the Solar System objects from where these 

dust particles originally came from. Is the KB a significant source of these accreted 

IDPs? Kortenkamp and Dermott (1998) (hereafter KD98) have calculated capture 

rates for IDPs of asteroidal and cometary origins. Based on these rates, and on the 

fact that the analysis of IDPs collected in the stratosphere shows a small diversity 

of chemical compositions (Flynn, 1995), they argue that the sources of IDPs are 

very limited and lie mainly in the asteroid belt, with less than 25% having cometary 

origin. KB dust particles were, however, not considered in their study. 

The possibility that the KB may be a significant source of IDPs and the 

zodiacal cloud was first suggested by Liou et al. (1996). They found that (1) 

about 20% of KB dust particles are able to reach the inner solar system and (2) 

these particles have small eccentricities and inclinations (similar to asteroidal grains) 
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when they cross the orbit of the Earth, enhancing their chances of being captured 

and of surviving atmospheric entry. The significance of these results is that, as they 

explain, asteroids are certainly an important source of IDPs, but they can accrete 

material from only as far as ~4 AU and it is not clear that organic material at 

such distances can survive the T-Tauri wind of the young Sun. KB dust grains, 

on the other hand, can bring in unaltered primitive material from the outer solar 

system, so they could potentially be a source of the earliest organic material that 

gave rise to life on Earth. Comets could also bring material from the outer solar 

system, but as LZD96 argue, their high eccentricities and inclinations cause the 

released dust particles to be in highly eccentric and inclined orbits. This translates 

into high encounter velocities with Earth (>10 km/s), making it difficult for any 

organic material to survive atmospheric entry. In their paper, however, they do not 

actually calculate capture rates and entry velocities for KB dust grains, giving only 

qualitative estimates. 

In this chapter, we are going to follow numerically, from source to sink, 

the evolution of several hundred of dust particles from the KB under the combined 

effects of solar gravity, solar radiation pressure, Poynting-Robertson (P-R) and solar 

wind drag, and the gravitational forces of 7 planets (excluding Mercury and Pluto). 

We consider particles of diameter 3-115 /im (assuming p=l g/cm^; equivalently 1-

40 yum for p—2.7 g/cm^). The different particle sizes are referred to in terms of their 

/? value. The sinks of dust included in our numerical simulations are (1) ejection 

into unbound orbits, (2) accretion into the planets, and (3) orbital decay to less 

than 0.5 AU heliocentric distance. 

§3.2 explains the distribution of parent bodies and the orbital evolution 

of dust. In §3.3 we discuss the formation of structure in the KB debris disk and 

its observational signatures. In §3.4, we present the radial density profiles derived 

from our models and the KB dust production rate from Landgraf et al. (2002); from 

these, we estimate the contribution of the KB dust to the zodiacal cloud. Assuming 



53 

steady state, this leads us to an estimate of the total mass in the KB dust disk. 

We also describe how the effects of radiation forces and the planets' perturbations 

change the particle size distributions. In §3.5, we address the question of the KB 

contribution to the collected IDPs on Earth by calculating geocentric encountering 

velocities and capture rates. In §3.6, we present the velocity field of the KB dust 

in the inner and outer solar system. In §3.7, we evaluate the magnitude of the 

Lorentz force, and the effect of dust destruction processes that are not included in 

our models. Finally, §3.8 summarizes our results. 

3.2 Distribution of Parent Bodies and Orbital Evolution of Dust Parti

cles 

Our selection of the orbital elements of the parent bodies is based on published 

observations of KBOs and on recent studies of their debiased radial (Trujillo and 

Brown, 2001) and inclination distributions (Brown, 2001). Semimajor axes were 

uniformly distributed between 35 and 50 AU; eccentricities were derived from per

ihelion distances, with random values between 35 and 50 AU; inclinations were 

uniformly distributed between 0° and 17°, and the other three orbital elements, 

mean anomaly (M), longitude of ascending node (0) and argument of perihelion 

(u), were randomly selected between 0 and 27r. 

When dust particles are released from their parent bodies {f3=0), their 

orbital elements instantaneously change due to the effect of radiation pressure that, 

as we saw in §2.2.2, makes the particle feel a less massive Sun by a factor (1-/3). 

Their new semimajor axis (a') and eccentricity (e') in terms of their parent bodies' 

(a and e) are given by 

" = " 1 3 ^  p i )  

/ „ I _ (1 - 2aff/r) ( l  - e') 
e  | i  ( 1 - ^ 2 )  I  •  
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Figure 3.1 shows e and i for the parent bodies and the dust particles at the time 

of release. 

In their slow journey toward the Sun, the particles cross MMRs with the 

giant planets. As a result, some particles get trapped and structure in the debris 

disk begins to form. As reported by LZ99, and also seen in our models, the exterior 

resonances with Neptune dominate the trapping. Usually, the particles escape the 

resonances via close encounters with the planet, but in the case of interior reso

nances, they can also escape due to the decrease of a, that makes the particle get 

farther away from the planet where drag forces dominate (Liou and Zook, 1997). 

We have used the three models I-A with /5=0.1 to study the existence of 

correlations in the initial orbital elements of the longest-lived particles. Figure 

3.2 shows a, e, X-XNeptune and M for the 65 longest lived particles (solid lines; 

these particles have lifetimes >2x10^ years; see Figure 2.4) compared to all the 

300 particles in the models (dotted lines). There are two prominent features both 

readily understood: (1) As the particles are released, and due to their increased 

semimajor axis, their mean anomaly is such that they avoid aphelion, explaining 

the gap between 90° and 270°. (2) The longest-lived particles tend to have smaller 

initial eccentricities, as expected from the fact that they tend to be trapped more 

easily in resonances. We find no evidence of correlation between lifetime and initial 

orbital parameters. 

3.3 Structure Formation: the Giant Planets Reshape the Debris Disk 

Figure 3.3 shows the equilibrium semimajor axis distributions, Figures 3.4 and 3.5 

show the equilibrium number density distributions in the presence and absence of 

planets, and Figure 3.6 shows the radial profiles averaged over all 9. The main 

features seen in these figures are: (1) the ring-like structure along Neptune's orbit. 
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Figure 3.1: Distribution of eccentricities and inclinations for parent bodies (thick 
solid line), dust particles at the time of release (thin solid line), evolved dust particles 
in models II-A (thick dotted line) and evolved dust particles in models II-B (thin 
dotted line). The difference between the presence and non presence of planets is 
more dramatic for smaller /3s. When planets are present, a fraction of the particles 
have their eccentricities and inclinations increased (due to trapping in e — type and 
i — type exterior resonances respectively). Radiation forces do not affect inclination, 
so the thick solid line, the thin solid line and the thin dotted line coincide. 
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Figure 3.2: Initial orbital elements of the 65 longest-lived particles from the three 
models I-A with (3=0.1 (solid line), compared with the total of 300 particles (dotted 
line). The longest-lived particles tend to have lower e. The gap between 90° and 
270° is explained because upon release, due to the increased a, the particles avoid 
aphelion. 
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showing some azimuthal variation due to MMRs; (2) the minimum density at Nep

tune's position, as particles in MMRs tend to avoid the perturbing planet; (3) the 

clearing of dust from the inner 10 AU; and (4) the fact that the structure is more 

prominent for larger particles (smaller /5s). The latter is because the trapping in 

MMRs is more efficient when the drag forces are small (LZ99). On the other hand, 

the ejection of particles from the inner 10 AU does not depend on size. The difference 

between models I-A and II-A in Figure 3.3 gives an estimate of the uncertainties, 

since the effect of the 3 terrestrial planets is negligible and the only difference is in 

the initial conditions of the parent bodies. The relative "strength" of the dominant 

MMRs depends quite strongly on the initial conditions (see also the histogram in 

Figure 2.5). This may indicate that the exact prediction of a planet's orbit, based 

on the identification of resonances, may be difficult. The ring-like structure in the 

number density is also visible in the brightness distributions of Figure 3.4, which 

were calculated assuming greybody absorption and emission by the dust grains in a 

3x10~^^Mq single size grain disk, at a distance of 30 pc. Additional features seen 

in the brightness distribution are: (1) a bright ring between 10 and 15 AU with a 

sharp inner edge, due to the ejection of particles by Saturn and Jupiter; and (2) a 

steep increase in brightness in the inner 5 AU. Both features are the combination of 

the decreasing particle density and increasing grain temperature closer to the Sun. 

From the observational point of view, current IR detector technology does 

not allow us to spatially resolve many of these features. As an example, the Spitzer 

MIPS 24 fim detector has a spatial resolution of 5", which at the distance of (3-

Pictoris (16.4 pc) is about 80 AU. For Spitzer IRAC (3.6-8.0 /um) the resolution 

would be about 40 AU. The question is then how much information can be derived 

from the disk spectral energy distribution (SED). Figure 3.7 shows the composite 

SEDs that result from combining the SEDs from the /5=0.01, 0.05, 0.1, 0.2 and 

0.4 disks, with weights in such a way that they follow the power law distribution 

n(6)d6=no&~^ ®d6, where b is the particle radius. The different lines correspond to 
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Figure 3.3: "Equilibrium" semimajor axis distribution in logarithmic scale for the 
particles in the models I-A (thin solid lines), models I-B (thin dotted lines), models 
II-A (thick solid lines) and models II-B (thick dotted lines). The trapping of parti
cles in the exterior MMRs with Neptune and the depletion of particles in the inner 
10 AU in the presence of planets are the most prominent features in the figure. 
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Figure 3.4: "Equilibrium" number density distribution for models I-A and II-A 
(columns 1 and 2) and brightness density distribution for model II-A (column 3). 
The brightness density is in units of ergs~^cm~^(lAU)~^ and corresponds to the 
thermal emission, integrated from 21.6 to 26.3 //m, of a 3xlO~^^M0 disk at a 
distance of 30 pc surrounding a 1 L© star. Grain temperatures were calculated 

using the expressions in Backman and Paresce (1993) for the thermal equilibrium 
and emitted spectra of generic grains. Absorptive efficiency was assumed to be e=l 
and emissive efficiency was e=l for A < b and e—b/X for A > b, where b is the 
grain radius. The dust particles have p=2.7 gcm~^. The dot at (30,0) indicates the 
position of Neptune. 
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the SEDs from a 3xlO~^^M0 disk only; and the Sun plus a disk with three different 

masses. In all cases, the solid line is for a system with 7 planets and the dotted line 

is for a system without planets. The wavelength labels correspond to the Spitzer 

MIPS and IRAC bands potentially useful to study these systems. We see that the 

presence of planets does modify the disk SED. The main modification is due to 

the clearing of dust in the inner region (an "inner gap") by Jupiter and Saturn, 

which causes a significant deficit in the disk SED at higher frequencies. The density 

enhancement in the annulus between 35 and 50 AU, due to trapping in Neptune's 

exterior MMRs, causes a relatively smaller effect on the shape of the disk SED. 

How well can one determine the masses and orbits of planetary perturbers from the 

shape of the disk SED? We plan to address this question in Chapter 5 by exploring 

in detail the parameter space of planetary masses and orbital elements. 

It is important to note that our model systems (with and without plan

ets) contain the same amount of disk mass. We are interested in how the structure 

created by the planets affects the shape of the SED, independent of the dust produc

tion rate. The latter determines only the normalization factor. However, planetary 

perturbations can affect the dust production rate, possibly leading to more mas

sive dust disks. This effect is not taken into account in our models, but will be 

considered in the future. 

3.4 Radial Distribution and Mass of the Kuiper Belt Dust Disk 

Based on our models and on estimates of KB dust production rates, we can calculate 

the number density of dust in the KB and its mass. The simulations yield radial 

profiles of the number density of dust for various particle sizes; the production rates 

are used to get the normalization of these profiles. For the production rates in the 

KB, we use the observationally based estimate by Landgraf et al. (2002) of 2x10^'' 

particles per second of radius between 0.01 and 6 mm. For the size distribution. 
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Figure 3.7: (top) Composite SEDs that result from combining the SEDs from the 
/3=0.01, 0.05, 0.1, 0.2 and 0.4 disks, with weights in such a way that they follow 
the size distribution n(6)d5=no&"^'^d6, where b is the particle radius. The differ
ent lines correspond to a 3xlO~^^M0 disk only; Sun + SxlO^^^M© disk; Sun + 
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distance of 30 pc. (bottom) Same as top but in Jy vs. /im. The squares correspond 
to the data points, indicating the spectral resolution on the synthetic SEDs. 
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we use a fragmentation power law, n { h ) d b  —  n o b ~ ' ' d b  = Uob'^'^db, where b  is the 

particle radius. (This corresponds to a generic grain mass distribution in collisional 

equilibrium; see, e.g., Dohnanyi (1969)). Then, assuming a bulk density p=l g/cm^, 

we calculate the following dust production rates (in particles per second with the 

size bins in parentheses; the size corresponding to the particle's diameter): 4.5x10^® 

(2.1-4.2 //m; /3=0.4), 8.0x10^® (4.2-8.5 /im; p=0.2), 1.4x10^5 (8.5-17 //m; /3=0.1), 

2.5x10^4 (17-33.9 /xm; /3=0.05) and 4.9x10^^ (81.3-162.6 fim] /3=0.01). Because of 

the power law distribution, the size bins are chosen in such a way that they all have 

the same width in logarithmic scale; for each size bin, we have assigned a single 

/3-value, as indicated (Liou and Zook, 1999). 

3.4.1 Radial Distribution 

The radial profiles of the number density of particles within 1 AU of the ecliptic, 

based on our dynamical models and normalized using the dust production rates 

and the size bins listed above, are shown in Figures 3.8a and 3.86. In our models, 

the parent bodies are assumed to be distributed in orbits with semimajor axis and 

perihelion distances between 35 and 50 AU. Upon release, a dust particle has the 

same position and velocity as its parent body, but its orbital elements are different 

as a result of radiation pressure. The latter effectively causes the particle to feel 

a Sun less massive by a factor (1-/3). The larger the /3, the more its orbit differs 

from its parent body's. After a particle leaves its parent body, P-R drag and solar 

wind drag tend to circularize and decrease the semimajor axis of its orbit, forcing 

particles to slowly drift in toward the central star (Burns et al., 1979). Assuming 

that the dust particles are being produced constantly, this drift creates a dust disk 

of wide radial extent. Figure 3.8a shows the radial distribution of particles of five 

different values of /5 in a fictitious KB disk unperturbed by planets. 

The radial distribution changes in the presence of planets. We have modeled 
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the gravitational effects of seven of the planets, Venus through Neptune. Two effects 

play a major role in the quasi-steady state distribution of KB dust that we obtain 

in our models (see Fig. 3.86): 

1. Gravitational resonances.— The journey of the dust particles toward the cen

tral star is temporarily interrupted by the trapping of particles in Mean Mo

tion Resonances (MMRs), mainly with the outermost planet, Neptune. The 

particles accumulate at certain semimajor axes, leading to the creation of 

structure in the disk; this explains the "bumps" that appear between 35 and 

50 AU. The structure is more prominent for the smaller /3-values because the 

resonance trapping is more efficient when the drag force is small. 

2. Gravitational scattering.— Massive planets scatter and eject dust particles 

out of the planetary system, an effect that is independent of (3. Scattering is 

responsible for the most striking difference between Figures 3.8a and 3.85: for 

particles larger than the blow-out size (/?<0.5), the scattering of dust by the 

giant planets is able to extend the disk beyond the boundaries set by radiation 

effects alone. This has important consequences on the size distribution that 

will be explored below. 

In Figure 3.8c, we show the radial profile of the total number density of 

particles with radius between 1.4 and 10 //m, compared to the Voyager 1 number 

density estimate, inferred from dust impact rates of 1.4-10 /im particles from 30 to 

51 AU (Gurnett et al., 1997; Jewitt and Luu, 2000). The radial profiles are obtained 

as follows: First, for each choice of particle bulk density p, we assign each /3-value 

to a particle size bin (the size being the particle's diameter). For p = 1 g/cm^, we 

define the following size bins: 2.8-4.2 pm (^=0.4); 4.2-8.5 /im (/3=0.2), 8.5-17 pm. 

(;5=0.1) and 17-20 pm. (^=0.05). For p = 2.7 g/cm^, the size bins are: 2.8-5.3 

pm (^=0.1), 5.3-13.3 pm (^=0.05) and 13.3-20 pm (/3=0.01). Next, we normalize 

the radial profile obtained from our numerical models for each of the values of f5 
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(i.e., for the corresponding size bins) using the dust production rates from Landgraf 

et al. (2002) and assuming the power law size distribution stated above (g=3.5). 

As a final step, we add the contribution from all the size bins to obtain the total 

number density radial distribution shown in Figure 3.8c. The differences between 

the profiles for the two choices of p arise from the fact that the bulk density affects 

the correspondence between the /9-value and the particle size, and the size in turn 

affects the estimate of the dust production rate because of the assumed power law 

in the size distribution. When comparing the modeled radial profiles with the 

Voyager 1 estimate, one should keep in mind that there are uncertainties in the 

dust production rates and in the index of the power law (both of which determine 

the normalization factors of the models), as well as in the Voyager 1 number density 

estimate (which is based on a few impact events and also has some uncertainty in 

the sizes of the particles detected). Nevertheless, the two modeled radial profiles 

are in good agreement with the Voyager 1 observations. We cannot favor silicate 

over icy composition for KB particles based on this comparison. 

3.4.2 Size Distribution 

Radiation forces and planetary perturbations change the size distribution of dust 

particles, as the particles spread out from their site of production at rates that are 

dependent on their size. Figure 3.9 shows these effects in plots of the cumulative 

size distribution at various heliocentric distances throughout the KB dust disk. 

(The cumulative size distribution is calculated by integrating the differential size 

distribution obtained from our models in the size bins described above for p=l 

g/cm^). As we mentioned, the initial differential size distribution at the time of 

dust production is assumed to be a power law with g=3.5; it is represented in Figure 

3.9 as the thick line of slope -2.5, with the distance between the squares indicating 

our particle size binning "resolution". The other lines represent the cumulative size 

distribution obtained in our models at five different heliocentric distances: 5, 21, 41, 
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81 and 141 AU, as indicated in the figure. Figure 3.9a shows results for a fictitious 

KB disk unperturbed by planets, while Figure 3.9i shows results for the KB dust 

disk perturbed by the seven planets, Venus through Neptune. 

The main features are the following: 

1. Radiation forces alone change the differential size distribution, from the orig

inal power law with q = 3.5, to another power law of smaller index (see Fig. 

3.9a). This is due to the fact that radiation pressure "kicks out" the smaller 

particles preferentially and P-R drag spreads out the smaller particles faster 

than the bigger ones. 

2. This shallower power law (with slope of ~-1.5, corresponding to a differential 

power law index g~2.5) is maintained constant throughout the disk at dis

tances smaller than the aphelion of the parent bodies (parallel dotted, dashed 

and solid lines in Fig. 3.9a). At larger distances, however, we start to en

counter the disk boundaries set by radiation pressure, which depend on the 

particle sizes. This explains the steeper size distributions found at 81 and 141 

AU (only the smaller particles reach those larger distances). 

3. In the presence of planets, the size distribution changes greatly at distances 

larger than the aphelion of the parent bodies: compare the shallower slopes 

obtained at 141 AU and 81 AU in Figure 3.96, with the steep slopes at the same 

distances in Figure 3.9a. Unlike radiation pressure, gravitational scattering by 

the giant planets can send larger particles to these larger distances, effectively 

spreading all the dust widely. As the figure shows, the dust distribution is no 

longer described by a power law with a single index. 

4. The trapping of particles in MMRs with Neptune (between 35 and 50 AU), 

and the fact that large particles are more easily trapped, explains why the 

slope of the size distribution becomes more shallow at 41 AU (slope about 
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-1.5, q^2.5) than at 5 and 21 AU (slope about -1.9, g~2.9) (compare solid 

and dashed lines with dotted line in Fig. 3.96). 

Although some of these effects are minor, the large change in the size dis

tribution described in point 3 is very significant. It is clear that the detection of an 

exoplanetary dust disk of wide radial extent (a hundred to thousands of AU) does 

not necessarily imply the presence of dust-producing planetesimals at such large 

distances: gravitational scattering by giant planets can spread the dust to distances 

much larger than the aphelion of the parent bodies. The obvious question is whether 

this effect could be used to unambiguously infer the presence of giant planets. We 

plan to address this question in the future by studying the effect that the change 

in the particle size distribution has on the disk's spectral energy distribution. 

3.4.3 Total Dust Mass 

From our models, we estimate the total mass of the KB dust disk to be, 

n^KB dust ~1.2xl0^^^ Mq for particles with diameter 2.4-160 //m (assuming p—l 

g/cm^), or rriKB dust ~4.2xl0~^^ M© for particle with diameter 0.8-150 iim (for 

p—2.7 g/cm^). Using COBE observations at 140 and 240 fim, Backman et al. (1995) 

set an upper limit for the total mass of dust in the KB of ~ 3x10"^'^ M©. Jewitt 

and Luu (2000) calculated that the mass in particles with radius 1.4-10 //m to be 

^^4x10"^^ Mq, based on a simple estimate using the Voyager 1 number density; 

the volume of an annulus with 30 AU inner radius, 50 AU outer radius, and 10 AU 

thickness; and the assumption of an average grain mass of 2x10"^^ kg. For this size 

range, and using the same size bins used for Figure 3.8c, our models predict a mass 

of 5.2x10"^^ Mq (for p=1.0 g/cm^), or 5.5x10"^^ M© (for p=2.7 g/cm^). 

The uncertainties in the derived rriKB dust come not only from the dust 

production rates, but also from the fact that we are extrapolating the results from 

only five ^-values to a wide range of particle sizes. To estimate itikb dust, we do 
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Figure 3.9: Effect of radiation forces and the presence of planets on the cumulative 
size distribution (size bins in § 3.4.1). The thick solid line shows the size distri
butions at the time of dust production by the parent bodies in units of number of 
particles per second. To fit in the figure, the line has been displaced by -15.9 dex. 
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in the ecliptic (in km~^) at five different distances (indicated in the figure), (a) A 
fictitious KB dust disk unperturbed by planets; (b) KB dust disk perturbed by 7 
planets. 
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the following: (1) We count the number of particles present in our five "steady 

state" models, each corresponding to a different f5. The models assume an artificial 

dust production rate of 100 particles every 1000 years (see Chapter 2). (2) We 

multiply the number of particles by the ratio of the dust production rates derived 

from Landgraf et al. (2002) (in the size bins corresponding to the values of (3 under 

consideration), to our artificial dust production rate. This gives us the total number 

of particles in each of the five size bins. (3) To convert this number into mass, one 

must multiply by the particle mass. The particle mass that we attribute to each 

size bin is calculated using the fragmentation power law, so that the small particles 

have more weight because they are more abundant. (If we were to use the mass of 

the particle that lies in the middle of the bin [corresponding to the modeled 0\, our 

total dust masses would be about 4.5 times larger). (4) Finally, we add together 

the masses from the five different size bins. This results in the values of rriKB dust 

quoted above. 

3.5 Is the Kuiper Belt a Significant Source of Interplanetary Dust Par

ticles? 

We have calculated Earth's capture rates and entry velocities for KB dust grains 

based upon our numerical models, and adopting the procedure of KD98. We find 

that (1) KB dust grains have higher eccentricities when crossing the orbit of the 

Earth than those found by LZD96 and (2) their encounter velocities and capture 

rates are more similar to dust grains of cometary origin than to asteroidal origin; 

this is contrary to the results of LZD96. 

We define a particle to be Earth crossing if its orbit overlaps that of Earth, 

that is, q <R< Q, where q=a{l-e) is the perihelion of the particle, Q=a{l+e) is 

its aphelion and R is the heliocentric distance of Earth, 0.9833 AU<i?< 1.0167 AU. 

The encounter velocity Vq between the Earth and a particle on a crossing orbit was 
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calculated following Kessler (Kessler, 1981). The effective capture cross-section 

is given by (Jc=<TEart/i(l+^^e^/wo^), where Vf. is the escape velocity from the Earth 

(at an altitude of 100 km, We=ll.l km s"^) and aEarth is Earth's geometric cross 

section. The average spatial density at heliocentric distance R and ecliptic latitude 

I of a population of dust particles with orbital elements a, e and i is given by 

^  2^^RaKsin^i —  sin^I) { R  — q){Q — R ) Y / ^  ^  ^  

The fraction of this population captured by the Earth at position {R, l )  per unit time 

is p—vo(JcS{R,l). Following KD98, for each of the Earth-crossing particles in our 

models we have calculated S{R,l) at 360 positions along Earth's orbit, with R and 

I uniformly distributed in the range 0.9833 AU<i?< 1.0167 AU and -0''.00035< I < 

0°.00035. Table 3.1 shows the results after averaging over these 360 positions and 

over the whole population of Earth-crossing particles. For comparison, the results 

from KD98 for asteroidal and cometary dust (with ^=0.0469) are also included. 

As Figure 3.10 shows, we find high eccentricities for KB dust grains, similar 

indeed to cometary dust and not to asteroidal dust, which implies a low spatial 

density and high encounter velocity, and, therefore, a low capture rate (see Table 

3.1). The asteroidal dust particles, on the other hand, have lower eccentricities 

and inclinations, which translates into a higher capture rate. The discrepancies 

with LZD96 probably arise from the different criterion used to identify particles on 

Earth-crossing orbits; LZD96's criterion, a <1, which is less precise than the one 

we adopt here, has a strong bias toward low-eccentricity orbits. 

In order to estimate the relative contributions of various sources to the IDPs 

captured at Earth from the relative capture rates in Table 3.1 (which depends only 

on the orbital elements of the population of Earth-crossing particles), we need to 

know the relative contribution of each source to the number density of particles on 

Earth-crossing orbits. This problem has yet to be solved because the actual dust 

production rates from asteroids, comets and KBOs are highly uncertain and very 



Table 3.1: Earth-crossing dust grains. 
NOTE.-Earth orbital elements: a=l AU, e=0.0167, i=0.00035°. 
a: Approximate values from KD98 Fig.24, 25 (for /5=0.0469 and a ratio of 
solar wind to P-R drag sw=0.3). 
b: Previously trapped and non-trapped in MMR with Jupiter. 

Source Average Capture Geocentric Encountering 
Rate (Gyr"^) Velocity (km s~^) 

Kuiper Belt: 
^=0.01 10.9 13.4 
/3=0.05 10.2 13.3 
13=0.1 14.5 12.1 
13=0.2 14.7 12.4 
13=0.4 9.3 18.0 

Asteroids": 
Eos 100 5 
Themis 390 4 
Koronis 660 3 
Other 170 6 

Comets" 
Trapped'' 35 11 
Non-t rapped'' 5 17 
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Figure 3.10: Eccentricities and inclinations of dust grains in Earth-crossing orbits. 
For comparison, and in a different scale, the /3=0.05 histograms show the distri
bution of eccentricities and inclination calculated by KD98 for dust particles with 
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from those of the asteroidal dust, more resembling the distributions of cometary 
dust. 
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model dependent. Since cometary and KB dust grains have similar capture rates, we 

can extend the results of KD98 to predict that cometary plus KB dust can represent 

more than half of the IDPs captured by Earth only if comets and KBOs together 

supply 95% of the Earth-crossing particles. Based on modeling of the IRAS dust 

bands, KD98 estimated that (5-25)% of the Earth-crossing particles originate in 

the asteroid families Eos, Themis and Koronis. Using Dermott et al. (1994) 1:3 

ratio of dust produced by asteroid families to that produced by all asteroids, we 

then have that all asteroids contribute (15-75)%, leaving the rest for comets and 

KBOs. In the extreme case that as much as 85% has cometary or KBO origin, this 

suggests that because of the lower capture rates of these highly eccentric grains, 

only 25% of the collected IDPs will be supplied by comets and KBOs. Interestingly, 

Brownlee et al. (1994) concluded that, based upon the maximum temperature 

reached during atmospheric entry from the study of helium release, about 20% of 

IDPs < 10 fim have entry velocities typical of cometary IDPs (see Figure 3.11 for 

an example). This is in agreement with the above estimate. In the other extreme 

case, where 25% of IDPs have cometary or KBO origin, our models, together with 

KD98's results, suggest that they will represent only about 2% of the collected 

IDPs. Our conclusion from this exercise is that the KB can certainly be a source of 

IDPs but it is not as important as predicted by LZD96. 

The estimates above are for the relative contributions from the different 

sources to the collected IDPs and depend on their relative contribution to the num

ber density of particles on Earth-crossing orbits. We can also calculate the absolute 

contribution from the KB by using Landgraf et al. (2002) dust production rates 

and the capture rates in Table 3.1. Our models, together with the dust production 

rates, yield the number of particles on Earth-crossing orbits. The capture rates 

are the fraction of this population that is captured by Earth every 10® yr. The 

multiplication of these two numbers leads to the following results: 1.2x10^ kg yr~^ 

(2.4-160 iim, p—1 g cm~^), or 4.1x10® kg yr"^ (0.8-150 fim, p=2.7 g cm~^). These 
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Figure 3.11: Example of 10 jj,m IDP collected in the Earth's stratosphere. It has high 
carbon and volatile abundances and high porosity, indicating probably a cometary 
origin. 
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numbers should be compared to the total mass influx of 3x10^ kg yr~^ inferred 

from the microcraters on the Long Duration Exposure Facility (Love and Brownlee, 

1993). The microcraters correspond to particles of radius between 2.5 and 250 nm, 

and show a peak and a cutoff in the particle size distribution near 100 /im. The 

accreted KB dust mass represents between 0.4% (assuming p=l g cm~^) and 1.4% 

(assuming p=2.7 g cm~^) of this total mass influx. The same uncertainties in the 

dust mass estimates mentioned in §3.4.3 apply here —namely, if we were to use the 

mass of the particle that lies in the middle of each bin instead of weighting the mass 

using the power law, the values would be 4.5 times larger. Also, because most of the 

mass is contained in the large particle sizes, these results depend on the maximum 

particle radius chosen. The conclusion, however, is clear; if Landgraf et al. (2002) 

KB dust production rates are correct, then the KB presently provides only a few 

percent of the collected IDPs. 

The delivery rate of KB dust to Earth's vicinity is calculated using the 

dust production rates in §3.4 and the percentage of particles that is able to drift 

all the way into the Sun, which, as seen in Table 3.2, is also a function of /3. 

The delivery rates are (expressed in particles per second, followed by the bin sizes 

in parentheses) 4.9x10^^ (2.1-4.2 /im), 1.2x10^^ (4.2-8.5 fim), 2.9x10^4 (8.5-17 

/im), 4.7x10^^ (17-33.9 /im) and 5.4x10^^ (81.3-162.6 /im). One should keep in 

mind, however, that these estimates, and the ones in §§ 3.4 and 3.6, are rather 

model-dependent: the Landgraf et al. (2002) dust production rate estimate makes 

assumptions about the KB parent bodies' orbits that are significantly different from 

the observed distribution; they also assume that there is no source of dust in the 

10-30 AU region, and we have neglected the destruction of dust grains due to 

interstellar and mutual collisions. 



Table 3.2: Final fate of Kuiper Belt dust grains. 
NOTE.-Listed as percentages; Liou et al. 1996 results appear in parentheses, 
a:Planet of last encounter. 

Result /3=0.01 /?= o
 

o
 

/5= =0.1 -0.2 /3=0.4 

Ejected" : 
Jupiter 32 38 (45) 44 (35) 40 (35) 20 (45) 
Saturn 37 28 (30) 23 (40) 31 (40) 32 (35) 
Uranus 5 8 (0) 6 (0) 6 (0) 13 (0) 
Neptune 13 4 (0) 3 (5) 8 (5) 21 (5) 
None 3 

Drift in 11 19 (25) 21 (20) 15 (20) 11 (15) 
Hit planet: 

Jupiter 1 1 (0) 1 (0) 
Saturn 1 2 (0) 1 (0) 
Uranus 1 (0) 
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3.6 Velocities of Kuiper Belt Dust Grains 

A study of the velocity field of KB dust is useful for predicting the flux of particles 

colliding with a spacecraft exploring the outer solar system (e.g. New Horizons and 

Interstellar Probe)} This is of interest for planning dust detectors or dust analyzers, 

as well as for estimating the potential hazard posed by dust collisions to fast-moving 

spacecraft. In order to provide some general estimates, we have used our models to 

calculate the non-circular velocity of the KB dust in the ecliptic: for each particle, 

the instantaneous circular velocity at that distance has been calculated and has 

been subtracted from its actual velocity. The resulting magnitude of non-circular 

velocities in the ecliptic presented in Figure 3.12 corresponds to the average values 

of the particles that lie in square cells of 1 AU in size. We find no significant 

azimuthal structure, except for the following: between 25 and 35 AU, the non-

circular velocities show a small systematic azimuthal variation at the level of 10-

20%, with a maximum at Neptune's position, which may be due to the fact that 

the particles trapped in MMRs tend to avoid the planet in the resonance. Figure 

3.13 shows the radial profile of the ratio between the non-circular and the circular 

velocity averaged over azimuth. The increase of the fractional non-circular velocity 

for heliocentric distances r >50 AU is due to the fact that only particles of large 

eccentricities are to be found at distances beyond the parent bodies. The non-

circular velocities tend to be higher for smaller particles (larger /3), as expected 

from their larger eccentricities upon release. 

3.7 Other Physical Processes 

Our models do not include the effect of magnetic fields on charged dust grains and 

the dust grain destruction processes (such as sublimation, sputtering and collisions). 

^http://pluto.jhuapl.edu/ and http://interstellar.jpl.nasa.gov/ 
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Figure 3.12: Non-circular velocity field (km s in the ecliptic for different particle 
sizes. The crosses indicate the position of Neptune (left) and Jupiter {right). 
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Figure 3.13: Radial profiles of the ratio between the non-circular and the circular 
velocity for different values of /3. 
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Below, we briefly comment on how this may affect the results presented here, but 

a comprehensive evaluation of these processes is beyond the scope of this thesis. 

3.7.1 Effect of Heliospheric Magnetic Fields 

Dust grains are generally electrically charged, as a results of the ejection of photo-

electrons and the accretion of ions and electrons. Inside the heliosphere, < 150 AU, 

the grains are therefore subject to the Lorentz force exerted by the interplanetary 

magnetic field, while outside the heliosphere the interstellar magnetic field domi

nates. The effects of solar wind magnetic forces on charged dust grains have been 

discussed previously (Parker, 1964; Consolmagno, 1979; Morfill and Grun, 1979; 

Mukai, 1985; Gustafson, 1994; Fahr et al., 1995; Grun and Svestka, 1996). Here 

we summarize the lines of argument that lead us to conclude that the omission of 

Lorentz forces in our modeling is not a significant limitation of our results. 

The interplanetary magnetic field is known to have a complex structure and 

time behavior. The dipole component changes polarity every 11 years, with the 22 

year solar cycle. Moreover, near the ecliptic these sign reversals take place more 

rapidly because of the presence of the heliospheric current sheet, the extension of 

the Sun's magnetic equator into interplanetary space, separating regions of opposite 

polarity. At solar minimum, the current sheet extends from approximately —25° to 

25° from the solar equator. Particles within this latitude range cross the current 

sheet at least twice every solar rotation (~27 days), or four or even six times if 

the current sheet is wrapped because of higher order terms in the magnetic field 

(Balogh, 1996). At higher ecliptic latitudes, the particles cross the current sheet at 

least twice as they orbit the Sun. Therefore, the time-averaged effect of the Lorentz 

force will tend to vanish within a particle's orbital period, because the sign reversals 

are significantly faster than the orbital period of most KB particles. (We note that 

80-90% of the KB dust grains are ejected by the giant planets [see Table 3.2], and 
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therefore their orbital periods during their lifetimes are generally much larger than 

the 11.8 year period of the innermost giant planet, Jupiter. However, we cannot 

rule out resonant effects for charged grains that remain in the vicinity of Jupiter 

and Saturn for extended periods of time, as they may be subject to Lorentz forces 

of period comparable to their orbital periods.) 

Parker (1964) was the first to study the effect of this fluctuating interplan

etary field on dust grains on non-inclined, circular orbits. Because the dominant 

component of the field is perpendicular to the radial solar wind vector, with a mag

nitude ~ 3 X 10~®/r(AU) gauss for heliocentric distances r exceeding a few AU 

(Parker (1963), p. 138), he concluded that the Lorentz force will scatter the grains 

out of the ecliptic plane, by perturbing the particle's inclinations while keeping 

the energy of the orbit unchanged. At the distance of the Earth, the scattering 

would be important only for grains <1 fim, for which the inclinations change sig

nificantly before P-R drag sweeps them into the Sun. More recently, Fahr et al. 

(1995) estimated that the inclination change causes a negligible evolutionary effect 

on zodiacal dust particles >10 /im. They found that for particles with inclinations 

i<15°, where the bulk of the dust particles considered in this paper are, this effect 

is completely negligible compared to P-R migration rates because of the stochastic 

character of the electromagnetic force near the current sheet; for i>15° and circular 

or quasi-circular orbits, the Lorentz force exactly cancels out when integrated over 

a complete orbit, whereas for more eccentric orbits, the orbit-averaged change in 

inclination turns out to be very small because the Lorentz force reverses every 11 

years with the solar cycle. 

But as Parker (1964) pointed out, in reality, the interplanetary field also 

fluctuates in the direction perpendicular to the ecliptic. These fluctuations cause a 

random walk in the semimajor axis of the particles. Over a period of time At, the 

P-R effect will dominate over Lorentz scattering provided that (Aa)pij ^ (Aa^)^''^. 

Using Consolmagno's (Consolmagno, 1979) derivation for (Aa^)]/^ in a circular 
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orbit, the estimates of Jokipii and Coleman (1968) for the fluctuating perpendicular 

component of the magnetic field (based on measurements by Mariner 4), the Burns 

et al. (1979) expression for {Aa)pR, and adopting q = bV/'iOO esu for the particle's 
bO / 3 \ 

electric charge, we can write the condition above as » 0.64 I ^ j , where b 

is the particle's radius in //m, V is its electrical potential in volts, a is in AU, and 

At is in years. The dependence on the time At arises from the fact that the P-R 

effect causes a systematic drift in a that is proportional to At, while the fluctuating 

Lorentz force causes a diffusion in a that is proportional to (Ai)^/^. Scaling the 

comparison time At by the orbital period of the particle, that is. At = {kaY^"^, 

where k is a numerical factor, we find that the P-R effect will dominate Lorentz 

scattering for particle sizes b » 3.2 (svolt) (^) P^i"ticles 

of radius larger than a few microns, the systematic P-R drift will exceed the random 

Lorentz scattering on timescales from a few orbital periods in the inner solar system 

to a few tens of orbital periods in the outer solar system. Over the characteristic 

P-R drift timescale, {a/a)pR, Lorentz scattering is negligible for the particle sizes 

and heliocentric distances in our models. We therefore consider that neglecting the 

Lorentz force does not constitute a major limitation of this work. 

3.7.2 Collisions 

Particles that from the dynamical point of view are able to drift all the way into 

the Sun, may get destroyed by mutual collisions or collisions with interstellar dust 

grains before they reach the inner Solar System. Based on Ulysses measurements of 

interstellar dust flux at 5 AU, and assuming that this flux is constant throughout 

the Solar System and does not vary in time, the average time for one collision to 

occur between an spherical grain of diameter d and an interstellar grain of diameter 

df. {d+diY Myrs (LZD96). Assuming that interstellar dust grains have an 

average size of 1.2 /im, the collisional times for 1,2,4 and 9 /im particles are 104, 

49, 19 and 4.8 Myrs respectively. For densities of 2.7 gcm"^ these sizes correspond 



85 

to /5s of 0.4, 0.2, 0.1 and 0.05 respectively. KB dust grains, however, are more likely 

to have lower densities. Analysis of collected IDPs indicate that high velocity IDPs 

have fluffy, porous textures with an average density of about 1 g cm~^ (Joswiak 

et al, 2000). For those densities the sizes corresponding to the /3s above are 3, 6, 11 

and 23 jam. These particles will have collisional times of 28.6, 9.7, 3.4 and 0.86 Myr 

respectively. In these size ranges mutual collisions are not as important as collisions 

with interstellar grains (LZD96). If so, comparing the collisional times and the 

dynamical lifetimes in Figure 2.3 shows that collisional destruction is only important 

for grains larger than about 6 //m. Smaller particles will therefore survive collisions 

and drift all the way into the Sun contributing to the zodiacal cloud. Particles larger 

than 50/Lim may also survive collisions because interstellar grains are too small to 

destroy these in a single impact, so it is possible that they are able to evolve into 

the inner Solar System (LZD96). Figure 2.7 shows the timescale for disk structure 

formation in the case of /3=0.1. Structure is already beginning to form by about 

8 Myrs; by 16 Myr, the structure shows almost all the features of the equilibrium 

state. Collisional time scales for /3=0.1 range from 3.4 to 19 Myrs, depending on the 

density. It is not clear therefore that disk structure for these particles sizes is able to 

survive collisions. For smaller particles (larger /3s) structure will survive, but these 

particles do not have as prominent a structure associated with the exterior MMRs 

with outer planets (see Figure 2.5). Although all these results should be taken with 

caution, since the flux and the size distribution of the interstellar grains are rather 

uncertain, what is clear is that one should keep in mind collisions with interstellar 

grains when trying to infer the presence of planets from the study of structure in 

debris disk (see also LZ99). 

3.7.3 Sublimation 

Depending on the composition of dust particles, sublimation may or may not play 

an important role in dust destruction processes and therefore in the ability of dust to 
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reach the inner Solar System. For silicates, the sublimation temperature is ~1500 

K. For the particle sizes considered in this paper, 1, 2, 4, 9 and 40 /j,in (that 

correspond to /3s of 0.4, 0.2, 0.1, 0.05 and 0.01 with p=2.7 gcm~^), this temperature 

is reached at r<0.5 AU, which is the minimum heliocentric distance allowed by our 

models. In this case, sublimation does not affect the evolution of dust particles 

and the radial disk structure. But if the KB dust composition is more similar to 

water ice, the sublimation temperature is ~100 K, then for sizes of 3, 6, 11, 23 

and 120 //m (corresponding to the /3s above with /?=1 gcm~^), this temperature 

is reached at 27, 19, 14, 10 and 4.3 AU respectively. In this case, the ability of 

dust to reach the inner Solar System would be greatly diminished by sublimation, 

even for dust grains as large as 120 /im, and the disk structure created by the inner 

planets would be destroyed. For example, the staying time for a grain between 1 

AU and 2 AU from the Sun on an orbit with a=10 AU and e=0.9 (i.e. g=lAU and 

(5=19AU) is '^lO^ s, while the lifetime of an icy grain with a radius of 163 /im is 

~10^ s at 2 AU from the Sun (Mukai, 1986; Gustafson, 1994). Therefore, the icy 

grain cannot survive near the Earth due to quick sublimation. KB grains are likely 

a mixture of silicates and ices. While the ice fraction will sublimate quickly, the 

silicate remnant will likely survive to sub-Earth perihelion distances. Qualitatively, 

and for the size ranges considered in this paper, we expect that the rapid loss of 

the ice component will cause the grain's orbit to become more eccentric, as a result 

of the increased magnitude of radiation pressure on smaller grain sizes. Thus, our 

dynamical models would underestimate the eccentricities of KB grains on Earth-

crossing orbits. (However, for smaller grains of radii less than a few tenths of a 

micron, the effect would be the opposite because /3 decreases as the grain's radius 

decreases.) Furthermore, taking into account the sublimation of the icy fraction, 

our conclusion from §3.5, that '-^1% of silicate IDPs may be from the KB, becomes 

an upper limit. The overall conclusion is still the same: most of the captured IDPs 

do not come from the KB. 



87 

3.7,4 Sputtering 

Sputtering by solar wind particles may cause mass loss and erosion of dust grains, 

as well as chemical alteration of their surfaces. The erosion rate is quite uncertain in 

the existing literature. Most estimates are based on the analysis of Apollo samples of 

lunar soils and related computer simulations and bombardment experiments. Some 

of these estimates are as follows: McDonnell and Flavill (1974) and McDonnell et al. 

(1977), estimated an erosion rate of 0.043 A yr"^ and 0.43 A yr~^, respectively, on 

the basis of He+ bombardment experiments. A few years later, Flavill et al. (1980) 

estimated 0.025-0.045 Ayr~\ while Kerridge (1991) estimated 0.0024 A yr~^ based 

on analysis of Ar^® retention efficiency for solar wind implantation and its measures 

in a lunar sputtered surface. In another independent study, Johnson and Baragiola 

(1991) estimated erosion rates of 0.1-0.2, 0.01-0.03 and 0.002-0.003 A yr~^, where 

the two lower estimates take into account the decrease of sputtering efficiency due 

to the sticking of sputtered material to neighboring grains and to micrometeorite 

vapor deposition, respectively. Evidently, the estimated erosion rates differ by up 

to a factor of 200 in these studies. Most recently, Mukai et al. (2001) suggest a rate 

of 0.1-0.2 A yr~^. 

Adopting an erosion rate of 0.2 A yr~^ at 1 AU, and taking into account 

that it scales with heliocentric distance roughly as r~^, we can estimate the mass 

loss experienced by our modeled KB dust grains. Our dynamical studies of KB dust 

show that most of the particles spend most of their time at a>20 AU, and that their 

typical lifetime is ~10^ yr (Figures 2.3 and 3.3). Consider a typical particle that 

spends 10^ yr at 20 AU from the Sun. The fraction of mass loss is ~ 50% for a 

3 /im particle, and it scales as where b is the particle radius. (This is likely 

an upper limit because the particles usually get trapped in exterior MMRs with 

Neptune at a>30AU.) Of course, one would need to take into account that as the 

particles drift in as a result of P-R drag, their erosion rate increases because of 
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increased solar wind flux at smaller heliocentric distance. Our dynamical studies 

show that typically particles spend less than yr inside 20 AU. We estimate 

that a 3 /im grain will be almost completely destroyed before reaching the inner 

solar system, while a 10 //m grain will suffer little erosion. If the erosion rate is 

100 times smaller than our adopted value (and within the present uncertainties), 

the mass loss would be negligible in both cases. We may therefore conservatively 

conclude that grains >10 /im do not suffer significant erosion due to corpuscular 

sputtering. 

Sputtering-induced chemical alteration of dust grain surfaces may also re

duce the mass loss. Corpuscular sputtering preferentially depletes the surface re

gions of volatiles, but also causes implantation of ions that can change the chemistry 

of the grain surface by producing mixing and molecular bonding between layers of 

dissimilar materials. This may explain why IDPs, thought to be Van der Waals-

bonded aggregates, can lose icy mantles and remain sufficiently stable to survive 

atmospheric entry. A blackened, sputter-resistant, highly carbonized and refrac

tory surface layer can be created from organic and volatile mantles (Johnson and 

Lanzerotti, 1986; Johnson, 1990; Mukai et al., 2001). Once this layer is formed, the 

efficiency of erosion by corpuscular sputtering will be reduced. 

Our conclusions above are consistent with the findings of Mukai and 

Schwehm (1981) and Johnson (1990)) who conclude that at the distances at which 

sputtering is important, the erosion is relatively small under present solar wind 

conditions but chemical alterations may be significant. 

We note here that one of our long-term goals, as part of the Spitzer FEPS 

Legacy project (principal investigator M. Meyer),^ is to study the effect of planets 

and radiation on the particle size distribution in exo-planetary systems. Considering 

that there are large uncertainties in the solar wind corpuscular sputtering effects, 

^ http: / / feps .as.arizona.edu 
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as well as the interstellar grain flux and size distribution for our own solar system, 

we think it is not well-justified to introduce in our numerical models the effects of 

sputtering and collisions for systems where the interstellar dust environment would 

likely be even less well known. 

3.8 Conclusions 

(1) Overall, the number density of the KB dust disk shows a depletion of dust in 

the inner 10 AU, due to gravitational scattering by Jupiter and Saturn, and an 

enhanced dust density in a ring between 35 and 50 AU, due to trapping of particles 

in MMRs with Neptune. The structure is more pronounced for larger particle sizes. 

The brightness distribution shows a bright ring between 10 and 15 AU with a 

sharp inner edge (particles ejected by Saturn and Jupiter), and a steep increase in 

brightness in the inner few AU (a combination of the decreasing number density 

and increasing grain temperature). 

(2) We have calculated disk brightness density and spectral energy distributions 

(SED), assuming greybody absorption and emission from the dust grains. We find 

that the presence of planets modifies the shape of the SED. The Solar System debris 

disk SED is particularly affected by the clearing of dust from the inner 10 AU due 

to gravitational scattering by Jupiter and Saturn. 

(3) We have estimated the radial distribution of KB dust from our dynamical models 

and the KB dust production rate estimates from Landgraf et al. (2002). (We neglect 

dust physical destruction processes.) We find that the presence of planets has a very 

important effect on the distribution of dust: for particles larger than the blow-out 

size (/5<0.5), the gravitational scattering of dust by the giant planets is able to 

extend the disk beyond the boundaries set by radiation effects alone. We also find 

that it has important consequences for the dust size-frequency distribution (see 

below). 
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(4) The observation of dust disks of wide radial extent, a hundred to thousands 

of AU, does not necessarily imply the presence of dust-producing planetesimals at 

such large distances, because the gravitational scattering by giant planets at much 

smaller semimajor axes can cause the dust to spread to distances much larger than 

the aphelion of the dust parent bodies. 

(5) Radiation forces alone change the differential size distribution from the (as

sumed) initial power law of index q — 3.5 at production, to a shallower power law 

with q K, 2.5, valid at distances smaller than the aphelion of the parent bodies. No 

large particles are found at larger distances, and consequently the size distribution 

there is very steep. However, when we account for planetary perturbations, the size 

distribution changes greatly at these large distances. Overall, we conclude that the 

combination of radiation forces and planetary perturbations causes the dust disk 

to spread out and the dust size frequency distribution to flatten (Figures 3.8 and 

3.9). In a future study, we plan to investigate the potential of the latter effect for 

the detection of planets in debris disks. 

(6) We estimate the total mass of the KB dust disk to be ttikb dust ~ 1-2 x 10"^^ 

Mq (2.4-160 iJ,m, p=l g cm~^), or rnxB dust 4.2 x 10"^^ M© (0.8-150 jum, p=2.7 

g cm~^). These estimates are consistent with other KB dust mass estimates found 

in the literature. 

(7) We find in our dynamical models that KB dust grains near Earth have high 

eccentricities and inclinations similar to those of cometary grains and not asteroidal 

grains (Figure 3.10). (Sublimation of the volatile fraction of these grains in the inner 

solar system is likely to increase their eccentricities further.) As a consequence, they 

have encounter velocities and capture rates similar to cometary dust values; this is 

contrary to previous results (Liou et al., 1996). 

(8) We estimate, following Kortenkamp and Dermott (1998), that at most 25% of 

IDPs captured by Earth have cometary or KB origin. Furthermore, using Landgraf 
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et al. (2002) estimates of KB dust production rates, we find that the KB presently 

provides no more than a few percent of the collected IDPs. 

(9) We have present the velocity field of KB dust grains in the inner and outer 

solar system (Figures 3.12 and 3.13). This is potentially useful for planning dust 

detectors on future spacecraft missions, as well as for estimating the hazard to space 

probes in the outer solar system. 

(10) We estimate that the Lorentz forces due to the interplanetary magnetic field 

within the heliosphere are likely negligible for the particle sizes considered in this 

paper. Mainly as a result of the rapid reversals in magnetic field polarity with the 

solar cycle, and the wrapped structure of the heliospheric current sheet, the effect 

of the Lorentz force will tend to average out within a particle's orbit. 

(11) Some physical destruction processes on KB dust grains may affect their dynam

ical evolution significantly, and detailed analysis is warranted in future studies. We 

estimate that the effect of rapid sublimation of the volatile component of KB dust 

grains is to increase their Earth encounter velocities and to reduce their relative 

abundance among captured IDPs. The effects of sputtering by the solar wind are 

insignificant for grain sizes exceeding ~ 10//m. Collisional destruction by interstel

lar grains likely modifies the size frequency distribution further, beyond the effects 

considered in our dynamical models. 

(12) Grain physical lifetimes are limited by collisions, sublimation and sputtering. 

The comparison of the dynamical lifetime of particles, the timescale for structure 

formation and the collisional time between KB and interstellar grains indicates that, 

if the current estimates for the flux and the size distribution of interstellar grains 

are correct, collisional destruction is important for grains larger than about 6 fim. 

For smaller particles, debris disk structure will be able to survive, although the 

smaller particles have less prominent structure associated with the outer planets. 
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Collisional destruction by interstellar grains likely modifies the size frequency distri

bution further, beyond the effects considered in our dynamical models. Depending 

on their composition, sublimation of particles may or may not play an important 

role in the destruction of structure. If KB dust has water ice composition, and 

assuming a sublimating temperature of 100 K, it is likely that even large 120 fj,m 

particles will sublimate before reaching the inner 4 AU of the Solar System. We 

estimate that the effect of rapid sublimation of the volatile component of KB dust 

grains is to increase their Earth encounter velocities and to reduce their relative 

abundance among captured IDPs. The effects of sputtering by the solar wind are 

insignificant for grain sizes exceeding lOfim. We conclude that grain destruction 

processes need to be examined more carefully in future applications of our studies 

to infer the presence of planets from structure in debris disks. 
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CHAPTER 4 

Dust Outflows from Planetary Systems 

4.1 Introduction 

Radiation pressure arises from the interception by the dust particles of the mo

mentum carried by the incident stellar photons; it makes the orbits of the dust 

particles change immediately upon release from their parent bodies (i.e., the meter-

to-kilometer size dust-producing planetesimals). For parent bodies in circular orbits, 

small grains with /3 > 0.5 (corresponding to particles with diameters smaller than 

2.4 fim for p=l g/cm^) are forced into hyperbolic orbits as soon as they are released. 

(If the parent bodies' orbits are eccentric, ejection occurs for j3 > 0.5(l=Fe) for a 

particle released at perihelion or aphelion, respectively.) In the Solar System these 

particles are known as /3-meteoroids (Zook and Berg, 1975). As these dust particles 

are being produced, they leave the system in a "disk wind", whose angular extent is 

determined by the inclinations of the parent bodies; this is because radiation pres

sure is a radial force which does not change the inclinations of the dust particles 

after their release. 

Larger grains, on the other hand, remain on bound orbits upon release, 

and their orbital evolution is the subject of our study. Their dynamical evolution is 

affected by the P-R effect, which tends to circularize and shrink their orbits, forcing 

these particles to slowly drift in toward the central star (Burns et al., 1979). If 

no planets were present, the final fate of these dust particles would be to drift all 

the way into the star until they sublimate. But when planets are present the story 
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changes: (a) the trapping of particles in mean motion resonances (MMRs) with the 

planets causes an accumulation of particles at resonant semimajor axes; and (b) 

sufficiently massive planets can scatter and eject dust particles out of the planetary 

system. In the case of dust produced in the Kuiper Belt in our Solar System, 

about 80-90% of the dust grains are ejected by close encounters with the giant 

planets (mainly Jupiter and Saturn), a few percent accrete onto the planets, and 

the remaining 10-20% drift all the way into the Sun (Liou et al., 1996; Moro-Martm 

and Malhotra, 2003); (see also Table 4.1). Thus, in addition to the afore-mentioned 

/3-meteoroids, an outflow of larger particles produced by gravitational scattering 

from planets also exists. 

We show that this large-particle outflow is mainly confined in angular extent 

to a disk. We describe the characteristics of this outflow in different planetary archi

tectures, discuss its detectability, its implications for exo-planetary debris disks, its 

contribution to the clearing of circumstellar debris in planetary systems, its effect 

on the particle size distribution of the immediate vicinity of star-forming regions, 

and its implications for the interpretation of in-situ dust detection experiments in 

space probes traveling in the outer Solar System. 

4.2 Dependence on Planetary Architecture 

We have explored the characteristics of the large particle outflow and its dependence 

on planetary architecture. For the solar System architecture, it is known that the 

majority of KB dust particles are ejected by Jupiter (Liou et al., 1996; Moro-Martm 

and Malhotra, 2003). Motivated by this, we have modeled 13 hypothetical plan

etary systems consisting of a single Jovian-mass perturber and a KB dust source. 

These 13 models explore a range of planetary masses Mp (0.054, 1, 3, and 10 Mj„p), 

and orbital semimajor axis, a (1, 5.2 and 30 AU), and we also considered 3 cases 

of eccentric planetary orbits (a=5.2 AU, e=0.4) (see Table 4.1). Figure 4.1 shows 
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examples of the escaping^ particle trajectories for the Solar System case, projected 

in the ecliptic plane (XY; left panel), and in the RZ plane (right panel; where R 

is the in-plane heliocentric distance and Z is the off-plane out-of-ecliptic distance). 

These examples are of particles that reach 1000 AU and had their last encounter 

with Jupiter. We see that Jupiter creates a fan-like outflow, mainly confined to 

the ecliptic. All the trajectories are in the same counterclockwise (prograde) di

rection; the inclination distribution shows that the scattering rarely changes the 

inclination of the particles by more than 15 degrees. We see in Figure 4.2 that 

the escaping particles are all ejected outward, i.e. none achieve perihelion interior 

to Jupiter's orbit. An explanation for this comes from the well known approxi

mate conservation of the Tisserand parameter in the restricted 3-body problem: T 

= l/a4-2(a(l-e^))^/^cos(i), where the particle's semimajor axis, a, is in units of 

Jupiter's semimajor axis. Prior to a close encounter, particles in low eccentricity, 

low inclination orbits drifting toward Jupiter have T>3. If ejected during a close en

counter, their perihelion distance g>9/8, owing to the conservation of the Tisserand 

parameter. (Of course, the PR drag does not conserved the Tisserand parameter; 

the above argument applies only to the short period of evolution of particles as they 

approach Jupiter's orbit). 

In Figure 4.2 the velocities projected in the XY (ecliptic) plane (left) show 

that the outflow is radial; the projection in the XZ plane (right) shows that it is 

largely confined to the ecliptic, except when massive close-in planets are present. 

This angular confinement is not obvious a priori because the ejection of the particles 

is due to gravitational scattering, a process that does not necessarily preserve the 

^Our definition of "escaping" is that the particles reach a distance 1000 AU from the star (see 
Figure 4.2); at that point, we stop integrating their orbits. This is not quite equivalent to the 
precise criterion for ejection, which would be that a particle's velocity exceed the escape velocity. 
However, our numerical studies find that the particles that reach 1000 AU, 30-60% (depending 
on their /3) are in hyperbolic orbits, and more than 90% have orbital eccentricity e >0.98. This 
means that even though some of the particles are still bound by the time they reach 1000 AU, it is 
very likely that they will also be set on hyperbolic orbits within a few orbits, either by subsequent 
scattering from the planets or due to small additional perturbations not included in our models. 
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Table 4.1: Average ejection velocities. 
a: Voo'- mean value of the velocity at infinity, (2E)^/^, of the particles on hyperbolic 
orbits; standard deviation; niooo: number of particles that reach 1000 AU (out 
of a total of 100); ngjec- number of particles on hyperbolic orbits (E>0). 
b: Parent bodies with a=35-50 AU, e=0-0.05 and i=0-0.05 radians. 
c: Models include the seven Solar System planets (excluding Mercury and Pluto). 
d: Parent bodies of the dust particles are distributed like the KBOs, with a=35-50 
AU, e such that perihelion=35-50 AU and «=0-17°. 

^^planet a e niooo" T1 • ' ^ ^ e j e c  
(Mjup) (km/s) 
Single Planets: 
1 (KB) 1 0 0.044 5.9(4.6) 0.10 54 48 

(thin)'' 5.8(4.7) 0.10 58 53 
3 (KB) 1 0 0.044 6.2(4.5) 0.17 80 72 

(thin) 6.5(3.8) 0.06 91 89 
10 (KB) 1 0 0.044 5.5(4.4) 0.29 94 86 

(thin) 4.6(5.6) 0.31 89 78 
1 (KB) 5.2 0 0.044 2.8(1.8) 0.15 79 54 

(thin) 2.6(1.6) 0.09 75 53 
3 (KB) 5.2 0 0.044 2.7(1.6) 0.19 90 63 

(thin) 3.7(3.0) 0.27 88 52 
10 (KB) 5.2 0 0.044 2.1(2.8) 0.16 97 66 

(thin) 2.0(2.2) 0.41 95 48 
1 (KB) 30 0 0.044 0.9 0.003 83 1 

(thin) 1.1(0.8) 0.08 81 10 
3 (KB) 30 0 0.044 0.9(0.4) 0.06 99 8 

(thin) 1.2(0.7) 0.05 97 17 
10 (KB) 30 0 0.044 1.2(0.6) 0.08 97 49 

(thin) 1.4(0.6) 0.03 96 52 
1 (KB) 5.2 0.4 0.044 2.9(1.8) 0.09 41 17 

(thin) 2.9(2.2) 0.12 48 26 
3 (KB) 5.2 0.4 0.044 2.7(2.1) 0.10 93 50 

(thin) 2.5(1.8) 0.03 87 53 
10 (KB) 5.2 0.4 0.044 1.9(1.3) 0.12 92 42 

(thin) 3.2(2.9) 0.05 89 36 



Table 4.2: Average ejection velocities (cont.) 

^^planet a e 13 { { v i ) / { v l y ) Y "  niooo" ^ejec 
(Mjup) (km/s) 

{ { v i ) / { v l y ) Y "  

Solar System'^ : 
(KB)'^ 0.01 2.0(1.3) 0.07 87 32 

0.05 2.1(1.6) 0,08 78 28 
0.1 2.0(1.5) 0,05 76 48 
0.2 2.4(1.7) 0,10 85 42 
0.4 3.3(2.1) 0.10 89 58 
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X (AU) (x^y^)^/' (AU) 

Figure 4.1: Trajectories of the particles that reach 1000 AU after scattering by 
Jupiter. These particles have j3—0.2 and their paths are shown just after the last 
encounter with the planet, (left) in the XY plane; the dots represent the position of 
Jupiter at the time of last encounter; (right) in the RZ plane, where R=(x^+y^)^/^ 
is the in-plane heliocentric distance and Z is the off-plane out-of-ecliptic distance. 
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inclination of the orbits. 

Table 4.1 gives a list of the multiple and single-planet models that we 

used to study how the outflow velocity and angular confinement depend on the 

planets' masses and orbital elements. The values in this table correspond only to 

the averages of the particles on hyperbolic orbits, i.e. with E>0 and Voo= 

where E is the total energy of the particle and v^o is its velocity at infinity (the 

number of hyperbolic orbits is given by Uejec out of a total of 100). We find the 

following dependencies (the parentheses show the values explored by our models). 

• Particle sizes (/3=0.01, 0.05, 0.1, 0.2, 0.4, corresponding to particle diameters 

of 115, 23, 11, 6 and 3 //m, for p=l g/cm^): There is only a weak depen

dence of Woo on particle size for /?<C0.5. We find that particles of all sizes are 

equally confined to the disk, have similar velocities and similar probabilities 

of ejection (Table 4.1). This is not surprising because gravitational scattering 

is independent of particle size, as particle masses are more than 30 orders of 

magnitude smaller than the masses of the planets. 

• Planet semimajor axis (1, 5.2 and 30 AU): We find that the average dust 

outflow velocity is larger in the presence of closer-in planets than more distant 

planets of the same mass (see Table 4.1). This can clearly be seen in the left 

panel of Figure 4.3. The slope of the line corresponds to a dependency of 

approximately Woo ^ ^ recent paper, Murray et al. (2003) derive 

an analytical expression for the ejection velocity of a particle using the two 

body approximation and assuming that during the close encounter with the 

planet the particle follows a hyperbolic orbit with respect to the planet. They 

find that Voo ~ ^ good agreement with our results. The left panel of 

Figure 4.3 also shows that the velocity of the outflow caused by the lOMj„p 

planet at 30 AU is higher than expected from this relation. The reasons 

for this discrepancy are not entirely obvious. However, we note that the 
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Figure 4.2: Velocities of escaping dust particles in four different planetary systems, 
shown in the XY plane (left) and XZ plane (right). From top to bottom, the 
panels correspond to: Solar System (with seven planets, Venus through Neptune) 
and dust particles with /?=0.05; Single Mplanet with a=5.2 AU and e=0 and 
dust particles with /3=0.044; Single 3Mj.up planet with a=5.2 AU and e=0.4 and 

dust particles with /3=0.044; Single lOMplanet with a=l AU and e=0 and dust 
particles with /9=0.044. The velocity scale of 10 km/s is indicated by the size of 
the large arrow at the bottom-center in each panel. In all cases, the dust-producing 
planetesimals are randomly distributed between a=35"50AU, g=35-50 AU and 
^=0-17°. 
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initial conditions of the parent bodies in that model may not be physically 

reasonable, because such a planet will have a chaotic zone that extends up to 

~42 AU, and therefore a KB inner edge would be at distances greater than 

the 35 AU adopted in our model. 

• Planet mass (Matep, 3Mjup and lOMj^p): The right panel of Figure 4.3 

shows the scaling of the average ejection velocity (v^) with the mass of the 

planet. Murray et al. (2003) find Voo for planets significantly more 

massive than Jupiter, with no dependency on the planet semimajor axis. As 

Figure 4.3 shows, the scaling we find is more complex, depending not only on 

the planet mass, but also on the planet semimajor axis and the distribution of 

the dust-producing planetesimals. When the parent bodies are distributed in a 

KB-like disk ("thick disk", dotted line), the average ejection velocity is weakly 

dependent on the planet mass for l-3Mj„p, with •yoo=6.0, 2.7, 0.9 km s~^, 

for planets at api=l, 5.2 and 30 AU, respectively. But for larger masses, 

3-lOMJup, we find three different dependencies: Vqo stays almost constant 

when api=l AU, decreases to 2.1 km s~^ for api=5.2 AU and increases to 1.2 

km s~^ for ap;=30 AU. When the parent bodies are distributed in a thinner 

disk (i.e. with a smaller range of eccentricities and inclinations; thick line), 

the average ejection velocity for l-3Mj„j, is weakly dependent on the planet 

mass only for api=l and 30 AU, but increases with mass for api=5.2 AU. From 

3-10Mj„p, Voo shows a decrease for api=l AU and 5.2 AU, and an increase 

for api=3Q AU. The magnitude of the ejection velocity for the Jupiter-like 

planet (~2.7 km s~^), is higher than the numerical result given by Murray 

et al. (2003) (~1 km s^^), and agrees better with their theoretical estimate 

(~3.3 km s~^). But as seen above, the dependency of the ejection velocity 

does not agree with their predictions. Their analysis, however, assume that 

the particle ejection takes place after one single encounter, while our models 

show that multiple encounters are needed. In addition to this complexity. 
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Figure 4.3: Logarithmic plot of the average velocity as a function of planet semi-
major axis (left) and planet mass (right), (left) The squares and the heaviest line 
correspond to IMjup planet; the triangles and the second heaviest line to 3Mj„p 
planet; and the stars and thinner line to planet; (right). The triangles and 
the heaviest line correspond to a planet at lAU; the squares and the second heaviest 
line to a planet at 5.2AU; and the stars and thinner line to a planet at 30AU; (dot
ted line) the parent bodies of the dust particles are distributed like the KBOs, with 
a=35-50 AU, e such that perihelion=35~50 AU and ii=0-17°; (solid Hnes) parent 
bodies with a=35-50 AU, e=0-0.05 and i=0-0.05 radians. 
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it is important to remember that the effect of the planet's orbital elements 

and mass on the outflow parameters (velocity and confinement to the plane) 

is not only direct, via the close encounters, but also indirect, as the particles 

encounter the planet with a history of evolution in the MMRs that can change 

the initial orbital elements of the particles and therefore affect their subsequent 

dynamical evolution. As an example, the eccentricity distributions of the soon-

to-be-ejected particles near the planet show that for the 1 and 3 Mjup models, 

e ~0.4-0.5, but for 10 Mjup, e <0.2. 

Overall our models show that the bulk of the outflow is within 30° of the 

planet's orbit plane, except for 10Mj„p at 1 and 5.2 AU (see Figure 4.2). For 

a planet at 1 and 5.2 AU, the angular confinement of the outflow is affected 

by the planet's mass; the more massive the planet the less confinement the 

outflow has. 

• Planet eccentricity (0 and 0.4): Large planet eccentricities create an asymmet

ric outflow, oriented along the major axis of the planet's orbit and favoring 

the apoastron direction of the planet (see Figure 4.2); the average outflow ve

locity is also decreased, compared to the case of a planet on a circular planet 

orbit (see Table 4.1). The asymmetry is due to the fact that the planet spends 

more time near apoastron and therefore the probability of encounter with a 

dust particle is higher near apoastron; the orbital velocity of the planet at 

apoastron is smaller, explaining the decrease in outflow velocity. It is of in

terest to notice that many of the known exo-planets to date have large orbital 

eccentricities (Marcy et al., 2003); our models predict that the large dust grain 

outflow will be asymmetric in these cases. 

• Comparison with Solar System-. The single planet analog of the Solar System 

(i.e. only Jupiter in a circular orbit at 5.2 AU) produces a somewhat higher 

velocity outflow (compared with the actual multi-planet Solar System). This 

is mainly due to the effect of Saturn in our Solar System: having a larger 
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semimajor axis, Saturn intercepts a fraction of the KB dust grains as they 

evolve inward due to the P-R drag and ejects them at a somewhat lower 

velocity, thus depressing the mean velocity of the outflow. 

4.3 Discussion 

There are several significant implications of this large-particle outflow. 

4.3.1 Exo-Planetary Debris Disks and Planet Formation Environment 

Stellar surveys show that at least 15% of A-K main sequence stars are surrounded 

by debris disks, and that the far-infrared excess decreases with stellar age, dropping 

from about 50% to about 15% after approximately 500 Myr. But these samples are 

sensitivity-limited, and therefore the occurrence of debris disks could be higher (La

grange et al. (2000) and references therein). Stellar radial velocity surveys indicate 

that about 7% of the FGK main sequence stars have a Saturn or Jupiter-mass planet 

within 3 AU (Marcy, 2003). Even though the correlation between the presence of 

planets and debris disks is not known yet, our studies suggest these large-particle 

dust outflows may be a common phenomena in planetary systems that harbor de

bris disks. This is of interest because: 

(a) These large-particle dust outflows may contribute significantly or even domi

nate the clearing of circumstellar debris in planetary systems. Hitherto, the main 

processes that have been considered for such clearing are stellar winds, radiation 

pressure, sublimation, and collisions (that reduce the size of the dust particles until 

they are small enough to be blown away by radiation pressure). However, as our 

models indicate, gravitational scattering by giant planets is also significant, and in 

some cases may be a dominant process, ejecting 50-90% of the dust grain popula

tion. 
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(b) These outflows should be added to the list of processes that link the interplan

etary environment to the galactic environment of a star. Planetary systems are 

prime sites for large particle formation. As such, they can contaminate the imme

diate vicinity of star-forming regions through this large particle outflow, and thus 

affect the particle size distribution of their local ISM. 

The presence of an outflow and its detectability will strongly depend on 

the orbital characteristics of the planet and the orientation of the system. For face-

on systems, the expected surface brightness of the dust outflow will be very low, 

making it very hard to detect astronomically as a radial extension of the debris disk. 

Additionally, the lack of velocity information from usual infrared measurements will 

not allow to distinguish between an outflow and a bound disk. 

The face-on optical depth of a disk composed of grains of radius a and 

observed at frequency u is given by (Backman and Paresce, 1993): rj_(r,z^) = 

a{r){^au/c)'^; where a{r) cm^/cm^ is the face-on fractional geometric surface den

sity, equal to the surface density n(r), multiplied by the geometric cross section of 

the grain, a{r)=n{r)7ra^. ^ is the ratio between the critical wavelength Aq up to 

which the grain absorbs and emits radiation efficiently) and the grain radius a, and 

depends on the grain properties (e.g. ^=Ao/a~27r, l/27r and 1, for strongly, weakly 

and moderately absorbing materials; we will use ^~1). q is the power law index of 

the emissive efficiency e, such that for A<Ao, e~l, but for longer wavelengths the 

emissive efficiency decreases as e=eo(Ao/A)^; for the intermediate size regime, where 

a is larger than Xpeak of the incoming radiation (absorbs efficiently) but smaller than 

Xpeak of the grain thermal emission (emits inefficiently), q=l. And c is the velocity 

of light. 

We can estimate the surface density n { r )  (cm~^) at a distance r  from the 

central star from mass conservation by equating the mass that is produced in time 

dt, dM=(ipr/ejdt, with the mass that crosses the annulus of radius r in time dt. 
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dM=n(r)27rrwdt. dpr is the dust production rate in particles per second; fej is 

the fraction of particles that are ejected (our numerical studies find /ej~50--90%); 

and V is the velocity of the particles at distance r, for large distances we will take 

w ~ ? ^ e s c = ( 2 G ' M 5 „ „ / r ) ^ / ^ .  S o l v i n g  f o r  n ( r )  a n d  s u b s t i t u t i n g  i n t o  a { r ) ,  

We can estimate the optical depth of the Solar System's outflow using the KB dust 

production rates derived by Landgraf et al. (2002), which are based on Pioneer 

10 and 11 measurements and for the Kuiper Belt gives c?])r~2xl0^'^ particles/s 

(for particles between 0.01 and 6 mm). Because the size distribution is very steep, 

one can assume that most of the detections are caused by particles just above the 

detection threshold, i.e. particles with aRiS iim. For this particle size, ^f5i0.05 and 

fej^O-8, and the optical depth at 60//m (z^=5xlO^^Hz) will then be rj_°"*-'''°"'(r,i/)= 

2.6xl0~^^/r^/^ (where r is in AU). We can compare this to the optical depth of 

the Kuiper Belt (bound) disk. From Figure 3.4 we can get the surface density that 

corresponds to a fictitious dust production rate of 100 particles per 1000 years, 

nsiSOO particles/AU^. Scaling up this density to account for the dust production 

rate found by Landgraf et al. (2002), we find that ri«8.4xl0~^ particles/cm^, 

(Tfa6.6xl0~®, so that rj_'^"'^Ri5.5xlO"^. For the Solar System, the ratio of the two 

optical depths is then ~10~®. Other models for the Kuiper Belt dust disk give 

cr?»10~® (15 times larger than our value; Backman et al. (1995)). It is estimated 

that for a system at 30 pc, the 70 /im MIPS array in SIRTF will be able to detect a 

disk with (T~3x10~® (Backman, 2003). This means that in order to see the Kuiper 

Belt dust disk the dust production rate will need to be increased by a factor of 

~ 3  i n  B a c k m a n ' s  m o d e l s ,  o r  a  f a c t o r  o f  ~ 4 5  i n  o u r  m o d e l s  ( u s i n g  L a n d g r a f ' s  d p r ) .  

But in order to see the outflow it will need to be increased by a factor of ~6xl0® 

(Backman's) or 9x10^ (ours). In any case, this increase will make the bound disk 

to be optically thick. In other words, for an optically thin debris disks (where our 

dynamical models are valid), this outflow is very unlikely to be detected. For a 
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younger and more massive edge-on systems, however, after the giant planets have 

already formed, it may be possible to detect the outflow out of the plane. In this 

geometry, the signature of the off-plane outflow will be clearer against the fainter 

background (Rieke, 2003). 

It is possible that such an outflow may have already been detected in situ 

with the Advanced Meteor Orbit Radar (AMOR), a ground-based radar that 

senses plasma signatures produced by extra-terrestrial dust particles ablating in 

the Earth's atmosphere; its high directional accuracy allows identification of the 

sources of the meteoroids (as small as 40 ^m in diameter). AMOR data presented 

evidence of a general background influx of extra-solar system particles, with en

hanced areas that appear to be discrete sources, the main one of which seems to 

coincide in direction with the debris disk main-sequence star /? Pictoris (Taylor 

et al., 1996; Baggaley, 2000). This result, however, has been recently challenged by 

Murray et al. (2003). They concluded that the discrete source cannot not be related 

to /5 Pictoris because the ejection velocity needed to reproduce the location and ve

locity of the meteoroids is ~29 km/s, too large to be explained by gravitational 

scattering with a massive planet. Regardless of this conclusion, it is likely that 

large particle outflows from extra-solar planetary systems may be a source of the 

large interstellar particles that have been detected in the interplanetary medium. 

4.3.2 Interpretation of in situ Dust Detections Made by Space Probes 

Recent Ulysses and Galileo dust experiments have led to a very important discovery; 

the identification of interstellar grains within the heliosphere, sweeping through the 

Solar System (Grun et al., 1993). Previously, interstellar grains could only be stud

ied by extinction and polarization measurements of optical starlight, not sensitive 

to grains larger than 0.3 microns because of their small contribution to the opti

cal cross section, and by infrared emission. These in-situ detections allowed for the 
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first time to study the mass distribution of interstellar grains within the heliosphere, 

leading to the surprising discovery of a population of large particles (> 10"^® kg, 

Grun et al. (1994)) that are 30 times more massive that the interstellar grains caus

ing stellar extinction. Therefore, more mass is locked up in large grains locally than 

is expected from the astronomical measurements. As a consequence, the gas-to-

dust ratio derived from astronomical measurements (400-600) is found to be much 

larger than the value of ~100 derived from the in-situ detections, implying that the 

local interstellar cloud exceeds cosmic abundances (Frisch et al., 1999). These very 

important results rely critically on the correct identification of the origin of the dust 

grains. This identification is based on a geometrical argument: the direction the 

grains are coming from, with interstellar grains coinciding with the flow of neutral 

helium through the Solar System; and a dynamical argument: the impact velocity 

and the expectation that only interstellar grains are on unbound hyperbolic orbits 

(Grun et al., 1993). Under the current understanding, the sources of meteoroids in 

interplanetary space and their orbital properties are assumed as follows: Asteroids: 

low eccentricity and inclination; Comets: high eccentricity and inclination; Kuiper 

Belt: low eccentricity and inclination; and Interstellar: hyperbolic, and aligned with 

the direction of flow of the interstellar gas. However, we have shown in this paper 

that ~80-90% of large Kuiper Belt grains (P < 0.5) are gravitationally scattered 

outward by Jupiter and Saturn into hyperbolic orbits; therefore there is the poten

tial of misinterpreting these escaping interplanetary particles as interstellar. Ulysses 

and Galileo detections were probably not affected by this potential confusion be

cause they did not probe beyond Jupiter's orbit. But other sources of dust exist 

inside this orbit, such as comets. Asteroid Belt and Trojan asteroids. Due to radi

ation pressure, some of the dust particles released at those locations will be set on 

Jupiter crossing orbits, so in principle close encounters with Jupiter could take place 

resulting on hyperbolic orbits. In the future, we plan to study whether or not these 

particles may have been detected by Ulysses and Galileo. For the analysis of future 

in-situ dust detections in the outer Solar System, such as with the Cassini Cosmic 
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Dust Analyzer and the Interstellar Probe, it will be important to keep in mind the 

existence of the large-particle outflow of Solar System dust to correctly identify the 

origin of the massive fast moving particles, whether interplanetary or interstellar. 

It has been recently announced that the analysis of the ion charge signals in the 

Cassini dust detector, together with geometric and kinematic considerations, have 

led to the identification of an interstellar flux at 0.8 AU that is in agreement with 

the flux measured by Ulysses at 3 AU at the same time (Altobelli et al., 2003). But 

any dust detections by Cassini outside Jupiter's orbit have not yet been reported. 
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CHAPTER 5 

Model Spectral Energy Distributions of Circumstellar Debris Disks. 

Belt of Planetesimals with Interior Giant Planets 

5.1 Introduction 

A first general approach to the simulation of spectral energy distributions (SEDs) 

of debris disk systems using analytic dust density distributions has been undertaken 

by Wolf and Hillenbrand (2003) (hereafter WH03). This study made clear that the 

SED analysis strongly depends on the assumed density distribution, in particular 

of the smallest grain population. In contrast to the former approach by WH03, 

however, the dust density distribution of a debris disk should not be chosen a priori 

because it cannot be defined independently from the SED of the embedded star or 

the dust grain properties (grain size distribution, density and optical constants). 

In this study we use a self-consistent combination of existing numerical tools for 

the simulation of debris disk dust density distributions (that take into account the 

interplay between the central star SED, the grain properties and the dust dynamics), 

and the radiative transfer simulations in WH03 for the calculation of their emergent 

SEDs. 

We study hypothetical debris disks originating from a belt of planetesimals 

[from 35 to 50 AU; similar to the Kuiper Belt (KB)] and evolving under the effect of 

gravitational perturbation from interior giant planets in various planetary configura

tions. In Chapter 3 we described how in the Solar System, the trapping of particles 

in mean motion resonances (MMRs) with the giant planets can create structure in 
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the KB dust disk as the dust particles accumulate at certain semimajor axes. We 

found that for the Solar System planetary configuration, the azimuthal structure 

of the dust disk is not predictable in detail (with simulations of a small number 

N of particles, N~100) because it depends sensitively on the times of residence in 

the various resonances and these are highly variable and unpredictable. After care

ful analysis we concluded that even though the particle dynamics is chaotic, our 

method could robustly estimate the equilibrium radial density distribution of dust. 

We found that the combination of radiation forces and planetary perturbations 

causes the dust disk to be depleted inward of Saturn's orbit and spread outward 

beyond the KB source region, and the particle size distribution to flatten. 

In anticipation of future observations of unresolved debris disks with 

Spitzer, in this chapter we investigate to what extent these planet-induced changes 

in the radial spatial density distribution and the particle size distribution affect the 

dust disk BED, and how these effects might be exploited to infer the presence of 

giant planets in spatially unresolved debris disks. For each of the planetary systems 

under consideration we will: 

1. Calculate the spatial density distribution of dust grains of different sizes, cor

responding to different P values. The dynamical evolution of the dust particles 

depend only on the parameter /3, which is the dimensionless ratio of the radi

ation pressure force and the gravitational force and depends on the grain size 

and composition. The resulting three-dimensional density distribution is then 

transformed into a one-dimensional radial density distribution (§ 5.2), which 

is sufficient to calculatc the disk SED because we assume that the disk is op

tically thin, and therefore the temperature distribution of the grains depends 

only on the distance to the central star. 

2. Select a representative sample of chemical compositions based on debris disk 

spectroscopic observations. This will include Fe-rich and Fe-poor silicates 
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(crystalline and amorphous olivine and pyroxene), as well as carbonaceous 

materials. For each chemical composition, using laboratory optical constants 

and Mie theory, we will calculate their radiation pressure coefficients aver

aged over the stellar spectrum. This will allow us to find the correspondence 

between /5 and the particle radius (§ 5.3). 

3. Once the particle size is known for each ^ value and selected chemical com

position, we will calculate, using the same one-dimensional radiative transfer 

code as in WH03, the emitted dust SED (plus the stellar scattered light) for 

each single particle size, single composition disk, using a solar type star as the 

central heating source, a disk mass of lO'^^M© and a distance of 50 pc. We 

will later weight and combine these SEDs in order to consider certain particle 

size distributions (§ 5.4). 

A schematic diagram explaining the steps above is shown in Figure 5.1. The 

goal is to investigate how the presence of planets affects the debris disk's SED by 

comparing systems with planets (of different masses and different semimajor axis) 

and systems without planets, and to derive and analyze the parameter degeneracies 

in the model SEDs. 

5.2 Dust Spatial Density Distributions 

A detailed description of the dynamical models used to calculate the dust spatial 

density distributions, the numerical algorithm used to integrate the equations of 

motion, and the uncertainties inherent in the prediction of structure, owing to the 

chaotic dynamics of dust orbital evolution, are described in Chapter 2. Here, we 

briefly overview the main ideas. 

We follow numerically, from source to sink, the evolution of sets of 100 

dust particles from an outer belt of planetesimals similar to the KB under the 
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combined effects of solar gravity, solar radiation pressure, Poynting-Robertson (P-

R) and solar wind drag, and the gravitational forces of the planets. We study the 

following planetary configurations: 

1. The Solar System with 7 planets (excluding Mercury and Pluto). The parent 

bodies of the dust particles are assumed to be uniformly distributed in orbits 

with semimajor axis between 35 and 50 AU, eccentricities such that the pe-

riastron distances are between 35 and 50 AU (i.e. between 0 and 0.3), and 

inclinations between 0° and 17°, in approximate accord with current estimates 

of the orbital distribution of KB objects (KBOs) (Malhotra et al., 2000). 

2. A system with the same distribution of parent bodies as above but without 

planets. 

3. Nine single-planet systems with a planet mass of 1, 3 and 10 Mj„p in a cir

cular orbit with semimajor axis of 1, 5, and 30 AU. The parent bodies are 

distributed in orbits with semimajor axis between 35 and 50 AU, eccentric

ities between 0 and 0.05 and inclinations between 0 and 3°, to account for 

the fact that a thinner planetesimal disk may be more realistic when a single 

giant planet is present. [In this study we found that the difference between 

the "thick" and the "thin" planetesimal disks is negligible]. For the models 

with a single planet at 30 AU, we ignored the dust particles originated from 

the 30 planetesimals that lie between 35-40 AU [i.e. inside the 3:2 MMR], 

This is because due to multiple close encounters with the planet, we do not 

expect to have planetesimals in stable orbits in that region. 

4. A system with the same distribution of parent bodies as above but without 

planets. 

For the first two cases (KB-like disk with and without Solar System planets), 

we run 17 sets of 100 particles each, corresponding to 17 different particle sizes, 
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with P values ranging from 0.00156 to 0.4, distributed to get a uniform logarithmic 

sampling in particle size (see Figure 5.4). For the rest of the systems (i.e. the 

"thinner" planetesimal disk with and without single planets), we run a subset of 

nine j3 values, also ranging from 0.00156 to 0.4. 

We assume that the dust is generated from a constant grinding down of 

planetesimals due to mutual collisions or collisions with interstellar grains. The 

sinks of dust included in our numerical simulations are ejection into unbound orbits, 

accretion onto the planets, and orbital decay to less than r^n, where irnin = 0.5 AU 

(astrocentric distance) for all models, except for those where the single planet is at 

1 AU, for which we use r^m = 0.1 AU instead. Assuming that the dust production 

rate is in equilibrium with the loss rate, and the dust particle dynamics is ergodic 

(i.e. the time-weighting reflects the spatial density), we can obtain equilibrium 

density distributions by recording the positions of these 100 particles at equal time 

intervals (every 1000 years); then transforming the particles' coordinates into a 

reference frame rotating with the planet dominating the structure (Neptune); and 

finally treating each position as an individual particle, i.e. accumulating all the 

rotated particles' coordinates over the total lifetime of the sample particles. This 

leads to a three-dimensional time-weighted equilibrium density distributions that is 

"resampled" into a logarithmic one-dimensional radial grid which is the input for 

the radiative transfer code. 

The dynamics only takes into account gravitational forces and P-R and solar 

wind drag. It does not include: (1) mutual grain collisions and gas drag (i.e. the 

systems under consideration are old optically thin disks); (2) quick sublimation of 

icy fraction (a rapid mass loss can cause the grain's orbit to become more eccentric); 

(3) grain erosion due to sputtering by solar wind particles; and (4) Lorentz forces 

due to interplanetary magnetic fields. For a more detailed description of the applied 

numerical model and an estimate of its limitations see Chapters 2 and 3. 
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5.2.1 Radial Density Distributions: Output from the Dynamical Models 

Figure 5.2 shows the resulting surface density distributions of dust. The main 

features are the following: 

1. When no planets are present the dust density distribution is flat, as expected 

for a collisionless system with grains in circular orbits (Briggs, 1962), and no 

large particles (/3<0.5) are found at distances larger than the apoastron of the 

parent bodies. But when planets are present, the surface density distribution 

deviates for a flat profile (see below) and gravitational scattering of dust by 

the giant planets is able to extend the disk beyond the boundaries set by 

radiation eff'ects alone. 

2. Depletion of dust inside the planet's orbit due to gravitational scattering by 

the planet. In the Solar System, depletion takes place in the inner 10 AU 

from gravitational scattering by Jupiter and Saturn. Inner cavities, possibly 

created by gravitational scattering, have been also inferred to exist in systems 

like /? Pic (20 AU), HR 4796A (30-50 AU), e Eri (50 AU), Vega (80 AU) and 

Fomalhaut (125 AU) (Dent et al., 2000; Greaves et al., 2000; Wilner et al., 

2002; Holland et al., 2003). 

3. Enhanced dust density in a ring outside the planet's orbit. This is produced 

by the trapping of particles in exterior MMRs with the planet. In the Solar 

System, the ring is between 35-50 AU and the resonant planet is Neptune. The 

trapping into MMRs can clearly be seen in the "equilibrium" semimajor axis 

distributions shown in Figure 5.3 (for the single-planet models) and Figure 

3.3 (for the Solar System models). 

4. The structure is more pronounced for larger particle sizes (smaller P) because 

the trapping in MMRs is more efficient when the drag forces are small. The 

boundary of the disk is less steep for smaller particles (larger /3) compared 
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to larger particles; this is because immediately after release from their par

ent bodies the orbits of the former are more strongly affected by radiation 

pressure, which tends to increase their eccentricity and semimajor axis. 

The surface density distributions in Figure 5.2 show in some cases scattering at small 

astrocentric distances. In others cases, the particles drifting inward do not follow a 

flat surface density (instead it rises steeply). The presence of planets may explain 

part of these features, but from experience we know that some of this "noise" owes 

to our use of a logarithmic radial sampling to allow higher spatial resolution near the 

central star (where the high grain temperature implies a strong contribution to the 

SED). Where the radial shells are very small, a particle crosses many radial grids 

before its position is recorded; this, together with the fact that we are modeling 

the dynamical evolution of a small number of test particles (N~100), produces 

numerical "noise" due to small number statistics. For this reason, as described 

in § 5.2.2, the radial density distributions that are used as input for the radiative 

transfer code will not take into account the numerical results at small astrocentric 

distances. 

The depletion factor inside the planet's orbit is the percentage of particles 

that are able to drift inward relative to the total number of particles. Because we are 

modeling sets of only 100 particles, and jovian-mass planets eject a significant frac

tion of these, the number of particles that drift inward is usually small and is subject 

to some uncertainty. We have several KB models with the same or similar initial 

conditions whose results indicate that a conservative estimate of the uncertainty in 

the depletion factor is ~10% (see Table 5.1). In Table 5.2 we list the final fate of the 

dust grains for the single-planet models. The quantity rirmin is the number of par

ticles that reach r^j^, the minimum heliocentric distance allowed in the dynamical 

simulations. However, because some of these particles may have been scattered by 

the planet, as opposed to smoothly drifting inward, we calculate ndrift, the number 

of particles that reach r^j„ with aphelion Q=api - S.^xyhui, i.e. particles that do 
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not cross the planet's orbit. In other words, the particle is considered to drift inward 

i f  i t s  e c c e n t r i c i t y  i s  s m a l l e r  t h a n  s o m e  c r i t i c a l  v a l u e  g i v e n  b y  e  =  { Q  —  ? ) / ( < 3  +  ? ) ,  

where q = rmin=a{l — e) and Q = a^i - 3.5xrHm=a{l + e). For the single planet 

models these eccentricities are: 0.767 {IMjup at 1 AU); 0.767 (lMj„p at 5 AU); 0.957 

(lMj„p at 30 AU); 0.735 (3Mj„p at 1 AU); 0.735 (3Mj„p at 5 AU); 0.950 (3Mj„p at 

30 AU); 0.658 (10Mj„p at 1 AU); 0.658 (lOMj^p at 5 AU); and 0.933 (lOMj^p at 30 

AU). Therefore, n^ri/t, rather than Umin, gives an estimate of the depletion factor. 

As Table 5.2 shows, depletion factors are smaller than 10% for the majority of the 

single-planet systems studied (and for most (5 values), except for lMj„p at 1 AU 

and 5 AU for /3>0.025, for which depletion factors are ~20%-40% and ~20%-50%, 

respectively. This means that except for these two cases, the uncertainty due to the 

small number of particles studied makes the depletion factors obtained consistent 

with having an empty hole. 

5.2.2 Radial Density Distributions: Input for the Radiative Transfer 

Models 

The radial density distributions are uncertain interior to the planet's orbit to a 

10% level. To account for this uncertainty, and to estimate the contribution of the 

particles trapped in the MMRs to the SED of the disk, we will calculate and compare 

the SEDs that arise from three different types of surface density distributions (see 

Figure 5.2): 

1. E m p t y  G a p  models: the surface density distribution accounts for the trapping 

of particles in the MMRs with the planet and the total depletion of particles 

interior to the planet's orbit, i.e. we assume that the "gap"^ is empty. The 

astrocentric distance of this "gap" is determined by the radius at which the 

^In this chapter a "gap" is an inner hole interior to the planet's orbit, not an angular depletion 
zone around the planet's orbit. 
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Figure 5.3: "Equilibrium" semimajor axis distributions in logarithmic scale of the 
dust particles with /5=0.0125, in different single-planet systems (indicated in the in
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Table 5.1: Final fate of Kuiper Belt dust grains - Estimate of uncertainties. 
a: Planet of last encounter. 
b: Parent bodies distributed between a=35-50 AU; g=35-50 AU and i=0-17°. 
c: Parent bodies with a=45 AU; e=0.1 AU and i=10°. For ^=0.1, 3 different sets 
of 100 particles each were run. 
d: Results from Liou et al. (1996); parent bodies with a=45 AU; e=0.1 AU and 
i=10°. 

Result Model ^=0.01 ^=0.05 /3=0.1 ^=0.2 /3=0A 

Ejected" : 
Jupiter Models II-A'' 32 38 44 40 20 

Models I-A'^ 39 47 40,38,36 31 30 
LZD96^ 45 35 35 45 

Saturn Models II-A'' 37 28 23 31 32 
Models I-A"^ 35 26 20,27,27 34 36 

LZD96'' 30 40 40 35 

Uranus Models II-A*- 5 8 6 6 13 
Models I-A*^ 3 4 2,4,7 5 9 

LZD96'^ 0 0 0 0 

Neptune Models II-A*- 13 4 3 8 21 
Models I-A'^ 17 2 9,6,7 8 18 

LZD96'' 0 5 5 5 

Drift in Models II-A'' 11 19 21 15 11 
Models I-A'^ 6 21 29,19,21 22 7 

LZDge'^ 25 20 20 15 
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Table 5.2: Final Fate of Dust Grains. 
niooo: number of particles that reach 1000 AU. 
Urmin' number of particles that reach Vmin (0.5 AU when the planet is at 5 and 30 
AU, or 0.1 AU when the planet is at 1 AU). 
^drift- number of particles that reach r^j^ with aphelion outside the planet's orbit 
{ a p i  -  S . b X T H i i i ) .  
Ucoi- number of particles that collide with the planet. 
Parent bodies with a=35-50 AU, e=0-0.05 and i=0-0.05 radians. 

a /? niooo ^rmin ^ d r i f t  ^col 

1 1 0.00156 88 6 1 6 
3 1 80 19 0 1 
10 1 95 5 0 0 
1 5.2 85 15 1 0 
3 5.2 90 10 0 0 
10 5.2 96 4 0 0 
1 30 69 1 1 0 
3 30 69 0 0 1 
10 30 68 0 0 2 
1 1 0.00312 85 10 5 5 
3 1 91 8 0 1 
10 1 98 1 0 1 
1 5.2 88 12 3 0 
3 5.2 81 17 0 2 
10 5.2 98 2 0 0 
1 30 68 2 2 0 
3 30 68 0 0 2 
10 30 68 0 0 2 
1 1 0.00625 83 9 5 8 
3 1 80 14 3 6 
10 1 93 7 0 0 
1 5.2 80 19 8 1 
3 5.2 88 12 0 0 
10 5.2 93 7 0 0 
1 30 62 8 8 0 
3 30 68 1 1 1 
10 30 67 0 0 3 
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^^planet 

i ^ J u p )  

a niooo ^rmin ^ d r i f t  ^col 

1 1 0.0125 81 17 16 2 
3 1 87 5 5 8 
10 1 95 5 0 0 
1 5.2 86 14 10 0 
3 5.2 92 8 0 0 
10 5.2 97 3 0 0 
1 30 66 4 4 0 
3 30 65 5 5 0 
10 30 67 1 1 2 
1 1 0.025 76 23 23 1 
3 1 83 7 2 10 
10 1 93 7 0 0 
1 5.2 83 17 17 0 
3 5.2 83 14 0 3 
10 5.2 91 9 0 0 
1 30 59 11 11 0 
3 30 67 2 2 1 
10 30 65 1 1 4 
1 1 0.044 58 39 39 3 
3 1 91 7 7 2 
10 1 89 11 0 0 
1 5.2 75 25 25 0 
3 5.2 88 12 2 0 
10 5.2 95 5 0 0 
1 30 58 11 11 1 
3 30 68 0 0 2 
10 30 67 2 2 1 
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^^planet 
(Mjup) 

a HlOOO ^rmin ^drift ^col 

1 1 0.1 55 43 43 2 
3 1 77 18 18 5 
10 1 94 5 2 1 
1 5.2 61 38 38 1 
3 5.2 84 14 13 2 
10 5.2 90 10 0 0 
1 30 57 11 11 2 
3 30 67 3 3 0 
10 30 66 2 2 2 
1 1 0.2 50 47 47 3 
3 1 80 17 17 3 
10 1 91 0 0 9 
1 5.2 67 32 32 1 
3 5.2 91 8 8 1 
10 5.2 95 0 0 5 
1 30 66 3 3 1 
3 30 68 2 2 1 
10 30 70 0 0 0 
1 1 0.4 56 39 39 5 
3 1 88 7 7 5 
10 1 93 0 0 7 
1 5.2 75 24 24 1 
3 5.2 95 5 5 0 
10 5.2 95 0 0 5 
1 30 70 0 0 0 
3 30 70 0 0 0 
10 30 70 0 0 0 
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surface density from the numerical results decreases by more than 90%. Out

side the gap, the surface density distribution follows the results from the 

dynamical models (large dots). 

2. Partial Gap models: same as above but with the inner hole being 90% de

pleted in dust with respect to the disk without planets (instead of being totally 

empty). In this case, we are extrapolating the surface density of dust from 

a distance near the planet's orbit down to 0.01 AU, to account for the subli

mation distance of the larger silicate grains. The detailed calculation of the 

sublimation distance is done by the radiative transfer code, and depends on 

the grain radius and chemical composition. The extrapolation is done as

suming a flat surface density distribution, expected for a collisionless system 

with grains in circular orbits. The caveat is that when planets are present the 

dust grains that drift inward may have a non-zero eccentricity, so the surface 

density will not be exactly flat. 

3. Analytical Gap models: the surface density distribution consists on a simple 

square profile, following the flat density distribution of the disk without plan

ets, with an empty gap at the planet's position (i.e. it does not account for 

particles trapped in the MMRs). 

The comparison of the SEDs that arise from the model with an empty gap 

and the model with a partial gap can teach us if the dynamical models are sufficient 

to distinguish the presence of planets of masses ranging from 1-10 M jup and semi-

major axis of between 1-30 AU. If we find that the SEDs arising from these two 

models are significantly different, the number of particles studied (N~100) would 

not be sufficient, as it does not allow us to distinguish between an empty gap and a 

partial gap with 10% of particles left. The comparison of the SEDs that arise from 

the empty gap and the analytical gap models can teach us if the dynamical models 

are necessary, or whether it is adequate to assume a fiat surface density distribution 



134 

with a clean gap inward of the planet's location (ignoring the accumulation of dust 

particles in the MMRs). 

The calculation of these radial density distributions is the most CPU de

manding step, but it is independent of the rest of the steps outlined in the In

troduction because the dynamical models and the resulting radial density profiles 

depend only on the parameter p. It is only a posteriori that we find the relationship 

between the particle size and composition and the P value, with a single /3 value 

corresponding to several combinations of grain size and composition (see Figure 

5.4). Because of this degeneracy, our scheme allows enough flexibility to efficiently 

explore other grain chemistries without the need of recomputing the radial density 

profiles. 

5.3 Correspondence between /3 and Particle Size 

The quantity P is the dimensionless ratio of the radiation pressure force and the 

gravitational force. For spherical grains and a solar type star, j3=b.l x 10~® 

Qpr/(pa), where p and a are the density and radius of the grain in cgs units (Burns 

et al., 1979), and Qpr is the radiation pressure coefficient. Before using the ra

dial density distributions as input for the radiative transfer code in WH03, we 

need to find the correspondence between the value of /3 and the particle size, and 

this depends on the grain chemical composition. Based on spectroscopic observa

tions of debris disks and evolved stars, the following chemical compositions were 

selected: MgSiOa and Mgo.6Feo.4Si03 (Fe-poor and Fe-rich pyroxene), MgFeSi04 

and Mgi.9Feo,iSi04 (amorphous and crystalline olivine), and C400 and ClOOO [400 

K carbon modification (graphite-poor) and 1000 K carbon modification (graphite-

rich), respectively]. This is a subset of the compositions studied in WH03; we refer 

to this paper for a justification of this selection and a description of the optical 

properties of these silicate and carbon species. 
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For each selected chemistry, using Mie scattering theory and assuming that 

the grains are homogeneous spheres, we compute the grain optical parameters, 

needed to calculate dust absorption, reemission and scattering of radiation. We 

obtain as a function of wavelength for a large number of particle sizes. The 

quantity is a function of the grain complex refractive indexes (n, k), the grain 

radius, and the wavelength of the incoming radiation. The refractive index for 

the silicates and carbonaceous materials are taken from Dorschner et al. (1995) and 

Jager et al. (1998), respectively^. We then obtain the average of Qp^ integrated over 

the solar spectrum (Labs and Neckel, 1968). This average is used to calculate the 

value of 13, for each particular dust chemistry under consideration, and for a large 

number of particle sizes (see Figure 5.4). Finally, we select the particle size whose /5 

is closer to the ^-value adopted in the dynamical models. One important feature to 

notice from Figure 5.4 is that, for a given particle size, the value of ^ corresponding 

to carbonaceous and Fe-rich silicate grains is larger than that of Fe-poor silicates, 

because the former have a very high absorptive efficiency in the wavelength range 

on which the star emits. This is important because a small change in the abundance 

of carbonaceous and Fe-rich silicate material can make a very significant change in 

the level of the continuum emission. 

The parameter study in WH03 showed that the shape of the SED is af

fected by the relative number of small grains, which is determined by the minimum 

(flmm) and maximum {amax) grain size, and by the index (g) of the power law size 

distribution {n{a)da = noa~'^)\ an increase of net flux and the prominent emission 

features occur when amin is decreased and q is increased. For /3 Pic, MIR obser

vations indicate that there is a substantial amount of grains < 10 /itm inside 20 

AU (Weinberger et al., 2003), while others suggest amin^O.l /im (Pantin et al., 

1997). For Fomalhaut, submillimeter observations indicate amm~0.7 /im. In this 

chapter a„m=0.5-1.3 /im (depending on composition), and is determined by the 

^The complex refractive indexes are available at http://www.astro.uni-

jena.de/Laboratory/Database/odata.html. 
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condition ^=0.5, corresponding to particles that are forced into hyperbolic orbits 

as soon as they are released from their parent bodies. If the parent bodies' orbits 

have eccentricity e, ejection occurs for (3 > 0.5(l-e) and (3 > 0.5(l+e) for parti

cle release at periastron and apoastron, respectively. We are therefore implicitly 

assuming that radiation pressure is the only process responsible for the minimum 

grain size, but in practice is also affected by collisional processes. The max

imum grain size in our simulations is limited by the CPU time, as particles with 

very small /?s (0.00156 is our minimum value) have a very slow dynamical evolution. 

Depending on the chemical composition chosen, amaz=53-244 //m. Debris disks cer

tainly contain larger "dust" particles, up to planetesimal size, but in the wavelength 

range considered grains larger than mm will not contribute significantly to the 

SED, and the missing grains in the 53-240 jiva to 1 mm range only add an almost 

featureless continuum, as indicated in the study by WH03. 

5.4 Spectral Energy Distributions 

Once the particle size is known for each /3 value and selected chemical composition, 

we use the surface density distributions as input for a radiative transfer code that 

calculates the emitted dust SED (plus the stellar scattered light). As in WH03, 

we assume that the disk is optically thin: only scattering, absorption and reemis-

sion of stellar radiation by dust grains are taken into account, neglecting multiple 

scattering and radiation and dust heating due to dust reemission. The dynamical 

models are only valid in a density regime that corresponds to optically thin disks. 

For the central star we use the solar SED published by Labs and Neckel (1968), 

0.2-100 /im, extended by a blackbody SED (T=5800 K) beyond 100 //m. The dust 

reemission and scattering are calculated at 500 logarithmically equidistantly dis

tributed wavelengths between 5-340 jim. (which includes the wavelengths covered 

by Spitzer). We assume a disk mass of lO'^^M© and a distance of 50 pc. Note that 
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C400 MgSiOg 

-- Mgo,6Feo4SiO: 

MgFeSi04 

- -  M g i g F e o i S i O ,  

ClOOO 

0 

\ 
- 2  

- 2  - 1  0 1 2 
log(a(/im)) 

Figure 5.4: Correspondence between and particle radius for the grain chemical 
compositions under consideration. The horizontal lines at the far right indicate the 
values of (3 used in the dynamical models. 
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Table 5.3: /3-particle radius (/im) relation. 
NOTE.-Grain densities, assuming homogeneous spheres 

(Mgo.6Feo.4Si03), 3.71 (MgFeSi04), 3.3 (Mgi.gFeo.iSi04), 
(ClOOO) g cm~^. Grain radii are given in fim for different 
compositions of the dust grains. 
a:Crystalline Olivine. 
b:/3 values used for the single-planet models. 

MgSiOa Mgo.6Feo.4Si03 MgFeSi04 Mgi.9Feo.iSi04'^ C 400 C 1000 
0.4" 0.53 0.59 0.58 0.50 1.3 0.99 

0.2828 0.73 0.78 0.78 0.67 1.7 1.3 
0.2" 0.93 1.0 1.1 0.86 2.3 1.8 

0.1414 1.2 1.4 1.4 1.1 3.2 2.4 
0.1" 1.5 1.8 1.8 1.3 4.3 3.2 

0.0707 2.0 2.5 2.5 1.8 6.0 4.4 
0.05" 2.5 3.4 3.4 2.3 8.2 6.1 

0.03535 3.4 4.8 4.7 3.0 11.4 8.4 
0.025" 4.4 6.7 6.4 4.0 15.9 11.7 

0.01767 5.8 9.6 8.9 5.4 22.3 16.3 
0.0125" 8.0 13.7 12.4 7.1 31.2 22.7 

0.008838 10.7 19.5 17.4 9.7 43.8 31.9 
0.00625" 14.8 27.8 24.3 13.3 61.6 44.8 
0.00442 20.4 39.6 34.2 18.4 86.8 63.0 
0.00312" 28.6 54.8 48.1 25.7 122.7 89.0 
0.00221 40.3 80.0 67.6 36.1 172.8 125.3 
0.00156" 57.3 113.5 95.5 51.4 244.5 177.2 

are: 2.71 (MgSiOs), 3.1 
1.435 (C 400) and 1.988 
values of /3 and chemical 
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our models (with and without planets) contain the same amount of disk mass. We 

are interested in studying how the structure created by the planets affects the shape 

of the SED, independent of the dust production rate. However, planetary pertur

bations can affect the dust production rate, possibly leading to more massive dust 

disks. This effect is not taken into account in our models, but will be considered in 

the future. 

Figure 5.5 shows the SEDs that result from the Solar System models. Each 

of the nine panels corresponds to the SEDs that arise from single particle size 

disks (of one particular /3 value, indicated at the bottom of each panel. We only 

show nine /? values of the 17 computed). Each set of nine panels corresponds 

to a particular grain chemical composition (indicated in the upper left panel). In 

Figure 5.6 we compare the emission arising from the different compositions (keeping 

the particle size approximately constant). In agreement with WH03, the most 

important features shown in these figures are; 

1. Emission is stronger for Fe-rich silicates (Mgo.6Feo,4Si03 and MgFeSi04) com

pared to Fe-poor (MgSiOa and Mgi.9Feo.iSi04). This is due to the strong 

dependence of the UV-to-NIR absorption efficiency on the Fe content, which 

leads to higher grain temperatures at a given distance from the star as the Fe 

content increases. 

2. Similarly to Fe-rich silicates, carbonaceous grains also lead to stronger but 

featureless emission (mainly adding a continuum). 

3. The emission peak shifts to longer wavelengths as the particle size increases 

(or /3 decreases). This is due to the fact that the turnover point beyond which 

the absorption efficiency decreases continuously increases with grain size. 

4. The clearing of dust from the inner 10 AU results in a loss of warm dust and 

is responsible for the decrease in the NIR/MIR region (compared to the case 
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when no planets are present). The slight shift in the emission peaks indicate 

that some of this NIR/MIR emission is radiated at longer wavelengths, but 

this is a very small effect because once the particles are set on hyperbolic 

orbits after their last gravitational encounter with the giant planet, they leave 

the system very quickly without contributing significantly to the emission. 

The net flux decreases because a larger fraction of the grains are further away 

from the star, so the fraction of stellar photons that the grains can absorb 

and later re-emit is diminished. 

Similarly, but not shown here, we have calculated single particle size and 

single composition SEDs for the other planetary systems studied (i.e. the nine 

single-planet models and the system without planets). These SEDs show features 

similar to those described above for the Solar System. 

As Figure 5.2 shows, the structure of the dust disk is significantly different 

depending on the particle size under consideration. The structure is more pro

nounced for larger particle sizes because the trapping in resonances is more efficient 

when the drag forces are small. However, it is expected that the dust production 

processes will favor the generation of small particles. The modeling of debris disk 

structure and SED should therefore take into consideration an appropriate range 

of particle sizes that can later be weighted and combined to emulate a particle size 

distribution. In Chapter 3 we estimated the radial distribution of KB dust from 

our dynamical models and the KB dust production rate estimates from Landgraf 

et al. (2002). We showed that the dust particle size distribution in space is signifi

cantly changed from its distribution at production, due to the combined effects of 

radiation forces and the perturbations of the planets. With these results in mind, 

the single particle size and single composition SEDs for each planetary system (like 

those shown in Figure 5.5 for the Solar System) are weighted and combined in such 

a way that the particle size distribution follows power laws of indexes q—2.5, 3.0 

and 3.5. [Note that when collisional processes are considered in detail, the particle 
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Figure 5.5: SEDs of single particle size disks from the Solar System models. Each 
panel corresponds to one particular /3 value, indicated in the figure. Each set of 
nine panels corresponds to a particular grain chemical composition (indicated in 
the upper left panel): The Solid line is for a system with 7 planets; the dotted line 
is for a system without planets. In all cases the disk is assumed to be at distance 
of 50 pc and has a mass of 1O~^''M0. The squares indicate Spitzer 5-a detection 
limits. 
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Figure 5.6: SEDs of disks composed of 1 fim and 40 //m grains, from the Solar 
System models, and with different grain chemical compositions. 
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strengths are size-dependent, leading to a size-dependent q; and because the particle 

growth/collision processes depends on the radial distance from the star, q will also 

be a function of radius. Here, we will ignore these effects and consider a single power 

law to describe the particle size distribution at all distances from the star and for all 

particle sizes.] The top panel of Figure 5.7 shows that the flux is higher, specially 

in the NIR/MIR range, and the spectral features are more pronounced when the 

particle size distribution is steeper (i.e. there is a larger fraction of smaller grains). 

This is because small grains achieve higher temperatures. In WH03 it was found 

that because of this effect, the presence of a gap, and consequently the removal of 

warm grains, lead to a more pronounced decrease of flux in the NIR/MIR range 

when a larger fraction of smaller grains were present (steeper power law). Figure 

5.7 (bottom) suggest exactly the opposite trend, as the ratio of the SEDs that arise 

from a system with a planet (using the empty gap models) to that from a system 

without a planet (i.e. without a "gap") is smaller for smaller power law indexes. 

The discrepancy between this result and the one in WH03 arises from the diff"erence 

between the analytic density distributions used in WH03, and the density distri

butions used here; the latter showing a large difference between the system with 

planets and the system without planets, which is more pronounced for larger grains 

(smaller ^) than for smaller grains (larger /5; see Figure 5.2). This means that 

the difference between the mean disk temperatures in the system with planets and 

that of the system without planets is more pronounced when large particles are 

dominant, leading to more distinct differences in their corresponding SEDs. This 

illustrates the importance of combining numerical tools for the simulation of debris 

disk structure with a detailed radiative transfer code for the calculation of their 

emergent SEDs. 

The SEDs that result after combining the different grain sizes are shown 

in Figure 5.8 to 5.17 (left) and correspond to a single grain chemical composition 

(indicated in each panel) but allow for a distribution of particle sizes (with each line 
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Figure 5.7: {Top panel) SEDs of dust disks composed of MgFeSi04 grains, for three 
particle size distribution: n{b)db = nob~'^, with q=2.5 {solid line), 3.0 {dashed line) 

and 3.5 {dotted line). Thick line: system without planets; Thin line: system with 
Solar System-like planets. The system is at a distance of 50 pc and has a total 
disk mass of 1O~^°M0. {Bottom panel) Ratio of the composed SED arising from a 
system with planets to that of a system with no planets. 
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type corresponding to a different power law index for the particle size distribution). 

Each figure corresponds to a different planetary system (indicated at the top). 

The thin lines in Figures 5.8 to 5.17 (right) show the ratios of the SEDs that 

arise from a system with a planet (using the empty gap models) to that from a 

system without a planet (i.e. without a "gap"). In the following, we refer to this 

ratio as Fpianet/Fno planet, where F is the flux arising from the dust disk. Similarly, 

we show Fgap/Fgnipty gap &nd Fempty gap/Fanalytical gap (solid and dashed lines, 

respectively). 

The SED depends on the grain chemical composition. For example. Figure 

5.8 shows that for carbonaceous and Fe-rich silicates grains, the minimum in the 

SED of a dust disk with Solar System-like planets is at A<8 /^m, while for Fe-poor 

silicate grains the minimum shifts to longer wavelengths, A=10-25 /im. A similar 

effect is also found for the other single-planet systems studied. Similarly, the mini

mum of Fpianet/Fno planet occurs at A<10 /im for carbonaceous and Fe-rich silicates 

grains, and ~ 15 /im for Fe-poor silicate grains, i.e., the wavelength range where the 

difference between the SED arising from a disk with Solar System-like planets and 

that of a disk without planets is the largest depends on the chemical composition 

of the grains. As it can be seen from Figures 5.8 to 5.17 (right), in many cases the 

largest difference between Fpianet and F„o planet occurs at wavelengths where the pho-

tospheric emission from the star dominates, making the photospheric subtraction 

critical in the analysis of observed SEDs in terms of planetary architectures. 

Figures 5.8 to 5.17 (right) show that for a planet at 1 AU, the differ

ences between the "empty gap" and the "analytical gap" models are large, with 

Fempty gap/Fanalytical gap 100 for IMy^p, and 30 for lOM^j^^p (dashed lines). This 

is due the fact that the "analytical gap" models follow a square profile, while the 

dynamical models contain a large number of particles accumulated in the MMRs 

with the planet (see Figure 5.2 and note that scale is logarithmic). These particles, 

being at small astrocentric distances, are hot and contribute very significantly to the 
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SED. We can conclude that dynamical simulations are necessary to model the SEDs 

of debris disks in the presence of planets at small semimajor axis (hot Jupiters), 

because the enhancement of particles at the MMRs dominates the emission. A con

sequence of this is that it should be possible to distinguish observationally between 

a simple square profile for the surface density of the dust disk, as that created by 

a stellar wind or by the interaction of the dust grains with ambient gas, from the 

surface density created by the dynamical interactions with a massive planet. 

Figures 5.8 to 5.17 (right) also show that for a planet at 1 AU, the ratio 

^planet/Fno planet (solid lines) is greater than 1 for A=8-60 /im for carbonaceous and 

Fe-rich silicate grains, and A=20-80 //m for Fe-poor silicate grains. Even though 

the disk with a planet has an inner hole, it can be up to 3 times brighter than 

the disk without a planet. This is because the particles accumulated in the MMRs 

contribute importantly to the SED. The system with 10Mj„p at 1 AU, however, 

is not significantly brighter than the system without planet. This does not mean 

that the analytical square profiles are sufficient for lOMjup at 1 AU, because as we 

saw above, Fempty gap/Fanalytical gap 30. The Tatio Fplanet/Fno planet Very cloSe 

to 1, for A>80 /um for IMjup at 1 AU, and A>24 /^m for 10Mj„p at 1 AU. In this 

wavelengths ranges, either the effect of the particles accumulated in the resonances 

is not important, or their effect on the SED is balanced by the depletion of hot 

grains close to the star. 

The "partial gap" and "empty gap" models are very similar for lMj„p at 

1 AU (Fpartial gap/Fempty gap ~ 1; dotted Uues). For a 10Mj„p planet at 1 AU, 

Fpartiai gap/Fempty gap ~ 3, for A<20 /xm. But in this case, our models indicate 

that the number of particles that drift inward is probably 0, with an uncertainty 

smaller than 10%, which means that Fpartiai gap/Fempty gap is probably overestimat

ing the uncertainties in the prediction of the SED. We conclude from the small 

Fpartiai gap/Fempty gap values that the Uncertainties in our dynamical simulations, 

due to the small number of particles studied, do not affect the modeling of the 
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SEDs arising from dust disks with a planet at 1 AU. In other words, the number 

of particles in our simulations (N~100) is sufficient to model these systems with 

close-in planets. 

As we saw before, for IMjup at 1 AU the accumulation of dust grains in 

the MMRs with the planet can increase the flux up to a factor of 100 compared to 

the flux arising from a disk with a simple square profile. For at 5 AU, the 

maximum Fempty gap/Fanalytical gap decreases from ~100 to ~30, and therefore the 

accumulation into the MMRs is not as important as at 1 AU (the particles are colder 

and their contribution is less dominant). But the difference between the "partial 

gap" and "empty gap" models is more pronounced at 5 AU (Fpartial gap/Fempty gap 

~3~10 for IMjup and 10^30 for lOMj^p) than at 1 AU (Fpartiai gap/Fgrnpty gap '^1 

\Mjup and 3 for 10Mj„p). [The number of particles that drift inward for 10Mj„p 

at 5 AU is probably 0 and not subject to the 10% uncertainty, so the factor of 

10-30 is probably overestimated.] We conclude that the dynamical models are 

necessary to study the SEDs arising from systems with planets of 1-lOMj„p at 

5 AU, because by not considering the particles accumulated in the MMRs, the 

SED can be underestimated by a factor of 30. But unlike the 1 AU models, the 

number of particles that we have used in our simulations (N~100) is not sufficient 

because a 10% uncertainty in depletion factor yields to a factor of 3-10 and 10-30 

( o v e r e s t i m a t e d )  i n  f l u x  f o r  1  a n d  l O M r e s p e c t i v e l y .  

The models at 30 AU represent a system with a narrow ring of dust produc

ing planetesimals just outside the planet's orbit. If a fraction of the dust particles 

drift inward, even if it is small, the shape of the SED is similar to the one arising 

from a system without planets. This is because like in the models without planets, 

there is no structure for a wide range of astrocentric distances. If the particles are 

held back (by trapping in resonances and gravitational scattering), the SED shows 

a large deficit in the mid-IR flux (whose wavelength depend on the location of the 

ring) that makes it very distinct from the SED from a system without planets (see 
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large minimum for Fpianet/'Fno planet in Figures 5.8 to 5.17). 

The "empty gap" and "analytical gap" models are very similar when the 

planet is at 30 AU, i.e. the accumulation of particles in the MMRs do not dominate 

the shape of the SED for planets at this distance. However, the "partial gap" models 

are very different from the "empty gap" models, with the 10% uncertainty in the 

number of particles that drift inward leading to a factor of 100-3000 difference in 

flux (Fpaj-iial gap/Fempty gap ^ 100, for IMj^p and Fpjjj-jja; gap/Fempty gap ~ 1000"3000, 

for 10Mj„p). Because the SED is very sensitive to the number of particles that drift 

inward, this number needs to be determined precisely by dynamical models; the 

large factors indicate that the number of particles in our simulations (N~100) is 

not sufficient to study systems with planets of l-10Mj„p at 30 AU. 

The ratio Fpianet/Fno planet Can reach 0.3 for lMj„p at 1 AU, and 0.1 for 

lOMjup at 1 AU. This decrease is due to the fact that for the more massive planet 

the gap is larger {iCgap^O.S AU for IMj^p, and ~ 1.6 AU for 10Mj„p; see Figure 5.2), 

and more empty (larger number of particles are ejected). The different depletion 

factors explain why a disk with \Mjup at 1 AU (5 AU) is brighter than a disk 

with lOMjup at 1 AU (5 AU) by a factor of 3-10 (for A<10 /xm for carbonaceous 

and Fe-rich silicate grains; and A between 10-24 /im for Fe-poor silicate grains). 

The different gap radius makes the disk with a lMj„p at lAU be 100 (3000) times 

brighter than a disk with IM jup at 5 AU (30 AU) (for A<24 /im, if the grains have 

carbonaceous and Fe-rich silicate composition; and A<50 jim., if they have Fe-poor 

silicate composition). 
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5.5 Predicted Spitzer Broadband Colors 

We have calculated expected Spitzer broadband colors. In principle, the SEDs 

in Figures 5.8 to 5.17 should contain all the information given by the color-color 

diagrams. However, the advantage of these diagrams is that one can compare easily 

the results arising from many different models, allowing to explore more efficiently 

the parameter degeneracies in the model SEDs. In particular, we are interested 

in exploring the effects of planet mass and location, particle size distribution and 

composition, and the depletion factor inside the gap cleared by the planet. 

The central bandpass wavelengths are 4.51 fim and 7.98 /im (IRAC), and 

23.68 /um, 71.42 ^vn and 155.9 /xm (MIPS)^. In addition, we have integrated the 

SEDs using square profiles centered at 13.2 jim. and 32.5 /^m, with widths of 1.6 

lira and 5.0 /im (for the IRS observations). These widths are chosen to avoid the 

bad segments of the IRS instrument and the long-wavelength tail of the 10 jim 

SiO feature. Figure 5.18 shows five different combinations of color-color diagrams. 

Each panel corresponds to a different grain chemical composition (6 in total). The 

upper 6 panels are for "empty gap" models, while the lower 6 panels correspond to 

"partial gap" models. The q value indicated at the top of the panels is the index 

of the power law size distribution of the grains. We present results for g=2.5 and 

q=3.5. The different symbols correspond to different planetary systems. 

The types of planetary systems that can be distinguishable from one another 

based on their Spitzer colors are listed in Table 5.4. The main results are the 

following: 

1. The colors considered here can be used to diagnose the location of the planet 

(in the 1-30 AU range) and the absence/presence of planets. 

^Spectral responses are available at http://ssc.spitzer.caltech.edu/irac/spectral-response.html 

and http://ssc.spitzer.caltech.edu/mips/spectral_response.html. 

http://ssc.spitzer.caltech.edu/mips/spectral_response.html
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2. Except for one particular case, in general it is not possible to diagnose the 

mass of the planet (in the 1-lOMj„p range) based on these colors. 

3. If the disks are composed of carbonaceous grains (C400 and ClOOO), the dif

ferent planetary systems considered have indistinguishable Spitzer colors, i.e. 

the higher the carbonaceous content the more difficult it is to diagnose plan

etary systems from their colors. 

4. If instead of "empty gap" models we consider "partial gap" models, where 

10% of the particles drift inward, most of the planetary systems in Table 5.4 

become indistinguishable from one another. It is important to keep this in 

mind when looking at the results in Table 5.4 involving planets at 5 or 30 

AU, as in these cases our dynamical models do not contain enough particles 

to determine precisely how many of them drift inward (so we are subject to a 

10% uncertainty). 

5. In some cases (see Table 5.4), two planetary systems that are distinguishable 

for one index of the power law for the grain size distribution, are not distin

guishable when using a different index (^=2.5 versus g=3.5). This, together 

with the fact that different compositions yield different results (see e.g. how 

different are the colors for MgSiOs grains compared to the other composi

tions), complicates the analysis of the colors, as the particle size distribution 

and chemical composition are not known. 

6. 24/im/32yum and 70//m/160/um colors are not useful to distinguish among the 

planetary systems considered in this study (l-10Mj„p at 1-30AU). 

5.6 Conclusions 

In anticipation of future observations of unresolved debris disks with Spitzer, we 

are interested in studying how the structure carved by planets affects the shape of 
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Table 5.4: List of planetary systems with distinct Spitzer colors. Notation; 
"1,5AU—30AU" means that the models with the planet at 1 or 5 AU are dis
tinguishable from the models with the planet at 30 AU. lJupl is a IMjup planet at 
1 AU. All results refer to "empty gap" models. 
a; only valid for q—IJb 
b: only valid for q=3.5 

Composition Aum/Sfim 8//m/13/^m 8//m/24/xm 

MgSiOa 1,5,30AU—no pi lJuplAU—lJup30AU'' 30AU-—no pi 
lJuplAU—IJupSAU*^ 1,5AU--30AU 

lAU—30AU 
5AU—nopl 

Mgo.6Feo.4Si03 lAU—5AU" l,5AU,no pi—SOAU'^ 
1AU™30AU 
5AU—no pi" 
30AU—no pi 

lJup5—lOJupS'' 
MgFeSi04 lAU—30AU'' 

Mgi.9Feo.iSi04'' lAU—5,30AU'' 
5,30AU—no pi" 



Composition 13/um/24//m 24//m/70/^m 

MgSiOs 1,5AU—30AU lJupl—lJup30'' 
30AU—no pi 

MgFeSi04 lJupl—lJup30^ 
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the disk's SED, and consequently if the SED can be used to infer the presence of 

planets. We numerically calculate the equilibrium spatial density distributions of 

dust disks composed of different grain sizes, originated by a belt of planetesimals 

similar to the KB and in the presence of interior giant planets in different planetary 

configurations. A radiative transfer code is used to generate their corresponding 

SED for a representative sample of grain chemical compositions. The goal is to 

find the main parameter degeneracies in the model SEDs and the distinguishing 

characteristics between the SEDs of different planetary configurations. 

In practice, the modeling of an observed SED is done by using simple 

analytical surface density distributions defined by parameters that can be varied 

to fit the observations. However, these parameters cannot be chosen arbitrarily, 

independently from the SED of the embedded star or the dust grain properties. A 

self-consistent combination of numerical models for the simulation of debris disk 

dust density distributions (that take into account the interplay between the central 

star SED, the grain properties and the dust dynamics), and a radiative transfer 

code is needed for the calculation of the dust disk SED. Our models indicate that 

for close-in planets (lAU), an important parameter to consider is the enhancement 

factor in a ring-like structure located outside the planet's orbit, and related to the 

number of particles accumulated in the MMRs. Hot Jupiters can trap dust particles 

in MMRs at small astrocentric distances. These particles are hot and can have an 

important contribution to the SED. Trapping in resonances can therefore make the 

disk to look brighter, facilitating its detection, but it also makes a disk with an 

inner planet less distinguishable from a disk without planet, as the clearing of hot 

dust inside the planet's orbit (and its corresponding decrease of the near-mid-IR 

flux) is compensated by the trapping of particles in MMRs. For planets at larger 

semimajor axis (5 AU and 30 AU), the important parameter to consider is the 

density drop interior to the planet's orbit, related to the fraction of particles that 

are able to drift inward. These two parameters, describing the density enhancement 
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and the density drop, depend on the mass and location of the planet, and can only 

be estimated using dynamical simulations. We conclude that: (1) dynamical models 

are necessary to study the SEDs arising from debris disk systems with embedded 

planets of l-lOMj^p at 1-30AU; and (2) the number of particles in the dynamical 

simulations presented here (N~100) is sufficient to study systems with planets at 1 

AU, but for the study of planets at 5 AU and 30 AU we need to increase the number 

of particles in our simulations in order to improve the statistical uncertainty in the 

number of particles that drift inward to better than 10%. 

The SED of the dust disk depends on the grain properties (chemical com

position, density and size distribution) and the mass and location of the perturbing 

planet. The SED of a debris disk with interior giant planets is fundamentally dif

ferent from that of a disk without planets, the former showing a significant decrease 

of the near/mid-IR flux due to the clearing of dust inside the planet's orbit. The 

SED is particularly sensitive to the location of the planet, i.e. to the area interior 

to the planet's orbit that is depleted in dust. However, there are some degeneracies 

that can complicate the interpretation of the SED in terms of planet location. For 

example, the SED of a dust disk dominated by Fe-poor silicate grains has its min

imum at wavelengths longer than those of a disk dominated by carbonaceous and 

Fe-rich silicate grains. Because the SED minimum also shifts to longer wavelengths 

when the gap radius increases (owing to a decrease in the mean temperature of the 

disk), we note that there might be a degeneracy between the dust grain chemical 

composition and the semimajor axis of the planet clearing the gap. For an exam

ple, notice the similarities in the shape of the SEDs arising from a dust disk with 

a 3 Mjup planet at 1 AU and dominated by MgSiOs grains, and a disk with a 3 

Mjup planet at 30 AU and dominated by MgFeSi04 grains (see Figure 5.19). This 

illustrates the importance of obtaining spectroscopy observations able to constrain 

the grain chemical composition. 

We saw that for planets at 5 and 30 AU, the difference in the SED arising 
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Figure 5.19: Possible degeneracy between the grain chemical composition and the 
location of the planet clearing the gap. Solid line: SED of dust disk composed 
of MgSiOs grains with a 3Mjup planet at 1 AU; dashed line: same for MgFeSi04 
grains with a 3Mj^p planet at 30 AU. In both cases g=2.5. 
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from a disk with an empty gap interior to the planet's orbit, and a disk with an 

inner hole that is 90% depleted, is large. This means that the SED is very sensitive 

to the depletion factor inside the gap. Because this depletion factor depends largely 

on the planet mass, in principle one should be able to use SEDs to diagnose masses 

of planets at large astrocentric distances. To do that we would need to increase the 

number of particles in our dynamical simulations. Based on the depletion factors 

obtained from our models, we expect that the planetary masses that one would be 

able to study with this method would range from >lMjvep to 3Mj„p. Anything 

larger than would create an almost empty gap, being indistinguishable from 

one another. A IMjVep planet at 30 AU ejects <10% of the particles, so the efect of 

a less massive planet would probably be difficult to detect. At 1 AU, the SED of 

the disk seems to be more insensitive to the depletion factor (because as mentioned 

above, its effect on the SED is balanced by the particles in the MMRs). This means 

that it would be difficult to diagnose the mass of a close-in planet based on the SED 

of the dust disk. 

The gaps and azimuthal asymmetries observed in high resolution images of 

debris disks suggest that giant planets may be present in these systems. Because 

debris disk structure is sensitive to a wide range of planet semimajor axis, com

plementing a parameter space not covered by radial velocity and transit surveys 

(sensitive only to close-in planets), the study of the disk structure can help us learn 

about the diversity of planetary systems. Even when spatially resolved images of 

the disk are not available, we have seen that its SED may contain the signatures of 

the underlying planets. The SED can therefore be a valuable tool for detecting and 

even constraining the mass and location of the planet. 
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CHAPTER 6 

Future Work 

In the near future I would like to generate a grid of models to explore, over a wide 

range of planetary architectures, how planets affect the structure and evolution 

of debris disks. For each planetary system in the grid I will calculate: (1) scat

tered light and thermal emission images that will be useful to map the debris disk 

structure observed by high-sensitivity and high-spatial resolution telescopes (like 

HST, KecklF, LBT, JWST, SOFIA and ALMA) to the parameters of the unseen 

planetary perturbers; (2) SEDs that will be useful in identifying the signatures of 

planets in the SEDs of unresolved debris disks soon to be observed by Spitzer. I 

also plan to carry out detailed calculations for particular cases where the disk is 

observed and is spatially resolved, and whose SED indicates that planets may be 

present. This will allow me to compare the information derived from the SED alone 

to that derived from the resolved image, important for understanding the limitations 

of the characterization of planetary architectures based on unresolved debris disks 

only. Finally, I will study the dynamics of dust in younger disks (10-100 Myr), 

estimating how much gas a disk needs to have in order to destroy the structure 

created by the planets. 
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6.1 Study of Debris Disk Structure over a Wide Range of Planetary 

Architectures. 

I propose to create a grid of models to carry out a more exhaustive and unbiased 

study on how the presence of giant planets, over a wide range of planetary ar

chitectures, affects the structure and evolution of debris disks. By exploring the 

parameter space, I will be able to discern how the spatial structure and particle 

size distribution of the dust particles depend on the orbital parameters and dust 

production rates of the planetesimals, and the orbital parameters and masses of the 

perturbing planetary bodies. A self-consistent approach will involve the following 

steps: 

• Select a representative set of planetary architectures (determined by the or

bital elements and masses of the planet/s, and orbital elements of the dust-

producing planetesimals). We will start with single planet systems, with semi 

major axis in the range 1-30 AU, eccentricities 0-0.7, and planet masses 0.1-10 

Mj„p. For each of these cases, three types of planetesimals will be considered: 

inner and outer belts, analogous to the asteroid and Kuiper belts in our So

lar System, and a "trojan" population in 1:1 resonance with the planet. [It 

is estimated that in the Solar System the total mass in the trojan asteroids 

may be similar to the mass in the rest of the asteroid population]. The inner 

and outer edges of the belts will be determined using dynamical analytical 

considerations and numerical models to ensure that the planetesimals are on 

stable orbits. Their distribution of eccentricities and inclinations will be cho

sen to take into account the mutual gravitational interaction of the swarm of 

planetesimals, and the gravitational perturbation by the planet. 

• Derive the steady state spatial distribution of dust for a wide range of 

particle sizes. Using the same approach as in the previous chapters I will follow 

numerically the evolution of several hundred of dust particles originating in the 
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planetesimal populations defined above, under the combined effects of stellar 

gravity, stellar radiation pressure, Poynting-Robertson (P-R) and stellar wind 

drag, and the gravitational forces of the planet/s. This will allow me to derive 

the steady-state distribution of dust grains of different particle sizes. 

• Normalization to ^Hrue" dust production rates. The number density distribu

tions derived above for each particle size and planetary architecture need to be 

scaled using realistic dust production rates. We will produce dust production 

rates as a function of distance from the central star, that are consistent with 

the dynamics of the planetary system under consideration (i.e. the distribu

tion of eccentricities and inclinations of the planetesimals and the mass and 

orbital parameters of the planet). 

• From dust spatial distribution to scattered light and thermal emission 

images. For each planetary architecture, I will combine different particle 

sizes to produce scattered light and thermal emission images. Of particu

lar interest are the longer wavelengths, where observations can constrain the 

amount of material further away from planet, and where the emission of the 

larger dust particles, the ones that show more prominent structure, domi

nate. These modeled images will be useful to map the debris disk struc

ture observed by high-sensitivity and high-spatial resolution telescopes like 

HST, KecklF, LBT, JWST, SOFIA and ALMA, to the parameters of the un

seen planetary perturbers. 

6.2 SEDs: Looking for Planets in Spatially Unresolved Debris Disks. 

Preliminary studies, like the ones shown in Chapter 5, show that, for a representative 

sample of grain compositions, the SED of a dust disk with embedded planets is 

fundamentally different from that of a disk without planets, the former showing 

a significant decrease of the mid IR flux due to the clearing on dust inside the 
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planet's orbit by gravitational scattering with the planet. In anticipation of future 

observations of unresolved debris disks with Spitzer, we are interested in studying 

how the structure carved by the planets affects the shape of the disk's SED, and 

consequently if the SED can be used to infer the presence of planets. The radial 

distribution of dust derived for each planetary architecture and particle size in the 

grid, will be used as input for a detailed radiative transfer code that takes into 

account scattering, absorption and reemission of the stellar radiation by the dust 

grains. The resulting SEDs will be combined to allow for a distribution of grain sizes 

and compositions. These SEDs will serve as templates to which one can compare 

the dust distributions derived from the Spitzer observations for their interpretation 

in terms of planetary architectures. This grid of SEDs will help us: (1) investigate 

how the presence of planets affects the debris disk's SEDs by comparing systems 

with planets and without planets; (2) determine what information could be derived 

from an observed SED in terms of planetary and planetesimal orbital elements, dust 

composition and particle size distribution; and (3) evaluate the degeneracy of the 

problem by determining what types of systems yield distinguishable SEDs, as it is 

expected that in some cases different planetary architectures will result in similar 

SEDs. 

6.3 Detailed Modeling of Individual Spatially Resolved Disks. 

By comparison with the grid of images and SEDs, observers will be able to discern 

quickly whether or not massive planets may be present in their data, giving a range 

of possible parameters. But a unique dynamical calculation for each particular case 

will be needed to get precise estimates of the planet mass and orbit. I plan to 

carry out these detailed calculations for few particular cases where: (1) the disk is 

observed by Spitzer and its SED indicates that giant planets may be present; and (2) 

the disk is observed and is spatially resolved (with e.g. HST or LBT in scattered 
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light and/or thermal emission at (sub)millimeter wavelengths). The modeling of 

these observations will allow me to: (1) compare the information derived from the 

SED alone to that derived from the resolved image, important for understanding the 

limitations of the characterization of planetary architectures based on unresolved 

debris disks only; and (2) break the degeneracy expected from the analysis of the 

disk SED by obtaining resolved images in one or more wavelength. 

6.4 Intermediate Age Disks: Effect of Gas Drag. 

The models described above are focused on the study of mature debris disk systems, 

where most of the mass is locked in planets that are in stable orbits and therefore 

are not themselves a source of dust by collisions. In these systems, gas drag and 

mutual grain collisions do not play an important role in the dynamical evolution and 

consequently the spatial distribution of dust particles. However, intermediate-age 

systems (10-100 Myrs) are very interesting because the mass is not excessively con

centrated in large bodies, implying that lots of collisional activity could be present 

in an epoch where terrestrial planet formation may be taking place. These middle-

aged disks have gone undetected so far, but it is expected that Spitzer, with its 

unprecedented sensitivity, will be able to observe them. I plan to study the dynam

ics of dust particles in these disks, where gas drag and mutual grain collisions play 

an important role in the shaping of the disk's structure. It is estimated that when 

only 1% of the primordial nebula is left, grains of size 1 cm or less are affected by 

gas drag. If the gas content decreases by another four orders of magnitude, grains 

of 1 fxxn size or smaller are still affected. Detailed modeling of these disks would 

require dealing with gas hydrodynamics and dust dynamics simultaneously. A much 

simpler approach in which we do not follow the gas, would be to introduce its effect 

by means of a drag parameter that depends on the gas density. Using this approach 

I will estimate how much gas a disk needs to have in order to destroy the structure 
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created by massive planets. This will be important for interpreting correctly the 

SEDs of unresolved debris disks which show signatures of a massive planet (e.g. by a 

significant decrease of the mid IR flux) but for which H2 lines are also present. One 

needs to keep in mind, however, that the modeling of these systems may be very 

complex, as collisional dust-production events may be stochastic, so a steady-state 

approach (as the one taken for mature systems) is not appropriate. Furthermore, 

the SED of such disks may depend strongly on where the dust production is taking 

place, and not so much on where the large perturbing bodies are. 
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