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ABSTRACT OF THE DISSERTATION

Debris Rings from Extrasolar Irregular Satellites

by

Kevin T. Hayakawa
Doctor of Philosophy in Astronomy and Astrophysics
University of California, Los Angeles, 2022
Professor Bradley M. Hansen, Chair

Irregular satellites are the minor bodies found orbiting all four Solar System giant planets, with
large semimajor axes, eccentricities, and inclinations. Previous studies have determined that the
Solar System’s irregular satellites are extremely collisionally evolved populations today, having lost
~99 per cent of their initial mass over the course of hundreds of Myr. Such an evolution implies
that the irregular satellites must have produced a population of dusty collisional debris in the past,
which is potentially observable due to the resulting reprocessing of stellar light. In this dissertation
we examine the signatures of the debris discs produced by extrasolar analogues of this process.
Radiation pressure, quantified by the parameter g, is the driving mechanism behind the liberation
of dust grains from the planetary Hill sphere, and results in the formation of circumstellar dust
rings, even in the absence of an underlying belt of asteroids in the system. Our simulated discs
reproduce many of the same features seen in some classes of observed debris discs, such as thin
ring morphology, a large blowout size, and azimuthal symmetry. We compare our simulated discs’
radial profiles to those of the narrow dust rings observed around Fomalhaut and HR 4796A, and

show that they can broadly reproduce the observed radial distribution of dust.
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CHAPTER 1

Introduction

Planet formation is a dynamic process, wherein the growth of planets is accomplished via a
prolonged history of interactions between smaller bodies, leading to scattering and collision (e.g.,
Lissauer 1993). This process is particularly important during the latter stages of planetary assembly,
as planetary systems settle down into their final configurations. Indeed, the process of dynamical
clearing is thought to continue for some time after planets have reached their final masses, as the
remnants of the source population are ground down and removed from the system (e.g., Goldreich
et al. 2004). Stars in this stage of development often show evidence for extended, tenuous,
populations of dust (Wyatt 2008). These dust grains scatter and re-radiate light from the central
star, and can be observed either by looking for infrared excesses or by imaging in scattered light.
The lifetime of dust in such systems is short, limited by radiation pressure and Poynting-Robertson
drag (e.g., Burns et al. 1979), but the observation of this material offers essential insights into the

architectures of newly formed planetary systems.

As aresult, there have been substantial efforts to image such debris systems directly (see Hughes
et al. 2018, for a recent summary). The results show a wide range of morphologies, from extended
discs (e.g. those around 7 Ceti and HD 141569) to very narrow rings, such as those around the stars
Fomalhaut, HR 4796A, and HD 141011. The variation in appearance presumably indicates some
complexity in the evolution and outcome of the planetary assembly process, and there exist detailed
models for the kinds of outcomes to expect (Wyatt 2008; Krivov 2010; Kenyon and Bromley 2016;
Lee and Chiang 2016; Bonnefoy et al. 2021).

Debris discs are usually modelled with a source population as a belt of planetesimals undergoing



collisional evolution, where the velocity dispersion is stirred either by the development of larger
bodies within the belt, or as the result of perturbations from planets in the system (e.g., Wyatt
2008). These are natural analogues of the Solar system dust generated either by collisions in the

Asteroid belt or the Kuiper belt, although the extrasolar systems are much more massive.

However, there is a third Solar System small body population that is thought to have undergone
substantial collisional evolution but has not yet been widely considered in the extrasolar context —
namely the irregular satellites of the giant planets (Jewitt and Haghighipour 2007). Evolutionary
models of this population suggest that it could have been much larger in the past and could have
generated ~0.001 lunar masses of dust per giant planet (Bottke et al. 2010). Indeed, such populations
are thought to be an inevitable consequence of giant planet formation (Nesvorny et al. 2007) and
the possible existence of irregular satellite clouds around extra-solar planets has recently been
postulated to explain the curious properties of the exoplanet candidate Fomalhaut b (Kennedy and
Wyatt 2011; Kenyon and Bromley 2016). These papers have focussed on the production of dust
near the planet, but radiation pressure forces will cause much of the dust to spiral outwards into a
circumstellar ring, and can therefore also contribute to the observed extended structures observed

around many stars.

Therefore, our goal in this paper is to examine the kinds of debris disc signatures one might
expect from a source population initially confined to a planetary Hill sphere, and to explore their
similarities and differences with those that result from more traditional population assumptions.
An alternative to the traditional planetesimal disc model is particularly attractive in the case of the
radially thinnest debris rings, such as those around Fomalhaut and HR 4796 A, where the narrowness
requires additional hypotheses such as shepherd satellites (Boley et al. 2012), instabilities involving
a gaseous component (Lyra and Kuchner 2013) or recent collisions (Olofsson et al. 2019). We will
demonstrate that irregular satellite clouds naturally give rise to narrow rings and may therefore offer
a more natural explanation for these structures, in the sense that the confinement of the original

planetesimal population is due to the gravitational influence of the planet.

The outline of this paper is as follows. In § 2 we describe the dynamics of radiation pressure-



driven dust in the reduced three-body problem, and examine the debris disc geometry that results
if the source population of the dust is initially restricted to a planetary Hill sphere. In § 3 we then
introduce a model for a source population of dust which we combine with the dynamical model to
build a model of a candidate debris disc so that we may explore the observational implications of
this hypothesis. We then compare these features to the present state of the art observations of the

two most prominent thin ring systems — Fomalhaut and HR 4796A —in § 5.



CHAPTER 2

Dynamics of Dust Generated in an Irregular Satellite Swarm

The scattering, absorption, and re-emission of light in a debris disc is the action of dust particles
in orbit about the star. In a traditional debris disc model, this dust is released in collisions between
larger bodies in heliocentric orbits, and so reflects the heliocentric distribution of the parent bodies.
Here we wish to examine the consequences when the dust is released by collisions between bodies
that are localised in orbit around a planet. In addition to the radiation pressure force from the

central star, their dynamics is also regulated by the gravitational influence of the planet.

2.1 Single Dust Grain Dynamics in the Restricted Three-Body Problem with

Radiation Pressure

Dust particles have infinitesimal mass, so their dynamics can be treated accurately within the
paradigm of the restricted three-body problem, sketched out in Fig. 2.1 (Murray and Dermott
1999). However, the stream of photons emanating from the central star is absorbed or scattered
by the dust grains, and exerts a radiation pressure. This means that small particles experience
a non-negligible additional radial force, which reduces the effective gravity of the central object
(Schuerman 1980) and fundamentally alters the geometry of the pseudo-potential that regulates the
dynamics. We can relate this purely radial radiation pressure force to the stellar gravitational force

using the formalism of Burns et al. (1979) as follows,

G(1-8)Mm, GMym ,
F=—%r13— 22 P23, 2.1)

"3 T3
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Figure 2.1:  Schematic of the restricted three-body problem. The x- and y-axes make up the
co-rotating centre-of-mass frame, rotating at an angular velocity n, centered at point O. The x’-
and y’-axes make up the inertial centre-of-mass frame. M; and M; are massive bodies with the

third body located at point P.



where G is the Newtonian gravitational constant, 8 = |Fraq|/|Fgray| is the relative strength of
radiation pressure compared to stellar gravity, M, is the stellar mass, m is the dust grain mass, 713
is the distance from the grain to the star, r»3 is the distance from the grain to the planet, 73 is the
radial unit vector away from the star toward the grain, and 73 is the radial unit vector away from
the planet toward the grain. For S > 0, the dust grains behave as if they ‘see’ a star of reduced mass
(1-pM..

The parameter S reflects the strength of the radiation pressure, and can be more precisely

quantified as

:8 — 3L*<Qrad>
8nGM,.cpD’

(2.2)
where L, is the stellar luminosity, (Q:r.q) is the wavelength-averaged radiation pressure coefficient,
c is the speed of light, p is the mass density of grains, and D is the diameter of the grain.
This S can be thought of as a proxy for grain size D if we assume a constant mass density p
among dust grains, since (Qr,q) is of order unity. Koschny and Griin (2001) performed laboratory
experiments involving collisions between silicates and found the mass density of resulting grains to

be p = 2.8 gcm™>. We assume a value for (Qraq) ~ 0.5 as a rough average from Liu and Schmidt

(2018). B can thus be evaluated as

p=07(im) st i) @3

where we have assumed typical values of luminosity and mass of an A-type star such as Fomalhaut.
The dynamics of the test particle in the co-rotating frame of the reduced three-body problem is
governed by a pseudo-potential that accounts for both the gravity of the two massive bodies and the

centrifugal force (Murray and Dermott 1999). The pseudo-potential defines a set of ‘zero-velocity

curves’ which restrict the motion of a test particle, depending on its initial conditions.

The fact that the radiation pressure only scales the effective mass of the central star means that

the same formalism applies here, but the revision of the coefficients in the pseudo-potential results

6
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Figure 2.2: Panel (a): forbidden zone (in blue) for a Jacobi constant of C; = 3.038 when radiation
pressure is not included (B8 = 0). Panel (b): forbidden zone (in blue) for a Jacobi constant of
C; = 3.824 when radiation pressure is taken into account (8 = 0.1). The orange circle (not to
scale) represents the location of the giant planet. In panel (a), we note that the Hill spheres of the
star and planet overlap at the L; Lagrange point. Thus, dust grains originating in the planetary Hill
sphere are permitted to escape into a circumstellar orbit. In contrast to panel (a), we note that in

panel (b), there is now an opening at the L, Lagrange point for the dust grains to escape from.



in an important qualitative difference. Although the direct gravitational force felt by the dust is
reduced by the radiation pressure, the orbital velocity of the planet is not similarly affected, and
so the relative contributions of the three different components of the pseudo-potential change with
B. In particular, at fixed mass, there is a critical 8 above which the L, point becomes the global
potential minimum (instead of L1, as in the 8 = 0 case). This distinction is important because it
is this minimum that decides the direction in which dust, grinding down in a collisional cascade,

leaves the Hill sphere and enters heliocentric orbit.

To illustrate the effects of this change in geometry, let us consider two different physical
scenarios: one where radiation pressure is not important (i.e., turned ‘off,” g = 0) as in panel (a)
of Fig. 2.2 and another where radiation pressure is important (i.e., turned ‘on’) as in panel (b)
of Fig. 2.2. Without loss of generality, we take 8 = 0.1 for the radiation pressure scenario. If
we wish to derive the minimum velocity of escape, we see that, in panel (a), particles will more
readily escape through the L; Lagrange point than L,. This behavior is well studied, such as in the
case of Roche lobe overflow where mass transfer can occur between two bodies in a binary system.
However, when radiation pressure is non-negligible, we see in panel (b) that the lowest velocity
particles to escape now overflow L,. Thus, the addition of radiation pressure into our equations of
motion changes the physics from accretion on to the star to ejection of material outside the orbit
of the planet. This is a consequence of the weakened effective gravity of the central star, which
shifts its contribution to the pseudo-potential inwards and changes the relative heights of the L
and L, points. In Appendix A we review more thoroughly how this change in topology occurs as

B is changed.

There are essentially three fates for a dust grain: (i) accretion on to the planet, (ii) accretion on to
the star, or (iii) escaping to infinity. Depending on the initial conditions, the dust grain may simply
spiral into the planet after an irregular satellite collision, coating the planet, and any satellites, with
dark dust and affecting its albedo (Burns et al. 1979; Bottke et al. 2010). Accretion on to the star
may occur as the result of another radiation-related process: Poynting-Robertson (PR) drag. This

is a consequence of the loss of angular momentum due to reradiation of absorbed energy by the



dust, but is not taken into account here because it occurs on a longer time-scale than the direct

dynamical effects of radiation pressure, and generally affects large particles more.

For our purposes, the most important outcome is escape from the Hill sphere through the L,
point. Although the eventual outcome is escape to infinity, orbital integrations show that many
trajectories spend multiple orbital periods in the vicinity of the outer edge of the relevant zero-
velocity curve, before eventually spiralling outwards. This extended period of quasi-regular orbital
behaviour thus gives rise to the observational appearance of a thin ring, allied with an exponential
tail of orbits that extend out much farther. Such a configuration bears a qualitative resemblance
to the ‘birth ring + halo’ model of many debris systems and we will examine its observational

consequences below.

2.2 Sample Orbital Integrations

To better understand how this change in geometry reflects itself in orbital behaviour, let us examine
the behaviour of a few representative test particles before building a large ensemble population.
We perform our numerical integrations using the MErRcURY N-body integrator (Chambers 2012).
We start with the simplest case of 5 = 0, which represents a particle that is too large for radiation
pressure to have an appreciable effect. Each particle originates in the Hill sphere of its parent planet,
and receives a 3-D velocity vector of magnitude v;, whose direction is oriented randomly. (We
also investigated the effects of preferring prograde or retrograde orbits for our initial conditions,
but found no significant change in the results compared to randomly oriented orbits.) After a few
orbits around the planet many grains slip through the L.; Lagrange point and ‘bounce’ along the
inner edge zero-velocity curve. After several excursions around the star, the grain returns to the
Hill sphere through the L orbit in a messy, rapidly precessing orbit. In the absence of a dissipative
mechanism, this behavior basically repeats itself over time, with the grain being gravitationally
shared by the star and the planet. On longer time-scales, Poynting-Robertson drag will eventually

decouple the particle from the Hill sphere and it will spiral into the star.
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Figure 2.3: Orbital trajectory of a single 1 um dust grain (in blue) overplotted on its respective

B = 0.1 zero-velocity curves (in black). The orbits are shown at various evolutionary stages:

t = le2 yrin panels (a)—(b), t = le4 yrin panel (c), and # = 1e5 yr in panel (d). Panel (b) represents

a zoom-in of panel (a).
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Figure 2.4: Zero-velocity curves for both the classic restricted three-body problem (8 = 0) and

with moderate radiation pressure included (8 = 0.1), as representative examples for a mixed mass

ratio of M/M; = 0.001. The left and right columns represent zoomed in versions of the respective

red squares shown in the middle column. The top row shows the contours for the minimum Jacobi

constant that arises from the initial conditions while the bottom row shows that contours for the

maximum Jacobi constant. Thus, all possible Jacobi constants fall between these two extrema. The

main two findings here are that the forbidden zone thickness increases with increasing radiation

pressure, but the radii of both the inner and outer edges of the forbidden zone shrink with increasing

radiation pressure, as seen in the left column. In other words, the radius of the outer edge of the

forbidden zone shrinks less than that of the inner edge.
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Next we examine the case of radiation pressure turned ‘on’ with an intermediate strength of
B = 0.1. The path of such a particle is shown in Fig. 2.3, for the case of a Jupiter mass planet on
a circular orbit of semi-major axis 5 au. In this case, the particle spirals outwards — rather than
inwards — and makes several cardiod-shaped excursions, roughly several planetary semimajor axes
in size, as shown in panel (a). This is a consequence of the aforementioned change in the geometry
of the pseudopotential, as shown in panel (b). Like in the 8 = 0 case, the grain will occasionally
come to a sharp halt along the predicted zero-velocity curve. However, the fundamental alteration
of the forbidden zone, caused by the addition of radiation pressure, means that the ‘collision’ occurs
with the outer edge of the zero-velocity curve, not the inner one. In panel (c), we see that after a
moderate number of dynamical time-scales, this behavior essentially repeats itself since the orbits
all stay within ~15 au. However, in panel (d), after a large number of dynamical time-scales, we
see that the eccentricity of the grain has been pumped up dramatically, reaching an apoapsis up to

~75 au, until it is effectively ejected from the system.

These sample integrations illustrate that the dynamics of particles released from the planetary
Hill sphere under the influence of radiation pressure can reproduce the basic birth ring configuration
of debris disc models, even without the underlying birth ring of planetesimals. We wish now to
expand this into a proper model for debris discs. This means we need a more detailed source
model, which will link the properties of the dust to the new underlying planetesimal population —

the irregular satellite population. This is the focus of § 3.

2.3 Forbidden Zone Thickness as a Function of Radiation Pressure

An interesting question is to ask how the results of our simulations will change depending on planet
mass, since the study of exoplanets around nearby stars has discovered a great variety in planetary
properties. The solutions to the restricted three-body problem depend not just on the mass of the
secondary body (the planet), but specifically on the mass ratio of the secondary body to the primary

body (u = M/M,). Thus, a Saturn-like planet orbiting an M dwarf may have similar dynamics to
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those of a Jupiter-like planet orbiting a Sun-like star, if both systems have a mass ratio of u ~ 0.001.

Increasing radiation pressure generally has the effect of increasing the forbidden zone thickness
as seen in the first column of Fig. 2.4. However, while the overall thickness increases, we can see
that the radii of both the inner and outer edge of the forbidden actually decrease. In other words,

the radius of the outer edge is decreasing by a smaller amount than that of the inner edge.

For a more comprehensive look at how the forbidden zone changes as a function of both radiation

pressure strength and mass ratio, interested parties may refer to the discussion in Appendix B.
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CHAPTER 3

Generation of Dust in an Irregular Satellite Swarm

We assume that the particles whose orbits we track originate from collisions between irregular
satellites orbiting around the giant planet. Irregular satellites revolve around their parent planet
at relatively large distances compared to other moons (e.g., Bottke et al. 2010), so it is natural to
characterize their distances in units of Hill radii, given by Ry = ap,[Mp/(3M.)] 173 where ap is the
planetary semimajor axis and M), is the planetary mass. The original orbits of irregular satellites are
believed to be roughly isotropically distributed (Jewitt and Haghighipour 2007), so we investigate
both prograde and retrograde orbits around the parent planet, which are typically found at r;3/Ry
values of ~ 0.1 to 0.5, where r»3 is the distance between the planet and the dust grain. Thus, we

use those upper and lower limits to randomly generate starting locations for the dust grains.

We divide the discussion of initial velocities into magnitude and direction. We take the
magnitude of the velocity to be the Keplerian circular velocity at the debris’s respective distance
from the planet. Since it is a spherically symmetric cloud, we assume that the direction of the
dust grain’s velocity unit vector is random. Specifically, in polar coordinates 6 and ¢, cos(6) is
distributed uniformly in [-1,1) and ¢ is distributed uniformly in [0,27). We find no significant
difference between the qualitative results for orbits that are initially prograde or retrograde. Since

the Keplerian velocity is given by viep = (GM,/ r23)'/2, the initial velocities are given by

723 )‘1/2

Vkep = (2.248 km S_l)(%)l/z(O.S Ru

J

3.1

where Mj is the mass of Jupiter.

14



3.1 Rate of Dust Generation

A population of irregular satellites will generate a collisional cascade, in which planetesimals
are ground down to micron-sized dust grains. Collisions between the largest collisionally coupled
bodies of size D,y initiate the cascade, creating numerous medium-sized bodies that further collide
with each other to produce successively smaller bodies. In the traditional context of a circumstellar
debris disc, the smallest collisionally coupled body’s size Dy, is determined by the strength of the
central star’s radiation pressure, and tends to be about 1 micron. This is often referred to as the
blowout size. Dohnanyi (1969) found that a self-similar, steady-state cascade follows a power law

differential size distribution governed by

dN
- —-q
v o« D74, (3.2)

where D is the spherically symmetric grain’s diameter and ¢ ~ 3.5. A dust grain is no longer in
a bound orbit around the star when the ratio of radiation pressure force to gravitational force is

greater than 0.5 (e.g., Pawellek and Krivov 2015), i.e.,

F rad
F, grav

B > 0.5. (3.3)

In the case discussed here, there is an additional consideration. Fragments from irregular
satellite collisions will continue to participate in the collisional cascade as long as they orbit within
the planetary Hill sphere. However, once the radiation pressure is strong enough for the particle
to escape the Hill sphere, the density of collision targets drops dramatically and the collisional
time-scale becomes large. Thus, the minimum particle size in the cascade is set by the size for
which the residence time within the Hill sphere equals the characteristic collision time for particles
of that size. The residence time here is defined as the amount of time a dust grain spends in the
Hill sphere at a given S before escaping. Conversely, this also sets a minimum S for the particles

in the more extended debris disc and thus regulates their size.
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Figure 3.1:  Characteristic dust grain residence time in the Hill sphere (in blue) — derived

from numerical integration of orbits — and catastrophic collisional time-scale (in green) — from
equation (3.4), both as functions of 8. The intersections of the curves at approximately S = 0.03
represents the critical size at which a dust grain can decouple from the collisional cascade and be

expelled from the Hill sphere.
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We can find the collisional time-scale t.,; for any member of the collisional cascade from
teoll = 1/(noveel), where n is the number density of particles, o is the cross section, and vy is the
relative velocity between impactors. The number density of particles is given by n = N/V, where
N is the number of particles and V is the volume they occupy. Since the irregular satellites are
distributed isotropically in a spherical cloud, we take this volume to be some spherical shell with
the radius the fraction fi, of the Hill radius they occupy: V = fio(Vy = fiot(47/ 3)RI3H. Gravitational
focusing is not important for submillimeter-sized particles, the cross section is just the geometric
cross section: o = (D /2)%. Lastly, we take the relative velocity vy to be of order the keplerian
velocity viep since the orbital inclinations of irregular satellites are randomly oriented. Putting

everything together, we find that the collisional time-scale is

B\12 Mo\l p 12
tc011=(726yr)(0_1) (10—;1)\31L) (1gcm‘3)

(o) ) G ()" 0
rad) \ /2 a\7/2 120 fio
(T ()6 )

where My is the total mass of the collisional cascade, My is lunar masses, aj is the semimajor
axis of Jupiter, f is the orbital radius of the body as a fraction of the Hill radius (f = ry3/Ry). As
long as the residence time f is larger than the collisional time-scale z.o;, we expect the grains to
continue to grind down to smaller sizes, which increases 8 and shortens the residence time-scale.

We calculate f,.s by averaging over a large number of trajectories, as a function of 3.

Fig. 3.1 shows the comparison of characteristic collisional and residence time-scales for the
dust generated in irregular satellite collisions for a Jupiter-like planet orbiting a Sun-like star. At
low B (large particles), the residence time within the Hill sphere is long, because radiation pressure
is weak, but as S increases, the residence time falls sharply as the radiation pressure accelerates
the exodus. Although the collision time also gets shorter with decreasing size, the dependence is
flatter. The net result is that the cascade to smaller size is truncated when S is large enough that the

particles exit the Hill sphere before undergoing any more collisions.
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3.2 Source Model

Our integrations yield a large number of trajectories as a function of time, for different 5. A
realistic model assumes that individual dust grains are generated at a constant rate due to the
collisional cascade initiated by the irregular satellite population. In practice, we achieve this
continuous generation by offsetting the initial time of individual grain trajectories from our library
of integrations. Working within the co-rotating frame ensures that new dust grains will always be
produced in the Hill sphere of the planet. We then track the dynamical evolution of these dust

grains to calculate density profiles of the dust population, as described in the next section.
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CHAPTER 4

Results

The irregular satellite source model for generating dust discs is fundamentally different from the
traditional planetesimal disc source population in that it has a localised source region, confined
within the planetary Hill sphere, from which the material spreads out slowly. In this chapter we
wish to therefore characterise the observational appearance of the resulting dust population, which

we term an ISDD (Irregular Satellite Debris Disc).

4.1 From Circumplanetary to Circumstellar Orbits

Fig. 4.1 shows a snapshot of the positions of N = 750, 000 particles with g = 0.1, integrated for
103 planetary dynamical times (~12,000 yr). The distribution of dust grains can be divided into
circumstellar material and circumplanetary material. The circumstellar material is made up of dust
grains that were able to escape from the Hill sphere whereas circumplanetary material represents
grains that are still trapped in the Hill sphere. Whether or not a dust grain successfully escapes from
the Hill sphere is primarily determined by initial conditions. The role of the zero-velocity curves
from the Jacobi formalism in shaping the distribution of the escaped material is clear. Aspects of
this dust population, such as azimuthal symmetry, radial profile, ring thickness, and vertical profile

will be examined in the following sections.

It is important to note that the overdensity within the Hill sphere in Fig. 4.1 is artificial because
those particles, that do not escape, will be subjected to continued collisional evolution not included

in this simulation, and the particles are shown here primarily to illustrate the nature of the dust
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Figure 4.1: Position of test particles moving under the influence of radiation pressure for a value of
B = 0.1 after 1,000 dynamical time-scales of integration. The zero-velocity curves for C; = 2.824
are plotted in blue. The location of the star and planet are denoted by a yellow star and orange
dot respectively. The right panel shows an edge-on view of the disc as a whole. The left panel
zooms in on the vicinity of the planet, showing an overdensity of material in the Hill sphere.
These are particles whose trajectories remain bound over the course of the simulation. In reality,
these particles have orbited the planet for hundreds of collisional times and will have been ground
down to much smaller sizes. Therefore, it is important to note that the overdensity within the Hill
sphere is not physical, and is shown here primarily to illustrate the nature of the dust trajectories
and their evolution. When viewed as a synthetic image, the panel on the right should have the

circumplanetary excess reduced by a factor of several hundred, at least.
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trajectories and their evolution. As we previously saw in Fig. 3.1, the intersection of the residence
time and collisional time-scale occurs at a very short time-scale (<100 yr). This is very short
compared to the duration of the simulation (~12,000 yr), so we expect trapped dust grains to still
be coupled to the original cascade, grinding down to even smaller sizes until they too are blown
out of the Hill sphere. As a result, we would not expect to see a pileup of material in the form of a

circumplanetary disc.

4.2 1ISDDs are Azimuthally Symmetric

Although the dust is initially generated within the Hill sphere, once it escapes, azimuthal symmetry
in an ISDD is achieved very quickly. Fig. 4.2 shows the azimuthal profile of the dust after 100
dynamical time-scales, in the case of 8 = 0.1. We have intentionally excluded material that remains

the planetary Hill sphere so that the global circumstellar disc features could be examined.

We quantify the baseline fluctuations in the azimuthal profile by comparing the mean value to the
standard deviation. We conclude for eight representative values of g in the range 0.01 < g < 0.35
that the ISDDs are azimuthally symmetric since the standard deviations are small compared to the
mean. For example, in the case of g = 0.01, the average number of dust grains per bin is 229.2
while the standard deviation is 17.2, so we conclude that the variations are small. Similar results
are obtained for other values of S. Dust rings generated in this manner nevertheless retain the

appearance of azimuthal symmetry.

Another way to evaluate the azimuthal symmetry of the disc is to calculate the average dust
grain semimajor axis as a function of azimuthal angle 6. In Fig. 4.2, we calculate both the mean
and the median radius for the § = 0.05 disc. We find that the mean radius (in blue) is approximately
12 au and that the median radius (in green) is approximately 8 au. It is not surprising to see that the
mean radius is higher than the median radius. While the vast majority of dust grains spend their
time close to the planet’s orbit bouncing around the edges of the Jacobi contours, a small fraction

of dust grains will be spiraling out of the system due to the influence of radiation pressure, biasing
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Figure 4.2: Top: Histogram of dust grain distribution as a function of azimuthal angle 6 for
B = 0.05. The spike located at § = 0° has been subtracted off, since leftover material in the
planetary Hill sphere is not part of the circumstellar disc. The average number of dust grains per
bin is 362 with a standard deviation of only 23 grains, denoted by the horizontal blue line and blue
shaded region. Bottom: Mean and median radius as a function of azimuthal angle 6. The mean
radius is approximately 12 au at nearly all angles while the median radius is approximately 8 au at

all angles, showing that the disc is very azimuthally symmetric.
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the mean to higher radii.

4.3 ISDDs Exhibit Thin Ring Morphology

Astronomers commonly quantify ring thickness as the ratio of ring width to ring radius AR/R.
Specifically, a ring is characterized as ‘thin’ if AR/R < 0.2. This definition takes into consideration
the great diversity of size scales that debris discs are observed to span and allows us to compare
systems on large and small absolute scales. However, the ratio requires us to specify how we define
AR and R. We first fit a function to the distribution and find that several of the parameters naturally

characterize the ring width and ring radius.

Specifically, we fit a piecewise function to the radial profile that contains three physically
motivated regimes. Region I (rj3 < rp) is simply a one-sided gaussian that describes the sharp
inner edge of the ring. This feature is to be expected since the forbidden zones from the Jacobi
contours prevent dust grains from wandering any closer to the star than one planetary semimajor
axis plus one Hill radius (a + Ryg). Region Il (r4o < ri3 < rp) is an exponential decay function
that describes the initial drop off in surface density that occurs as we move outward away from
the peak. The peak tends to be just outside of the Jacobi contours because the dust grains spend
a lot of time bouncing around the edges of the zero-velocity curves before they are ejected from
the system. Lastly, Region III (13 > rp) is a continuation of Region II with an added exponential
term to soften the dropoff and match the more gradual decay of the outer edge. This feature is also
expected since we are investigating moderate radiation pressure strengths (8 = 0.05 —0.35) that are
strong enough to perturb the dust grains from a circumplanetary orbit to a circumstellar orbit, but
not strong enough to immediately eject the grains from the system. The gradual tail of the radial
distribution represents dust grains that are in the process of slowly spiraling out of the system. A

sample fitted radial profile for 8 = 0.15 is shown in Fig. 4.3. The resulting functional form is
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where Ny and N are normalization constants for their respective terms, ra is the peak of the
distribution, rp is the transition point between Regime II and Regime III, o is the standard
deviation of the single-sided gaussian, and o, and o3 are the characteristic lengths of their respective

exponential decay terms.

In order to cast this in the observational variables AR and R, we take R = ry since it naturally
describes the peak of the distribution, and AR = o + 07 since those lengths each characterize
the dropoff in either direction away from the peak. Thus, in terms of the function parameters,

AR/R = (0’1 +0’2)/7‘A.

We also apply the fit to multiple homogeneous discs of different values of 8 (8 = 0.05 — 0.35).
We measure their normalized ring widths and determined the uncertainty by marginalizing out the
seven parameters in the function described above in favor of AR/R. A 3o confidence interval
was used to determine the upper and lower limits of the ensuing error bars. Those results are
summarized in Fig. 4.4. The general trend is that the thickness of the ring grows with increasing
B. This occurs because higher values of 5 correspond to stronger radiation pressure. This stronger

pressure is able to more efficiently push dust grains into larger and more eccentric orbits.

4.4 An Exponential Tail

As mentioned in the previous section, the radial distribution has a gently sloped exponential tail.
This tail is a generic feature of all models that take radiation pressure into account. However,

our model generate larger particles than a standard source model since the collisional cascade is
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Figure 4.3: Surface density profile (in black) for a system with a 1 M, star and a 10~ Mg, planet
as a function of radius for 8 = 0.15. Function fit (in red) to the distribution. There is a sharp
inner edge, indicating the existence of a gap in the disc created by the forbidden zone predicted
from the restricted three-body problem. There is a more shallow decline at large distances caused
by dust grains taking their time spiraling out of the system due to stellar radiation pressure. The
characteristic lengths of the gaussian and exponential fits allow us to quantify the width of the
ring. These width measurements can be compared to observations since only the brightest, densest
regions would be observable. For this particular value of g = 0.15, we find the normalized ring

AR
width to be R - 0.148 J:%.g%z., thus meeting the criterion for a thin ring.

25



0.30

0.25¢

0.20¢

AR/R

0.15¢

0.10+

0.0 ' ' ' ' ' ' '
000 005 010 015 020 025 030 035 040
3

Figure 4.4: Normalized ring widths (AR/R) for various values of § for a system with a 1 M, star
and a 107> M, planet . The general trend points to broader ring widths and therefore shallower
dropoffs for higher values of 8. This is not surprising since higher values of 5 correspond to stronger
radiation pressure. Thus, broader ring widths show dust grains that are actively spiraling out of the
system. We also note that the error bars tend to be larger for larger values of 8. This is also not
surprising since these discs tend to have smaller sample sizes by the end of a controlled simulation,

since the stronger radiation pressure ejects a higher percentage of grains from the system.
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truncated by the Hill sphere residence time, as shown in Fig. 3.1. The slope of the fiducial 5 = 0.1
ISDD is characterized in Fig. 4.5. While the data plotted is from 0 to 100 au, we calculated the
slope only for the portion between 5 and 80 au. The characteristic length came out to be 13.7 au,

several times the planet semi-major axis, indicating a relatively slow drop-off.

4.5 ISDDs Exhibit a Toroidal Shape

We examined the vertical structure of the simulated disc in addition to the radial structure. Specif-
ically, we plotted the dust grain abundance as a function of height z above or below the midplane
of the disc, as seen in Fig. 4.6. In addition, we fit a standard gaussian function to the vertical
distribution since the standard deviation would naturally translate to a scale height. We find that
the scale height of H = 0.78 au for the 8 = 0.1 toy model is comparable to both the ring thickness
(AR = 0.64 au) and Hill radius (Ryg = 0.35 au).

We attribute the sharp inner edge of the torus to the forbidden zone predicted by the Jacobi
constant. Recall from Fig. 2.2 that particles of a certain Jacobi constant are not allowed to exist
in certain spaces in the restricted three-body problem. For physically relevant values of 3, this
region takes the shape of an annulus along the orbit of the planet, approximately one Hill diameter
in width. The inner edge of our ISDD represents dust grains bouncing around the edges of the

forbidden zone.
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Figure 4.5: Semilog radial profile of fiducial ISDD for § = 0.1 showing the entire disc from 5 to
70 au. An exponential decay function was fit to the portion of the data from 5 to 70 au to determine
the characteristic length of the decay. We find that the profile has a characteristic decay scale of

8.0 au.
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Figure 4.6: Distribution of dust grains as a function of height z. A gaussian function (in red)
has been fit to the distribution. The gray horizontal lines represent one scale height (H = 0.78 au)

above and below the midplane.
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CHAPTER 5

Comparison to Observations

One motivation for this study is the presence of narrow ring-like structures in some observed debris
disc systems. The narrowness of the images implies a mechanism for confining either the dust or
its parent population. In our model, this is a consequence of the orbital evolution regulated by the
Jacobi constant, which sets a hard inner edge on the distribution. The outer profile is more gradual
as the dust spirals out, and we compare here this theoretical expectation to properties of the best

quantified observed systems.

5.1 Fomalhaut

The existence of a circumstellar disc around the 440 Myr old A3V star Fomalhaut has been known
for a long time due to the infrared excess in its spectrum. Fomalhaut is one of the best-studied
debris discs, due to its distance from Earth being only 7.7 pc and the fact that it is one of the closest
systems that is not edge on. The Fomalhaut debris disc was first directly imaged by Kalas et al.
(2005) using the Hubble Space Telescope, revealing a sharp inner edge and the central star being
offset from the disc. They derived a flux profile for Fomalhaut by fitting a scattered light model of
an inclined, optically thin, belt of dust to observational data, as shown in Fig. 5.1. The best-fitting

109 whereas

value for the power law profile describing the inner edge of the belt is proportional to r
that of the outer belt scales with »~*6. Similarly, when an exponential profile is used, the inner
edge is proportional to exp(0.08r) while the outer edge scales with exp(—0.03r), where r in in au.

They define the inner edge as 120-140 au and the outer edge as 140-158 au.
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Since Kalas et al. (2005) did not explicitly measure a ring width for Fomalhaut, we extrapolate
one from their distribution by defining Fomalhaut’s normalized ring width to be equal to its full
width at half maximum (FWHM) divided by the peak. Under this definition, Fomalhaut’s flux
profile has a ring width of AR/R = 0.191, which fits the definition from Hughes et al. (2018) of a

‘narrow’ ring as one having a normalized ring width AR/R < 0.5.

In order to place the Kalas observations within our paradigm, we fit our function to observations
of the radial distribution of the data for Fomalhaut obtained by Kalas et al. (2005). In Fig. 5.1, the
red data points are the raw data obtained by Hubble Space Telescope observations, the blue curve
is the fit performed by Kalas et al. (2005), and the black curve is our function’s fit to the same data.
If the Fomalhaut debris disc were formed by a hypothetical planet’s irregular satellite cloud, we can
estimate that planet’s semimajor axis by scaling up our simulated system. Specifically, we scale up
the simulated system from Fig. 4.3 so that the peak of the simulated disc’s radial profile (5.62 au)
matches the peak of the Fomalhaut debris disc’s radial profile (144 au). Our model predicts that
the planet feeding this disc will have a semimajor axis of 133 au. We fit the piecewise function to
the radial distribution to characterize both the inner edge and outer edge. However, our inner edge
is best described by a single-sided gaussian as opposed to either a power law or an exponential
tail. We find that the inner edge has a characteristic length of 2.23 au and that the outer edge
has an exponential decay scale of 20.6 au. The inner edge behavior is very similar to what Kalas
et al. (2005) found in their fit for Fomalhaut, but our function has a more gently-sloped outer edge
than their fit. If we measure the ring width of the Fomalhaut disk, we get AR/R = 0.215, not
significantly different from that of Kalas et al. (2005). Thus, the observed profile of the Fomalhaut
debris disc is well fit by that expected for an ISDD.

In order to physically interpret our model fit to the Fomalhaut observations, we first estimate
which value of g, for a single uniform-g debris disc, best corresponds to the parameters derived
from our fit. We start by plotting two key parameters, 0| and o>, as functions of 3, as shown in Fig.
5.2. These two parameters were chosen because they directly determine the measured width of the

ring. As one can see, both the inner edge characteristic length and outer edge characteristic length
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Figure 5.1: Fomalhaut flux profile as a function of radius (Kalas et al. 2005). The inner edge
of the belt can be modeled as either a power law fit with an index of @ = 10.9 or an exponential
growth proportional to exp(0.08r), where r is in units of au. The outer edge of the belt can be
modeled as either a power law fit with an index of @ = —4.6 or an exponential decay proportional
to exp(—0.03r), where r is in units of au. Our model predicts that the planet sculpting this disc will

have a semimajor axis of 133 au.
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become larger with increasing 8. The relatively flat distributions show that our model is quite
robust and can replicate Fomalhaut observations for a wide variety of radiation pressure strengths,
specifically 8 < 0.3. This is possible because while there is a very weak dependence of o» on S,

o1 gets much larger at larger S.

5.1.1 Fomalhaut b

In addition to the debris disc ring, Kalas et al. (2008) also detected a point source that was proposed
as Fomalhaut b, a Saturn-mass planet responsible for sculpting the inner edge of the debris disc.
In this scenario (Chiang et al. 2009), the planet would have a semi-major axis ~ 115 au and the
inner edge of the dust ring would trace the edge of the chaotic region surrounding the planetary
orbit. This claim was controversial because the colours of Fomalhaut b showed little evidence for
thermal emission from a giant planet, and were far more consistent with pure scattered light from
the star. The reality of the source detection itself has been independently confirmed (Currie et al.
2012; Galicher et al. 2013) but further observations by Kalas et al. (2013) reveal several orbital
features that make the sculpting planet hypothesis unlikely. The orbit of Fomalhaut b appears to
be highly eccentric (e ~ 0.8) so that it would cross the debris disc if it were not inclined at ~ 17°
to the disc. A planet on such an orbit would be unlikely to gravitationally sculpt the observed
structure, as the high eccentricity and nonzero inclination does not correspond to the correct orbital
geometry to maintain the original model. Nor is an object on this orbit likely to be the source of an
irregular satellite debris disc, at least according to our model, since Kalas et al. (2013) estimates
the semimajor axis of Fomalhaut b to be 177 au, much larger than that of the planet we propose,

which would be located at 133 au (though their margin of error is quite large at +68 au).

In order to explain the colours of the original Fomalhaut b hypothetical planet, Kennedy and
Wyatt (2011) developed a model starting from a similar hypothesis as ours. They constructed a
collisional cascade of irregular satellites within a fraction of the Hill sphere of a giant planet, taking
into account the strength versus self-gravity of the satellite. They took into account both radiation

pressure and Poynting-Robertson (PR) drag for the resulting dust grains. Kennedy and Wyatt
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Figure 5.2: Inner edge characteristic length and outer edge characteristic length as functions of
B. As expected, both have generally increasing lengths with increasing 3, since stronger radiation
pressure tends to have a broadening effect on the peak of the distribution. The data begins to

become unreliable and noisy at 8 = 0.35 due to a small surviving sample size.
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(2011) focussed on the appearance of dust confined within the Hill sphere, as a source population
for the scattered light observed from Fomalhaut b. In our model, we focus on the dust that has

escaped into heliocentric orbit, as the origin of the debris disc itself — not the point source.

5.2 HR 4796A

HR 4796A is an 8 Myr old AOV star that hosts a well-studied debris disc at a distance of 72.8
pc from Earth. The disc has an exceptionally high infrared excess of f = Lir/L. = 4.2 x 1073
(Jura 1991). HR 4796A has been imaged in multiple wavelengths including the sub-mm, the
mm, mid-infrared, near-infrared, and visible. Combining these different wavelength regimes
permits extensive modelling of the spectral energy distribution (SED) of the system. A complete
understanding of the SED leads to understanding of the underlying dust composition of the disc.
Previous studies have resolved a circular disc structure with a radius of ~ 77 au, with a sharply
peaked radial profile, and a ~ 1 au offset from the location of the star. We can learn more about the

dynamics of the system from detailed modeling of the exact geometry.

5.2.1 HR 4796A Ring Width

In 2009, the Hubble Space Telescope resolved the debris disc around HR 4796A and found that it
has a ring width of 18.5 au and a radius of 76 au (Schneider et al. 2009). Thus, its normalized ring
thickness is AR/R = 0.25, comparable to that of Fomalhaut and our simulated disc. All three are

well within the definition of Hughes et al. (2018) for a narrow ring.

We compare our model to observations of HR 4796A made by Schneider et al. (2009) using
the Hubble Space Telescope Imaging Spectrograph. Specifically, we fit our three-regime piecewise
function to the intensity profile for a direct one-to-one comparison and extract a normalized ring
width, as shown in Fig. 5.3. If the HR 4796A debris disc were formed by a hypothetical planet’s
irregular satellite cloud, we can estimate that planet’s semimajor axis by scaling up our simulated

system. Specifically, we scale up the simulated system from Fig. 4.3 so that the peak of the

35



simulated disc’s radial profile (5.62 au) matches the peak of the HR 4796A debris disc’s radial
profile (76.5 au). Our model predicts that the planet feeding this disc will have a semimajor axis
of 70.8 au. We find that our function does an overall good job of fitting the inner edge of the
disc, but falls to zero more quickly than the HST data. Mathematically, our function drops to zero
quickly since the inner edge is defined by a single-sided gaussian. The discrepancy may be due to
background noise in the HST data. As for the outer edge, our function initially drops off a little
bit more quickly than the HST data. As a result, the normalized ring width is slightly lower than
that derived from the HST observations, but there is not a significant difference. We once again
used the full width at half maximum (FWHM) of the radial profile method for determining ring
width and find that the ring with for HR 4796A is AR/R = 18.3 per cent. We note that HR 4796A,
Fomalhaut, and our simulated disc all fall within the definition of a ‘thin ring’ as defined by Hughes

et al. (2018).

5.2.2 HR 4796A Blowout Size

Previous models have argued for a large minimum particle size in the HR 4796A system, and our
model supports this claim (e.g., Chen et al. 2020; Milli et al. 2017). We can calculate the dust
grain size corresponding to 5 = 0.1 for the stellar parameters of HR 4796A, namely the luminosity
of 23 Ly and mass of 2.18 Mg, using Equation 2.3. This specific value of § was chosen because
it fulfills the criterion laid out in Appendix A to ensure overflow through the L, Lagrange point.

Rearranging Equation 2.3 to solve for the blowout size Dy, we obtain

pu= eraum)(5) (55 ) (zmae) D

The result gives us a rather large dust grain diameter of D ~ 21.4 ym. Chen et al. (2020)
derived a similar minimum grain size of 25 ym by using MCFOST on SPHERE SPF data. Milli
et al. (2017) found the grain size range 17.8-30 um fit the data depending on the exact scattering

model used.
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Figure 5.3: The best fit of our three-regime piecewise function fitted to an HR 4796A flux profile
from Schneider et al. (2009). A dashed red line is plotted to indicate 50 per cent of the peak value
to help visualize the FWHM. We find that the normalized ring width of the system is AR/R = 18.3
per cent. Our model predicts that the planet sculpting this disc will have a semimajor axis of 70.8

au.
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Division name Wavelength B

Mid-wavelength infrared 3-8 um 0.21 - 0.55

Long-wavelength infrared 8-15 um 0.11-0.21

Far infrared 15 um-1mm | 0.002-0.11

Table 5.1: Summary of correspondence between observing wavelength and relative strength of

radiation pressure S.

A general rule of thumb states that dust grains are best observed in electromagnetic radiation at
wavelengths that are approximately equal to their size (e.g., Hughes et al. 2018). This phenomenon
can be explained as a balance between two opposing processes. We first consider the fact that the
smallest grains dominate the grain size distribution and thus contribute the most to the total cross
section. However, there is a competing effect where grains can only efficiently emit at wavelengths
that are smaller than their actual size. A sharp cutoff in this emission efficiency occurs at larger
wavelengths. All in all, the total light emitted will receive contributions from the smallest grains
that are able to efficiently emit from that wavelength. The observing wavelengths versus 5 are
highlighted in Table 5.1. Although debris discs are typically detected using IR excesses, we are
interested in comparing our simulated discs to scattered light images since IR excesses do not give
us a geometric picture. Imaging capabilities can vary strongly amongst the different bands in Table

5.1.

The ISDD model offers a natural qualitative explanation for the narrowness of some observed
debris discs. Let us therefore compare the quantitative features of the model with the two of the

best-studied examples of this class of object: Fomalhaut and HR 4796A.

5.3 Dependence on Planet Mass

Generally speaking, we expect the morphologies of ISDDs to depend on the ratio of planet mass

to stellar mass M,/M.. This dependence arises because the Jacobi contours of the restricted
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three-body problem depend only on the ratio of the masses of the secondary body to the primary
body M, /M, both with and without radiation pressure. For example, a Saturn-like planet orbiting
around an M dwarf could have the same normalized Jacobi contours as a Jupiter-like planet orbiting

around a G-type star.

Since the thickness of the Jacobi forbidden zone is roughly the same size as the diameter of
the Hill sphere, we expect any ensuing ring gaps to be a similar size to the Hill diameter as well.
This effect would likely only be noticeable in low radiation pressure scenarios, since those are the
only cases where a significant number of dust grains escape interior to the planet’s orbit and would
therefore produce an observable ring gap in the radial distribution. Appendix B goes into greater

detail the theoretical foundation of exactly how the mass ratio correlates with the critical S.

5.4 General Predictions for Other Systems

5.4.1 Wavelength Dependence

Different observing wavelengths will be able to probe different structures of potentially the same
debris disc. For example, since observing wavelength is expected to be directly proportional to
grain size and therefore inversely proportional to 5, we predict that the long-wavelength infrared
(4 = 8—15 pum) will find singular thin rings. Due to the stronger influence of radiation pressure, mid-
wavelength infrared (1 = 3 — 8 um) will detect comparatively broader rings than found in the long-
wavelength infrared, but still one singular ring. However, in the far infrared (1 = 15 ym — 1 mm),
which can be affected by values of 8 as low as 0.002, we expect there to be a gap in the ring
since Roche lobe overflow through the L Lagrange point is almost equally favorable to occur
energetically. In this instance, dust escapes both inward and outward through L; and L;, but the

Jacobi forbidden zone prevents the two populations from mixing, giving rise to the gap in the ring.
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5.4.2 Evolutionary Implications

At first glance, irregular satellite collisions would appear to not explain the debris discs found
around such aged systems as Fomalhaut (440 Myr), due to how quickly they grind down to dust and
dissipate (~tens to hundreds of thousands of years). Thus, irregular satellite debris discs would only
be bright enough to be detectable in their infancy. However, irregular satellites are not formed in
the same way as regular satellites, and thus do not have the same age as their host planet. In our own
Solar system, they are thought to be the result of dynamical capture during late-stage rearrangement
of the giant planet orbits (Nesvorny et al. 2007), hundreds of Myr after the formation of the Solar

System. This delay can help us explain the age of older debris disc systems.

The size of the dust in such discs may also be a function of time, because the S of the escaping
material is set by the balance between residence and collision times. The latter will increase as the
mass reservoir in the source population grinds down, moving the characteristic 8 of the escaping

particles to lower values, and therefore increasing the size of the particles in the disc.

40



CHAPTER 6

The Effects of Introducing Eccentricity into the Planet’s Orbit

In previous chapters, we assumed for simplicity that the orbit of the Jupiter-mass planet is a
perfect circle. In other words, the eccentricity is equal to zero. However, even the eight planets
in our Solar System, whose orbits are frequently approximated to be perfect circles, have finite
eccentricities ranging from e = 0.007 for Venus to e = 0.206 for Mercury (Murray and Dermott
1999). Moreover, the known exoplanet population exhibits a wider range of orbital eccentricities
compared to Solar System planets and has a much higher average eccentricity. In one sample of
403 exoplanets discovered using the radial velocity method, Limbach and Turner (2015) found
that the average eccentricity of each planetary systems was anti-correlated with multiplicity, or the
number of planets in the system. Specifically, the average eccentricity ranged from e = 0.27 for

single-planet systems to e = 0.06 for octuple-planet systems like our Solar System.

One of our original goals and motivations was to explain the thin, eccentric debris rings that
were often found around local A-type stars. We were previously successful in showing that dust
generated from collisions between irregular satellites were consistent with observations of thin,
circular rings. If circular orbits can give rise to circular rings, then the natural next step is to

investigate whether eccentric orbits can give rise to eccentric rings.

One of the core assumptions of the circular restricted three-body problem is that the secondary
body (planet) must be on a perfectly circular orbit around the primary body (star). This assumption
allowed us to identify a co-rotating frame that spun at a constant rate €2, the same rate that the planet
orbited around the star. Furthermore, a conserved quantity was identified in the circular restricted

three-body problem—the Jacobi constant C;. Having units of energy, the Jacobi constant was an
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energy-like quantity that predicted certain regions of space where test particles (dust grains) were
and were not allowed to traverse. This formalism gave rise to the classical ‘forbidden zones’ and
‘allowed zones’ of the Jacobi constant. The forbidden zone was typically a horseshoe- or even
annulus-shaped contour with a radius approximately equal to the planet’s semimajor axis and a

width approximately equal to the planet’s Hill diameter.

Let us first consider systems with a single planet on a low eccentricity orbit. Thus, we can
approach the problem from a perturbation theory angle, with the small perturbed quantity being
eccentricity e. For small enough eccentricities, we would assume that results from the circular
restricted three-body problem such as the existence of the Jacobi constant and forbidden zone would
generally hold. When eccentricity is pumped too high, we would eventually expect these predictions
to break down, showing that our initial assumption of a low eccentricity orbit is no longer valid.
The exact breaking point will be determined experimentally through numerical simulations. For
the low eccentricities, we can likely expect the forbidden zone to generally hold, and that its shape
will generally follow the shape of the orbit. So instead of being a nearly perfect circle, we expect

the forbidden zone to warp into an ellipse.

6.1 Hill Sphere Escape Fraction as a Function of Eccentricity and Radiation

Pressure Strength

One starting point for understanding the effect of introducing eccentricity into the planet’s orbit is
to measure what percentage of dust grains are able to escape from the planet’s Hill sphere for a
particular eccentricity and 8. When dust grains are released in an ‘avalanche cascade’ fashion, we
find that an equilibrium between dust grains exiting the Hill sphere and entering the Hill sphere is
reached quite quickly. As a result, we can define Hill sphere escape fraction to be the asymptotic
value approached by the end of a AT = 1,200 yr simulation. Specifically, the initial positions of
such a simulation are originating between r = 0.3-0.4 Ry for radius and in polar coordinates 6

and ¢, cos(#) is distributed uniformly in [-1,1) and ¢ is distributed uniformly in [0,27r). The initial
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0 0.1 0.2 0.3 0.4 0.5
0 0% 0% 15.77% | 21.28% | 31.61% | 48.81%

23.08%

0.1 0% 0% 0.34%
65.46%

47.31%

14.77%

Table 6.1: Hill sphere escape fraction as a function of eccentricity e and radiation pressure strength
B, shaded linearly. Increasing eccentricity or radiation pressure while holding the other constant
typically has the effect of increasing the escape fraction. High-eccentricity orbits (e > 0.5) have

near unity escape fractions regardless of radiation pressure strength.

velocities are set to be 71 per cent of the local keplerian velocity, which was empirically found to

be the maximum velocity at which no grains escape from the Hill sphere when 8 < 0.005.

The main two quantities that will be varied are the eccentricity of the planet’s orbit, e, and
the relative radiation pressure strength, 8. In order to reasonably probe the entire parameter space
between e and 3, we have chosen the following representative values: e = 0, 0.1, 0.3, 0.5, 0.7, 0.9
and 5 =0, 0.1, 0.2, 0.3, 0.4, 0.5. Probing 8 > 0.5 is not necessary since 8 = 0.5 is the canonical
blowout size where dust grains are able to escape the gravitational field of the star (Krivov 2010).

Results are summarized in Table 6.1.

Generally speaking, increasing either eccentricity or S while holding the other quantity constant
has the effect of increasing escape fraction. Eccentricity has a stronger effect on escape fraction
than g, with all simulations of eccentricity e > 0.5 achieving escape fractions greater than 83 per
cent. On the other hand, maxing out 8 at 0.5 while keeping in eccentricity at zero results in an

escape fraction of only 49 per cent.

Several combinations of eccentricity and § are to be ruled out from feasibly forming circum-
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stellar disks due to their nearly zero Hill sphere escape fractions. They tend to be clustered near
the upper-left of Table 6.1 where low eccentricity and low radiation pressure intersect. These

simulations will be kept in mind in the next section’s analysis and denoted by ‘N/A’ in Table 6.2.

6.2 Disk Lifetime as a Function of Eccentricity and Radiation Pressure

Strength S

In order to characterize the lifetime of a disk for a particular planetary orbit eccentricity e and
radiation pressure strength 5, we employ an ‘avalanche cascade’ model as opposed to a ‘collisional
cascade’ one. In an avalanche cascade, all of the dust grains are generated and released at the very
beginning of the numerical simulation. On the other hand, in a collisional cascade, the dust grains
are assumed to be continuously generated and slowly released into the system over time at a rate
that can vary or be constant. We believe that an avalanche cascade is more appropriate for the goal

of measuring disk lifetime.

We begin by defining ‘disk lifetime’ to be the amount of time it takes for the maximum number
of dust grains that escape from the Hill sphere N,z to drop to 1/e of its original value. In
general, there are three mechanisms that a dust grain can be ‘lost’ from the system: (1) collision
with the central star, (2) collision with the planet, or (3) ejection beyond the edge of the system,
which is defined to be 100 au for simplicity. We discuss in Appendix C why collisions between
circumstellar dust grains are ignored. However, in practice, only mechanism (3) matters for the
purpose of calculating disk lifetime. Mechanism (1) does not occur because dust grains can only
escape exterior to the planet’s orbit through the L, Lagrange point in our simulations. Furthermore,
mechanism (2) cannot occur by default since the definition of disk lifetime only takes into account

dust grains that successfully exit the Hill sphere.

Results are summarized in Table 6.2. Generally speaking, increasing either eccentricity or 3
while holding the other constant has the effect of decreasing the disk lifetime. For 3, this behavior

is quite intuitive since increased radiation pressure will make it easier for dust grains to escape from
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Table 6.2: Disk lifetime (in years) as a function of eccentricity e and radiation pressure strength
B, shaded logarithmically. We define disk lifetime as the time (if any) it takes for the number of
grains that escape from the Hill sphere N, to drop to 1/e of the maximum value. Disk lifetimes
for certain combinations of low eccentricity and/or low 8 were not obtainable (denoted by ‘N/A’

and shaded red) due to insufficient Hill sphere escape fractions (see Table 6.1).

the star’s gravitational field. Increased planetary eccentricity has a somewhat similar effect since
dust grains will also start on more eccentric orbits, making it easier for them to escape to the 100

au limit we have set up in our simulations.

A clear diagonal trend appears in our parameter space exploration, showing that a moderate
amount of eccentricity and S are required to produce long-lived ring structures. If both eccentricity
and S are too high, then all of the dust grains will be liberated from the Hill sphere quickly and
escape to infinity in under 100 years. On the other hand, if both eccentricity and g are too small,
then none of the dust grains will escape from the Hill sphere and there is no circumstellar disk.
However, these systems will continue to evolve. Since a collisional cascade is actively occurring
in the background, these systems will undergo further grinding to small dust grains, effectively
moving rightward in Table 6.2 until they reach a suitable combination of eccentricity and S to form

a long-lived circumstellar disk.
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6.3 Results

Now that we have identified a set of interesting combinations of eccentricity and S and denoted by
the diagonal in Table 6.2, we can create scatter plots of the steady-state configurations that these
disks approach. Specifically, we plot in Figure 6.1 six disks from the six representative values of
eccentricity (0, 0.1, 0.3, 0.5, 0.7, 0.9) after AT = 1,200 year simulations. Several notable trends

occur:

e Eccentric inner edge—the shape of the ring’s inner edge (and underlying forbidden zone)

matches the shape of the planet’s orbit.

e Asymmetric ring arcs—in moderate eccentricity disks (e = 0.3-0.5), there is a noticeable

arc-shaped overdensity in dust grains in the vicinity of the planet’s position in the orbit.

e Increasing escape fraction—more dust grains escape as eccentricity is increased for a fixed

B.

e Parabolic outer edge—outer edge of disk is a parabola with a vertex roughly aligned with the

elliptical orbit’s pericenter.

e Asymmetric escape cycle—dust grains escape more easily in the portion of the orbit from
pericenter to apocenter (planet decelerating) than from apocenter to pericenter (planet accel-

erating).

In the low eccentricity case (e < 0.5), the shape of the forbidden zone and ensuing inner edge
indeed warps into that of an ellipse. This trend generally holds even as eccentricity is pumped to
moderate values (e ~ 0.5). However, the rigor of the forbidden zone clearly break down at high
eccentricities (e 2 0.7) as a significant number of dust grains are able to escape interior to the

planet’s orbit.

We observed previously in Table 6.1 that a higher percentage of dust grains are able to escape

from the Hill sphere as eccentricity is increased while holding 5 constant.
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Figure 6.1: Scatter plots of dust grains for increasing planetary eccentricity, e. Periapse is always
located along the x-axis to the right of the star for consistency purposes. Appropriate values of
were chosen for each eccentricity such that nonzero Hill sphere escape fractions were achieved in
addition to long-lived steady-state disks, based on results from Tables 6.1 and 6.2. Note that the

location of the star relative to the disk is an indicator of eccentricity since the star must be at the

focus of an elliptical orbit.
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The observations of a parabolic outer edge and asymmetric escape cycle are linked to one
another. Dust grains are able to escape more easily from the Hill sphere while the planet is
decelerating in its orbit due to the shift in relative velocity. This preferred timing cause the
pericenters of the individual dust grains’ elliptical orbits to align with the pericenter of the planet’s
orbit. After the disk has had time to smooth out and reach a steady state, this alignment of
pericenters has the overall effect of creating a parabolic-shaped outer edge of the disk since the

closest approaches of all objects occur on the same side of the orbits.

In summary, we have shown that introducing eccentricity into the planet’s orbit yields eccentric
disks for low to moderate eccentricities (e < 0.5). In addition, these dust distributions produce
asymmetries which could make it possible to distinguish these systems from others observationally.
Specifically, the ring arcs and parabolic outer edge are asymmetric observational signatures of dust

produced by collisions between the irregular satellites of a planet on an eccentric orbit.
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CHAPTER 7

Conclusions

In this paper, we explored the effects of including radiation pressure into the classical restricted
three-body problem. We found that the traditional Roche lobe overflow can be replaced by Lagrange
point L, overflow for a sufficiently high g for a given planet-to-star mass ratio /1. Sample orbital
integrations reveal that individual dust grains typically trace out ‘flower petal’ orbits, coming to

rest on the zero-velocity curves for some time.

We assumed that the origin of dust grains in our model were from collisions between the giant
planet’s irregular satellites. We motivated our initial conditions based off of observations of the
Solar System giant planets’ irregular satellites today as well as what previous studies’ determined
from their dynamical history. We describe the size distribution of bodies ensuing from irregular
satellite collisions as a collisional cascade power law distribution. We calculate the catastrophic
collisional time-scale and compare it to an empirically determined residence time-scale to determine

the critical g at which ground down dust grains can escape the Hill sphere.

Our N-body simulations show that dust grains with a 8 above B.i; quickly escape from the Hill
sphere and transition from a circumplanetary orbit to a circumstellar orbit. After a short time, a
large population of dust grains achieve an azimuthally symmetric disc appearance. We evaluated
this azimuthal symmetry by comparing the fluctuations in the azimuthal profile to the average
column density and found that they were low. We also calculated the average radius along a given
azimuthal angle 6 and found that the mean and median radius is consistent along all azimuthal

angles.

We fit a piecewise function with an gaussian inner edge and exponential outer edge to the radial
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profile. These functions naturally allowed us to quantify the ring width for various values of .
We normalized the ring width over the ring radius as is standard in the literature (AR/R), and
find that normalized ring width broadens as a function of 8. We explain this finding as stronger
radiation pressure being able to excite dust grains to more eccentric orbits and therefore broadening
the overall distribution. Since the vertical profile of the disc resembles a typically gaussian, we

conclude that the overall shape of the disc is a torus.

We compared our results to observations for the specific systems of Fomalhaut and HR 4796A,
but also make general predictions for all systems. For the assumption of uniform density spherical
dust grains, there is an inverse relationship between observing wavelength and 8. We find that
the topology of the debris disc is dictated by the original Jacobi forbidden zone contours, so the

fundamental parameter is the planet-to-star mass ratio M, /M.

We test the validity of our radial profile fitting function by applying it to the raw Hubble Space
Telescope data of Fomalhaut from Kalas et al. (2005). We obtain very similar results to their fit
in terms of inner and outer edge slopes. By defining a ring width for Fomalhaut as its full width
at half maximum, we measure its normalized ring width to be 0.191, comparable to our model’s
AR/R = 0.13, both of which are within the ‘thin ring’ definition defined in Hughes et al. (2018) of
AR/R = 0.20. We note that there is an ongoing debate about whether Fomalhaut b is a planet or a
transient dust cloud and clarify that due to its inclined orbital plane with respect to the disc plane,
we do not assume Fomalhaut b is the source of the debris disc in our model, but rather some other

underlying hidden planet.

For the assumption of a Sun-like star, we make general predictions about distinctions between
observing wavelengths in the mid-wavelength infrared, long-wavelength infrared, and far infrared.
We address the fact that while irregular satellite swarms tend to grind down very quickly on
time-scales of tens to hundreds of thousands of years, they can still explain very old systems
such as Fomalhaut since irregular satellites were not expected to be captured until the Late Heavy

Bombardment period in our Solar System.

Lastly, we varied the eccentricity of the Jupiter-mass planet to investigate the ensuing effects
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on the morphology of the disk. We narrowed down the parameter space of all physically relevant
combinations of eccentricity and £ that produce circumstellar disks. Specifically, we first measured
the Hill sphere escape fractions of three dozen simulated disks that each contained representative
values of eccentricity and 8. Second, we measured the disk lifetimes to rule out any systems that
eject their dust grains on too short of a timescale (< 1,000years). These two criteria allowed us
to identify a diagonal in Table 6.2 of interesting combinations of eccentricity and S that give rise
to long-lived circumstellar disks. In other words, only combinations of eccentricity and § that add
up to a moderate value are in the sweet spot for liberating dust grains from the Hill sphere, but not

so strong that they immediately expel the grains from the system altogether.

After identifying this critical diagonal region, we made five observational signatures of these
systems: (1) an eccentric inner edge that follows an eccentric forbidden zone, (2) asymmetric ring
arcs near the planet’s position in the orbit, (3) increasing escape fraction as a function of eccentricity,
(4) a parabolic outer edge with a vertex roughly aligned with the elliptical orbit’s pericenter, and
(5) an asymmetric escape cycle where dust grains escape from the Hill sphere more easily between

pericenter and apocenter.

51



APPENDIX A

Critical Value for L;/L, Crossover

In the limit of 8 = 0, the lowest energy threshold for mass loss from the planetary Hill sphere is
through the L point, but this switches to the L, point if 3 is large enough. We wish to quantify the

nature of this transition. We will follow the notation of Murray and Dermott (1999).

In the traditional description of the restricted three-body problem, we define a co-ordinate
system co-rotating with two massive bodies, of masses u; and u», such that py + up = 1. If we
further normalise the angular rotation n = 1 and designate the x-axis as the one upon which the

massive bodies lie, then the dynamical equations to describe the motion of a test particle in this

frame are
X + X —
f2p-x = - |u(1-p B, B (A1)
" b
L _ y y
V+2i-y = —|{u(1-B)5+w= (A.2)
[ " 2
. z z
= |l -B)=5+p— (A.3)
i " ]

where the massive particles are located at x = —u» and x = u; respectively. As in the case where
we ignore radiation pressure, the dynamics are regulated by a pseudopotential, which takes the

form (in the z = 0 plane)

1 I -
U= [—7‘12+—ﬁ

- = A4
> H1H2 (A.4)

The equilibrium points are to be found at the extrema of this potential. The criterion for the L,
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point can be written as
— L2 B
s 4 L —ry+3r; 3

=r
(L4 +12)(1 = r)?

where we have used r{ +r, = 1, sor; = x+ up and r, = u; —x. We have also defined

(A.5)

(01

a = [/ (3u1)]'/3. The value of the pseudopotential at this point is

=z0- 2 3 =i —) -2 A6
(,u]) 2( r2) +1—r2+ a 21”2+r2 S (A.6)

One can develop similar expressions for the L point, where r; = 1+rp, r; = x+up andrp = x — y;.

These are
1.2 B
=7 1+r2+§”2_%] (A.7)
2 (1+72)2(1 = rp)? '
U, 1 » 1-p8 sl o 1 3 3
—=|==z0+ +—— 43’ [z +— |- = A8
(,Ul) 2( r) T7r a 2r2 - 2& (A.3)

The topology of the Hill sphere changes when U; = U,. Fig. A.1 shows this criterion as a function
of B and the mass ratio up/u;. As the planetary mass increases, it requires stronger radiation

pressure to generate an external debris disc.
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Figure A.1: The curve illustrates the relationship between the radiation pressure strength S and
the planetary mass ratio u/uy, such that the value of the potential at the L.; and L, points are the

same. For values above this curve, dust particles spiral outwards, rather than inwards.
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APPENDIX B

Forbidden Zone Thickness as a Function of Radiation Pressure

and Mass Ratio

In Section 2.2, we showed one example of how the forbidden zone contours of the restricted
three-body problem changes as a function of radiation pressure by comparing and contrasting the
zero-velocity curves for § = 0 and 8 = 0.1. As we saw in that section, there were two primary
changes in the zero-velocity curves for that example—the forbidden zone thickness increased with
radiation pressure, but the radius of both the inner and outer edges shrunk. In other words, the

radius of the outer edge of the forbidden zone shrunk by less than that of the inner edge.

In this Appendix, we explore a much more comprehensive range of representative values for
radiation pressure strength, 5, and allow the mass ratio the vary, as shown in Fig. B.1. We choose
arange of 8 = 0 — 0.5 since § = 0.5 is the traditional blow-out point in the restricted two-body
problem. For mass ratio, we choose a generous range of M,/M; = 1076 to 1 to explore the effects
of radiation pressure from as low as an Earth-to-Sun mass ratio up to all possible binary stellar

companions.

The main trend here is that the forbidden zone thickness is much more sensitive to radiation
pressure changes for smaller mass ratios. Specifically, small mass ratios are defined as as low as
M>/M; = 107° like for an Earth-Sun relationship, all the way up to M»/M; = 1073, like for a
Jupiter-Sun relationship. For mass ratios that approach unity for brown dwarf companions and
binary stars, radiation pressure does not have much of an effect on forbidden zone thickness. Lastly,
we overplot the chaotic zone width results from Chiang et al. (2009) to show that we obtained a

nearly identical slope to them, just with a slightly different amplitude. Their estimate for the width
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of the chaotic zone is essentially our upper limit for the width of the forbidden zone, likely due to

the fact that we only considered Jacobi constants that originated in the range 0.3Ry to 0.5Ry.
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Figure B.1: Normalized forbidden zone thickness ranges as a function of radiation pressure and
mass ratio. The forbidden zone thicknesses have ranges because of the range of Jacobi constants

that are allowed arising from the initial conditions ranging from 0.3Ry to 0.5Ry.
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APPENDIX C

Collisional Timescale of a Circumstellar Dust Grain

In this appendix, we calculate the collisional timescale ?.,;; of a circumstellar dust grain and show
that this timescale is large compared to the disk lifetime, showing that collisions can generally be
ignored since a dust grain is more likely to be accreted or ejected from the system than to undergo a
collision. We start from the classic collisional timescale equation for a particle in a sea of similarly

sized particles:

1

nO Vyel

Leoll = (Cl)

where 7 is the number density of dust grains, o is the cross-sectional area, and v,,; is the relative

velocity between dust grains.

We calculate the number density by dividing the total number of grains in the system N by
the volume of the space they occupy V. Specifically, we will calculate N by integrating over
a collisional cascade size distribution and assume that 100% of dust grains exit the Hill sphere.
Furthermore, we assume that the volume V is a toroidal volume with minor radius equal to the full
width at half maximum (FWHM) measured in Figure 4.3 and major radius equal to the planet’s
semimajor axis plus the FWHM (a+ FWHM). In other words, this is the toroidal space just outside
of the forbidden zone of the restricted three-body problem where the thin ring is expected to be
located. Since gravitational focussing is not important, the cross-sectional area is just the geometric
cross section o = (D /2)%. Lastly, we assume that v,.; will be on the order of the local Keplerian

velocity viep = (GM../ a)'/? of a circumstellar orbit.
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C.1 Number of Dust Grains of a Given Size in a Collisional Cascade

In this section, we calculate the number of dust grains of a given size in a collisional cascade size
distribution. We start by converting classical power law differential size distribution derived by

Dohnanyi (1969) into the equation

dN
ol AD™3, (C.2)

by introducing the normalization constant A. Since we need a finite interval to integrate over, we
define a ’catastrophic collision’ as one that occurs between two bodies that whose sizes are within
a factor of 2. Thus, the number of similarly sized bodies that can catastrophically collide with a

given body is

N 2D dN 2D
N = / dN = / —dD = / AD733dD. (C.3)
0 pJ2 dD D)2

Evaluating this integral results in the following expression:

2sp 1) A
N_g(z _W)W' (C.4)

Further evaluation of this expression is not possible without specifying the grain size of interest
or normalizing the system as a whole. We will start by normalizing the system by total mass.
The total mass M,,; of the collisional cascade can be obtained by integrating the differential size

distribution over mass:

Dmax dN
M, = / m——dD, (C.5)
tot b dD

where D,,;, is the minimum size body coupled to the collisional cascade, D, is the maximum
size body that initiates the cascade, and m is the mass of a given body. We will assume that the bodies
are uniform density spheres, so m = p(4x/3)(D/2)3. Will further assume that D,,;,, << Dpax.

Evaluating this integral results in the following expression:
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0
T
Mo = Ap5(D}f2 ~ DY), (€6)

where D,,;, has been set to zero since it is assumed to be much smaller than D,,,,. We rearrange

this expression to solve for the normalization constant A:

3 M
A=—2 (C.7)
d po/ax
Combining Equations C.4 and C.7 results in a final expression for N:
N = 3(25/2 _ ! ) Mot (C.8)
St 25/2 leln/fxDs/z

C.2 Collisional Timescale

We substitute all of the above described pieces into Equation C.1 to obtain the following analytic

expression for the collisional timescale of a dust grain in a circumstellar orbit:

407112312 p12pLI2 11200 NU25V2(FWHM)? (a + FWHM)

C.9
31 GM*Cl/zﬁl/ZM[U[ ( )

Leoll =

Plugging in reasonable values for the many open parameters results in the following expression:

teou = (4.75 Myr)( P )1/2( B )—1/2( D ax )1/2( M,,, )—1(M*)—l

1 gécmf/z <Q0_1> 1/2 1001]/(2mFWH(3\./;)021 o FWI];/I]?/I (.10)
« r a a+
(L@) ( O.;d ) (a_J) ( 0.9 au ) (aj+0.9au)'

This estimated collisional timescale represents a conservative lower limit for the following

reasons:

1. The dust grains were assumed to occupy a narrow ~1 au torus just outside the forbidden

zone, when in reality many of them are much further away as they spiral out of the system.
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2. This calculation assumed that 100% of the dust grains escape from the Hill sphere and are
present in the disk. In reality, over time the collisional timescale will increase as the number

density decreases from dust grains being accreted or ejected from the system.

In any case, this collisional timescale is already much larger than even the largest disk lifetime
in Table 6.2 (142,000 yr), thus showing that the average dust grain is more likely to be ejected from

the system than collide with a similarly sized dust grain.
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