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“Somewhere, something incredible is waiting to be known.”

- Carl Sagan






Abstract

Debris disks are dusty circumstellar disks around main-sequence stars and natural by-products
of the planet formation process. With an almost gas-free environment, dust-replenishing parent
bodies orbit their host star and most likely continuously supply fine dust through mutual colli-
sions. Thus, debris disks comprise solids ranging from kilometer-sized planetesimals down to
micrometer-sized dust. Due to the large surface to volume ratio, dust grains are efficient radiators
of thermal re-emission and scatterers of incident radiation from the stellar source. Dust grains
are, therefore, readily detectable in a planetary system. Consequently, debris disk observables
mainly depend on dust properties and the disk structure, as well as stellar properties.

In this dissertation, an observational appearance of debris disks is investigated. This allows
the verification of predictions made concerning the spatial structure, underlying dynamical
processes, and optical properties of the dust in the debris disk system. In particular, the potential
for multi-wavelength and spatially resolved observations in numerical studies are conducted to
constrain the observational appearance of debris disks with the physical properties and dynamics
of dust grains. To develop observational strategies of disk observations, a new tool has been
developed for analytical modeling of debris disks and the interpretation of results from the
collisional approach.

The dependence of the observational appearance of debris disks on essential collisional
parameters, such as the eccentricity of the parent belt, the dispersion of the eccentricities
of parent belt bodies, and the critical specific energy for fragmentation of dust particles, is
investigated. Furthermore, the feasibility of detecting water ice in typical debris disk systems,
assuming various ice destruction mechanisms and dust mixtures with various internal structures,
is investigated. Additionally, the multi-wavelength modeling of debris disks in 7 Chameleontis
cluster is investigated to constrain the physical parameters and properties of the disks, such
as the range of possible radial locations and total dust mass, based on observation from the
APEX/LABOCA and the archival Gaia/DR2 data. Finally, a model based on a planetesimal mass
distribution function is investigated to discuss the flattening of the spectral energy distribution of
HD 107146 at mm wavelength with the NIKA2 observation.
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Zusammenfassung

Triimmerscheiben sind zirkumstellare Staubscheiben um Hauptreihensterne und natiirliche Be-
gleiterscheinungen des Planetenentstehung. In einer beinahe gasfreien Umgebung umkreisen
grofle Korper ihren Zentralstern und produzieren durch gegenseitige Kollisionen hochstwahrschein-
lich stindig feinen Staub. Somit setzen sich Triimmerscheiben aus Festkorpern zusammen, deren
GroBe von kilometergro3en Planetesimalen bis hin zu mikrometergrolem Staub reicht. Aufgrund
ithres groBBen Oberflachen-Volumen-Verhiltnisses streuen diese Staubteilchen einen Grof3teil des
einfallenden Lichts des Sterns und sind gleichzeitig effiziente thermische Strahler. Dadurch sind
Staubscheiben trotz ihrer geringen Gesamtmasse relativ einfach zu beobachten. Infolgedessen
sind die Beobachtungsergebnisse von Triimmerscheiben hauptséchlich von den Staubeigen-
schaften und der Scheibenstruktur sowie den stellaren Eigenschaften bestimmt.

In der vorliegenden Dissertation wird das beobachtbare Erscheinungsbild von Triimmer-
scheiben studiert. Jenes erlaubt die Verifikation von Vorhersagen iiber die geometrische Struktur,
grundlegende dynamische Prozesse sowie die optischen Eigenschaften des Staubs im System
der Triimmerscheibe. Besonders wird das Potential von rdumlich aufgelosten Beobachtungen
in mehreren Wellenldngen in numerischen Studien erforscht, um das Erscheinungsbild von
Triimmerscheiben mit den physikalischen Eigenschaften und der Dynamik von Staubpartikeln
einzugrenzen. Um Beobachtungsstrategien fiir Scheibenbeobachtungen zu entwicklen, wurde
eine neue Simulationssoftware zur analytischen Modellierung von Triimmerscheiben sowie zur
Auswertung der Ergebnisse erarbeitet.

Untersucht wird die Abhiingigkeit des Erscheinungsbildes von Triimmerscheiben von grundle-
genden Kollisionsparametern, wie etwa der mittleren Exzentrizitdt und der Exzentrizititen-
verteilung der Umlaufbahnen groBer Korper und der kritischen spezifischen Fragmentierungsen-
ergie von Staubpartikeln. Aulerdem wird die Durchfiihrbarkeit des Nachweises von Wassereis
in charakteristischen Triimmerscheibensystemen mit verschiedenen Eiszerstorungsmechanis-
men und Staubzusammensetzungen gepriift. Dariiber hinaus wird mittels Modellierung der
Triimmerscheibe im 77 Chameleontis-Cluster in mehreren Wellenlidngen untersucht, ob sich die
physikalischen Parameter und Eigenschaften der Scheibe eingrenzen lassen. Ein Beispiel hiefiir
ist der Versuch den Bereich der moglichen radialen Verteilung und die Gesamtstaubmasse einzu-
grenzen, auf der Grundlage von Beobachtungen aus dem APEX/LABOCA sowie der archivierten
Gaia/DR2-Daten. AbschlieBend erfolgt eine Modelluntersuchung auf der Grundlage einer plan-
etesimalen Massenverteilungsfunktion, um die Abflachung der spektalen Energieverteilung von
HD 107146 bei mm Wellenlidnge mit der NIKA2-Beobachtung zu besprechen.
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Chapter 1

Introduction

1.1 Profound questions

Where do we come from? What are the requirements to form and evolve life-sustaining planets? Are we alone
in the Universe? We human beings have been asking these profound questions from the beginning of our history.
Since these questions lie at the heart of the general interest of science, they naturally lead us to focus on the

multi-disciplinary studies, which fall into two representative categories:
o The formation processes of the Sun and planets
e The understanding of the origin/evolution of organic matters

In particular, the formation of the stars and planets (and thus our solar system) is one of the fundamental questions
in astronomy and astrophysics. Furthermore, if we do not know how the Earth itself formed, it is hard to explain
how life evolved on Earth as well. Thus, we have to understand and find many clues to help us build the general
picture of the star/planet formation process, even though this complex process is not well understood in detail to
date. Consequently, it will help us disentangle the connections between profound questions of a human being, and

thus allow us to make predictions about where to look for life beyond the solar system.

1.2 The standard paradigm of star/planet formation

The current standard picture of star and planet formation is based on the first proposed theory of our solar system
formation by Kant (1755) and Laplace (1808)". In the following, the generally accepted paradigm of T Tauri
stars (i.e., a low mass star with M < 2 Mg) formation based on young stellar objects (YSOs) classification (Shu
and Adams, 1987; Andre, Ward-Thompson, and Barsony, 1993; Andre and Montmerle, 1994; Lada and Wilking,
1984; see also a brief summary with edge-on view picture in Fig. 1.1) is briefly discussed. The original criterion
for this classification is based on the slope of the spectral energy distribution from the near-infrared (near-IR) to
mid-infrared (mid-IR) a = %

For simplicity, a single isolated star is assumed from this point on, even though the star formation is generally not

, Where F is energy flux and A is the wavelength (Lada and Wilking, 1984).

an isolated process in clusters (e.g., they often form in binaries or larger multiple systems; Duquennoy and Mayor,
1991).

I'They predicted our solar system formed in broadly two steps: First, a slow rotating gaseous cloud collapses under its self-gravity. Next, the
infalling material rotates more rapidly as a consequence of the conservation of angular momentum and flattens along the rotation axis, forming a
disk, which eventually gives birth to the Sun and planets.
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FiGure 1.1: The current view of star/planet formation and evolution. Ty represents the bolometric temperature that is defined
as the temperature of a blackbody having the same flux-weighted mean frequency as the observed continuum spectrum
(Krumholz, 2017). M., Menyelope> and Myjsk represent the mass of the stellar core, envelope surrounding the stellar core,
and disk, respectively. The value of « indicates the slope of the spectral energy distribution from the near- to mid-IR, e.g.,
~ 2.2 to ~ 20 pm. A more detailed description can be found in Sect. 1.2. Figure is based on Shu and Adams (1987), Andre,
Ward-Thompson, and Barsony (1993), Andre and Montmerle (1994), and Lada and Wilking (1984).

1.2.1 Prestellar phase: Collapse phase

Stars born in cold and dense molecular clouds” of interstellar gas and dust. These molecular clouds are originally
pressure supported by the thermal gas pressure, the rotation, and magnetic fields. In particular, magnetic fields are
the greatest supporting pressure to molecular clouds keep from collapsing.

Tons in molecular clouds carry the magnetic field with them, whereas the neutrals are unaffected by the magnetic
field. Thus, there is a very slow slippage between the ions (i.e., mostly protons) and neutrals (i.e., the decoupling of
neutral particles from plasma, called ambipolar diffusion; also known as "ion-neutral drift"; Mestel and Spitzer,
1956; Mouschovias and Spitzer, 1976; Greaves and Holland, 1999) in the cloud, which results in the slow diffusion
of the ions from the magnetic field. Once the magnetic support has been fully removed and turbulences in the cloud
create overdensities (i.e., masses larger than the Jeans mass M Jeans_), cloud finally collapses due to gravitational
contraction.

As the cloud contracts, the density of the cloud increases by many orders of magnitude during the free fall
process. As long as the density still remains adequately low for the cloud to be transparent (i.e., optically thin), the
thermal energy gained by the collapse is radiated into the universe, and thus the temperature remains nearly constant,

i.e., isothermal collapse. The Jeans mass M jeans decreases as the collapse continues. Consequently, different small

2Molecular clouds have the temperatures in the range of ~ 10 to 50 K, masses in the range of ~ a few M, to 10% M, sizes in the range of a
few pc to the order of 100 pc, and number densities in the range of ~ 103-10% cm™ (Arzoumanian et al., 2011). A large number of molecular
clouds are found in the spiral arms of the Milky way.

3The Virial equation |E gmv| = 2E kin can be solved to find the minimum mass a cloud must have if gravity is to overwhelm pressure and

3/2
5%) ! (4%)1/2 T3/2p71/2 o \/%T where Ry is the universal gas constant, u is
the mean molecular weight of gas, p is the gas density, T is the temperature of the cloud, and G is the gravitational constant (Kippenhahn and
Weigert, 1994; Bonnell, Clarke, and Bate, 2000).

thus the cloud to be collapsed, called the Jeans mass M jeans = (
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regions within the cloud satisfy the Jeans criterion locally and thus lead to the fragmentation of the molecular cloud.

This results in many small stellar cores.

1.2.2 Protostellar phase: Class 0 (t < 0.03 Myr)

During the continuous collapse, the density increases to up to ~ 107!3g cm™3, which increases the optical depth
(i.e., optically thick), resulting in the collapse to be adiabatic rather than isothermal. Thus, energy is not radiating
away and gets trapped. Finally, the trapped thermal energy heats the core, which results in the dissociation of the
molecular hydrogen H; into hydrogen atoms H. This builds up the internal pressure until a hydrostatic equilibrium
is reached (i.e., gravity balances pressure) and a protostar is born with a radius of ~ 5 au. As the envelope of the
protostar collapses and due to the conservation of angular momentum, the quasi-static protostellar core begins to
spin, i.e., the radius of the protostellar core gets smaller, and thus the cloud spins faster. This rapid rotation creates
stronger centrifugal forces, which are greatest at the equator. The rotating contracting cloud, therefore, starts to
spread out and finally forms a disk, e.g., the small central protostar is being surrounded by a large rotating disk (i.e.,
circum-protostellar disk) with a radius of ~ a few hundred au and an optically thick infalling envelope, resulting
in a deeply embedded protostellar core. Protostar grows by acquiring mass from its surrounding envelope that is
composed of interstellar dust and gas. Also, bipolar molecular outflows ("jets") generated by the protostellar core,
which is perpendicular to the rotation plane.

The SED of Class 0 objects has a similar to a single temperature blackbody function with a very low temperature

(< 70 K); peak in far-infrared (far-IR) to sub-millimeter (sub-mm) range; (see also Fig. 1.1).

1.2.3 Outflow phase: Class I (t ~ 0.2 Myr)

The more evolved protostar has already accreted most of the mass from the enveloping cloud and the accumulated
circumstellar material. As the core (protostar) continues to condense and rotation accelerates, leading to a higher
mass of the Class I object, and thus the depletion of the surrounding cloud, the angular momentum of the object
increases. As a consequence of the conservation of angular momentum, the Class I object thus emits two continuous
flows of gas (i.e., polar jets) from the poles of the protostar. Consequently, its envelope loses most of its mass due to
bipolar outflows and is heated by the accretion luminosity onto the core of the protostar.

Class I objects show a near-IR emission and are characterized by a slope of the SED « that is flat or rising with
increasing wavelength (a > 0), whose infrared excess due to the warm envelope peaks in the far-IR. The 10-um

silicate absorption feature, which is typical for these systems, is clearly shown (see also Fig. 1.1).

1.2.4 T Tauri phase: Class II (t ~ 1 Myr)

From this stage on, the protostar has lost its envelope and it is optically visible unless it is obscured by the disk.
The central protostar becomes a pre-main sequence star (e.g., a classical T Tauri star) and accretes mass only from
the surrounding disk, which is called a protoplanetary disk. During this phase, accretion proceeds through the disk
by redistribution of angular momentum. In particular, a small amount of matter eventually carries all the angular
momentum outwards, while the rest of the mass is losing angular momentum and falls onto the star (Pringle, 1981;
Armitage, 2011). Consequently, the disk is spreading inwards and outwards (Lynden-Bell and Pringle, 1974),
depending on the material accretion rate and the angular momentum transport rate, which are responsible for the
structure and evolution of the protoplanetary disk. Several mechanisms have been proposed for the gradual loss
of angular momentum of the rotating matter and mass in accretion disks, including viscous torques, gravitational

torques, and magnetic torques.
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Protoplanetary disks are the environment where tiny dust grains that are inherited from the interstellar medium
must grow and form planets in the interim. To form a planet, tiny pm size grains need to grow in size by ~ 13 orders
of magnitude and in mass by ~ 40 orders of magnitude (see also Sect. 1.2.6).

The dust in a protoplanetary disk absorbs stellar radiation and re-radiates thermally in the infrared wavelength
range. This results in Class II objects, e.g., T Tauri stars, in a disk system that is showing an excess of infrared

emission, and a decreasing emission in the sub-mm (0 > a > -1.5; see also Fig. 1.1).

1.2.5 Disk dispersal phase: Class III (t > 10 Myr)

The final stage of star/planet formation is the disk dispersal phase. As Zuckerman, Kim, and Liu (1995) and Haisch,
Lada, and Lada (2001) indicated, the oldest observed gas-rich protoplanetary disks are about a few 10°-107 years
old, meaning that the disk must be cleared in this phase. Viscous accretion spreads disk mass, continuously causes
accretion onto the star, which is primarily responsible for the removal of the innermost matter (r < 1 au; called
‘cavity’). Once a gap is formed, the isolated inner disk accretes onto the star, which results in the inner edge of the
outer disk being directly irradiated (Alexander and Armitage, 2007). For the outer regions of disks (r > 1 au), the
stellar wind and high energy incident electromagnetic radiation from the young protostar (i.e., photoevaporation to
the disk surface; Hollenbach and Adams, 2004) is the dominant mechanism of disk dispersal. As the gas escapes, a
pressure gradient drives the unbound gas away from the star as a wind (Clarke, Gendrin, and Sotomayor, 2001). The
mass loss continues outwards until the entire gas disk is gone after ~ 10 Myr (Fedele et al., 2010). Consequently,
the timescale of disk clearing strongly constrains and affects the architecture and evolution of planetary systems.
Once the gas in the protoplanetary disk has been dispersed, the remaining dust disk is called a debris disk. Debris
disks may influence the process of terrestrial planet formation that may continue for up to ~ 100 Myr (Kenyon and
Bromley, 20006; see also Fig. 1.2), while the formation of giant planets already ceased. Furthermore, debris disks
continue evolving collisionally, dynamically, and gravitationally even in mature systems where planet formation has
long been completed, like our solar system.

Class III sources show the stellar photosphere in the near- to mid-IR. These sources are either naked stars or

debris disks with infrared excesses that peak in the far-IR (@ < -1.5; see also Fig. 1.1).

1.2.6 Dust evolution

The gas in the disk consists mostly of light elements, the evolution of which is predominantly, most of the processes
(e.g., viscous disk accretion and the clearing of the disk) discussed above mainly drive the evolution of the gas in
the disk. However, once the gas component in the disk disappeared (almost) completely during the disk dispersal
phase (Sect. 1.2.5), the young star is surrounded by a planetary system (e.g., planetesimals and even planets). This
means other processes operate on the dust particles in the disk (Sect. 1.2.4). Key to the understanding of the dust
evolution is the process of dust growth, even though the current knowledge of the dust growth process is still far
from complete.

A very brief description of dust evolution, which comprises mainly three steps, i.e., grain growth, planetesimals

growth, and planet formation, is discussed in this section (see also a very brief description in Fig. 1.2).

Grain growth: Even though the full process of grain growth is not well understood, it is generally accepted that

grain growth is a multi-step process. Gas dynamics determine dust motion and grain growth in general.
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Ficure 1.2: The current view of dust evolution (i.e., the growth of small dust grains towards the gravitationally bound
planetesimals and planets) and its rough timeline. Figure is based on Raymond et al. (2009) and Armitage (2011).

o Grain growth via sticking: Tiny grains stick electrostatically by Brownian motion, leading to fractal

aggregates, which eventually compacted to form spheroidal grains.

e Grain growth via settling/collisions: Due to the vertical component of gravity acting in the disk on the
pressure-less dust component, dust grains tend to slowly settle toward the midplane on a time scale of a
few hundred thousand years (Dullemond and Dominik, 2004; Dominik et al., 2007). Thus, the likelihood
of grain-grain collisions is increased due to an increase in the density of grains, so that grain growth via
settling/collisions can proceed more rapidly (Dullemond and Dominik, 2005). There are several possible
outcomes of a grain-grain collision, e.g., sticking, bouncing, erosion/cratering, mass transfer, or fragmentation
(Windmark et al., 2012; Giittler et al., 2010), depending on the relative velocity of the grains and their
chemical and physical properties (Blum et al., 2006). For example, high-speed collisions are more likely to
result in shattering, while icy grain surfaces are likely to enhance sticking. Furthermore, collisions of objects

moving at the same speed are less destructive than those of objects moving at different speeds.

o Radial migration: Once the growing grains have settled to the mid-plane, grains migrate radially towards

the star via drift.

Planetesimal growth via accretion: There are two stages of planetesimal growth, i.e., the faster runaway and the

slower oligarchic growth.

e Runaway growth*: Larger bodies grow faster than smaller bodies (called "runaway growth"; Wetherill

and Stewart, 1993; Weidenschilling et al., 1997). Their mass accretion rate is a very strong function of the

“In the case of runaway growth one particle grows rapidly in a swarm of smaller ones, while in the case of orderly growth the whole ensemble
has similar particle sizes
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gravitational strength of the object o M*/3 which finally results in the emergence of large protoplanets. The
runaway growth eventually ends when the largest bodies are massive enough to increase the random velocities
of nearby planetesimals, i.e., when gravitational stirring by protoplanets dominates planetesimal random
velocities (Ida and Makino, 1993).

e Oligarchic growth: The end of runaway growth leads to the beginning of the "oligarchic growth" regime,
where mass accretion grows o M?/3 (Ida and Makino, 1993; Kokubo and Ida, 1998). Now, the disk is
dominated by large adjacent planetary embryos (i.e., protoplanets), which slowly grow due to accretion. Thus,
the planetary embryos become large enough to overcome eccentricity damping due to dynamical friction
from smaller planetesimals, which leads to embryo-embryo collisions and signals the last stage of accretion
of terrestrial planets and giant planet cores (Mandell, 2014). The oligarchic growth ends when they have
swept up everything (i.e., when the protoplanets have accreted everything within their gravitational reach;
Wetherill and Stewart, 1989). After clearing of the planetesimals, the final mass (called "the isolation mass")

increases with surface density and radial direction.

Planet formation: Planet formation falls into two representative categories, i.e., the giant planet formation and the

terrestrial planet formation:

o Giant planet formation: Giant planets (e.g., Jupiter or Saturn) must have completed their formation before
the disappearance of the gas in the disk, i.e., the protoplanetary disks last 3-10 Myr, which corresponds to the
global-disk gas depletion timescale (Haisch, Lada, and Lada, 2001; see also 1.2.5). Two competing giant
planet models are being discussed (Bodenheimer and Pollack, 1986; Mizuno, Nakazawa, and Hayashi, 1980;
Perri and Cameron, 1974), the core accretion model and the gravitational instability model. Both models
are competing with each other, nonetheless, it may be that not all giant planets are formed by the same

mechanism.

The core accretion model is an initially slow process, until the quick sweeping up of planetesimals ("Bottom-
up process"; D’ Angelo, Durisen, and Lissauer, 2010). In the core accretion model, the basic requirement is a
solid core of ~ 10 Mg originating from an accretion of planetesimals. Once the core reaches this critical mass,
a hydrodynamic instability is triggered that results in rapid gas accretion (Pollack et al., 1996). The gaseous
envelope is accreted in a runaway process (see also Fig. 1.2). This runaway gas accretion is no longer limited
by the cooling properties of the gas envelope, but only by the availability of gas in the disk. This means that
this rapid growth only ends when the gas dissipates in the disk (Alibert et al., 2005; Hubickyj, Bodenheimer,
and Lissauer, 2005). Therefore, a giant planet must form quickly before the dissipation of the gas in the disk.

The gravitational instability model is initially a rapid process, until the slow sweeping up of planetesimals
("Top-down process"; D’ Angelo, Durisen, and Lissauer, 2010). In this model, the disk is unstable due to its
own self-gravity, when the Toomre parameter Q ~ 1 (Toomre, 1981), which occurs, when the disk is cold and
massive. To have fragmentation into bound clumps, the cooling time of the gas needs to be short (Gammie,
2001). Assuming these conditions are met, the disk fragments into planets in just a few orbits. This finally

leads to the direct fragmentation of the gas into massive planets (Boss, 1997).

o Terrestrial planet formation: The heavier rocky and metallic materials are better suitable for the condensa-
tion at higher temperatures. Thus, when rocks and metals orbiting the star move close to one another, they
gradually grow larger. This is because collisions of objects moving at a similar speed are less destructive
(Blum et al., 2006); thus they stick together more often. Consequently, the planets residing in the inner
part of the solar system are made almost entirely of heavier materials (e.g., rock and metal) and form a

group called the terrestrial planets. After gas giant planet formation ceased, there are no more mechanisms,
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which damp the random velocities of the isolated planetary embryos, e.g., gas damping and/or viscous
friction. This finally results in gravitational scattering increasing the random velocities. Since the growth
of velocity dispersion in the disk is dominated by the protoplanets and gravitational focusing is weak,
growth in this regime is very slow. These bodies continue to evolve through a series of giant impacts until

they reach a configuration where the spacing leads to long-term stability (Goldreich, Lithwick, and Sari, 2004).

1.3 What are debris disks?

As indicated in the Sect. 1.2.5, after the dispersal/dissipation of gas (removed by accretion onto a protoplanet and/or
photo-evaporation), a star at the end of the protoplanetary disk phase is expected to be surrounded by one or all
of the following components (Wyatt, 2008; Safronov and Zvjagina, 1969; Wetherill, 1980; Lissauer, 1987): the
remnant of the protoplanetary disk (e.g., dust and gas), planetesimal belts in which planetesimals kilometer-sized
solid bodies) continue to grow or grind to copious dust, and several planets from Earth-size to Jupiter size. All of
these objects, including sub-planetary solids and particles, are called debris disks. Debris disks are observed around
main-sequence stars of all ages, although they are more often detected around early-type/young stars due to their
higher luminosity (e.g., by the Spitzer and Herschel surveys; Su et al., 2006; Eiroa and Dunes Consortium, 2013)°.

In particular, due to the large surface to volume ratio, dust grains are efficient radiators of thermal re-emission
(grains absorb the optical and ultraviolet light from the central star and then emit/radiate this energy away at the
infrared) and scatterers of stellar light. Therefore, they are the most readily detectable in a planetary system and
observed around a significant fraction of main-sequence stars older than about 10 Myr. However, this detectable
dust in dusty debris disks is thought to be removed by the stellar radiation on a short time scale compared to the
system’s age (Backman and Paresce, 1993; Artymowicz and Clampin, 1997). This means that dust must be transient
and/or more likely continuously replenished. The grain growth is hardly possible in debris disks. This is because
the relative velocities are not damped by ambient gas with the almost gas-free environment in debris disks. Thus,
the most probable explanation is that dust-replenishing parent bodies (i.e., planetesimals) in debris disks orbit their
host star and continuously supply the copious fine dust through mutual collisions. Consequently, stellar radiation
directly interacts with the leftovers, which are being ground down to pum sized dust (e.g. Strubbe and Chiang, 2006;
Krivov, 2010). This means that detectable dust must be secondary material, which represents the composition of
exo-planetary material, e.g., asteroids and meteorites.

A decade before the first detection of an exoplanet around a main-sequence star (51 Pegasi by Mayor and
Queloz, 1995), Aumann (1984) reported a serendipitous discovery of circumstellar dust around Vega with an infrared
excess (hereafter referred to as "IR-excess"; see Fig. 1.3) above the expected photospheric value by the Infrared
Astronomical Satellite (IRAS). Besides, a scattered-light image of 3 Pictoris promptly showing that circumstellar
dust is accompanied with a disk (Smith and Terrile, 1984). These discoveries of dusty circumstellar disks, that emit
much more radiation at wavelengths between 25 and 100 pm, around main-sequence stars were indeed the most
notable achievement of the IRAS. Since then, the number of debris disk detections has grown over the last 25 years.
So far, there are about tens of very well-resolved, and more than a hundred marginally resolved debris disks imaged

in thermal emission or scattered light (Catalog of resolved debris disks®; Catalog of Circumstellar Disks”).

3 After gas dispersal gas are in general not detected in debris disks (e.g., Modr et al., 2011). However, gas was already detected in several
debris disk systems, in particular, either primary gas (e.g., Thi et al., 2014) or secondary gas (e.g., Dent et al., 2014). A more detailed description
can be found in Sect. 3.3.3.

SDebris disks observations are sensitive to individual disk parameters and the detection threshold, implying that debris disks are probably
more ubiquitous below current detection thresholds.

"This was first believed to be a protoplanetary disk. However, it is now known to be a debris disk due to the lack of gas in the disk, fractional
Iuminosity from the disk, and the age of the star.

8https ://www.astro.uni-jena.de/index.php/theory/catalog-of-resolved-debris-disks.html

9https ://www.circumstellardisks.org/index.php
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Ficure 1.3: Spectral energy distribution of the infrared excess from Vega. The solid and dashed lines represent a 85 K and 500
K blackbody spectrums, respectively. Figure credit: Aumann (1984).

To date, 4158 confirmed exoplanets (NASA Exoplanet Archivelo) have been detected via various methods, e.g.,
radial velocity techniques (CARMENES; Quirrenbach et al., 2016) and the transit technique (Kepler; Borucki and
Koch, 2010). Interestingly, planets found by these missions show diversity in their properties. Besides, many
planetary systems are quite different from our solar system (e.g. Butler et al., 2006). The vast majority are gas giant
planets usually far bigger than those of our solar system, while there is a small number (~ 350) of terrestrial planets
with Earth-like mass. Among them it is considered that only a handful exists in a habitable zone, allowing for the
presence of possible key materials of life signatures, e.g., oxygen, water, and organic matters. However, even with
state-of-the-art observations, it is not possible to resolve these exoplanets well enough to search for signs of life or
habitability, in particular, detecting low mass planets at tens of au is still far beyond current instrumentation (Dong,
Zhu, and Whitney, 2015). Since a definitive understanding of the planet formation process, e.g., how Earth formed,
should be accompanied by an answer to the question of the origin of life, it is still difficult to answer the profound
questions in Sect. 1.1. We, therefore, need to focus on an alternative way, the environments where they are born,
e.g., the circumstellar disks, to understand the origin and characteristics of exoplanets.

In particular, debris disks can tell us a lot about the history and structure of planetary systems (and our solar
system), because they are a natural outcome of planet formation processes. In this way, young debris disk system
observation, in general, provides various information about the early evolution of planetary systems. Furthermore,
planets can interact with the disk system dynamically. Thus, the presence of planets can be inferred from particular
disk structures (e.g., Rosotti et al., 2016). Additionally, debris disk observations provide a way to study the outer
regions of the planetary system (Marino et al., 2018). Consequently, understanding the spatial information and
composition of debris disks is a very crucial step in understanding the origin of exoplanets and determining the

potential habitability of terrestrial planets, complementary to the direct/indirect studies on exoplanets and their

Ohttps://exoplanetarchive.ipac.caltech.edu/cgi-bin/Tb1lView/nph-tblView?app=ExoTbls&config=planets
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mother star. Thus, this field of research finally leads us to the proper answers to our profound questions (Sect. 1.1)

and is connected to the question about the future of our solar system (Jura et al., 2007; Melis et al., 2010).

1.4 This dissertation

1.4.1 Research Unit FOR 2285 '""Debris Disks in Planetary Systems"

This thesis was written as a part of Project P4: Observational appearance of debris disks in the Research Unit FOR
2285 "Debris Disks in Planetary Systems"'!, which is the first large-scale Research Unit to focus on debris disks
in Germany and was established in 2015 (now in the second phase). The primary goal of this Research Unit is
to explore constraints posed by debris disks onto the architecture, formation, and evolution of planetary systems,
and thus better understand debris disks. Combining the theoretical (e.g., analytic and numerical modeling of their
collisional/dynamical evolution) and laboratory results (e.g., laboratory studies of the optical properties of dust and
its interaction with stellar radiation), the Research Unit provides elaborate models of individual disk systems and
thus gives us new insights into a variety of puzzles including the origin of debris disks, the composition of their dust,

and their evolution.

1.4.2 Aim of this work

This thesis work is motivated by new major observatories and instruments that will become available in the near
future. These will provide high-sensitivity/angular resolution capabilities required for observational debris disk
studies. Therefore, the goal of this dissertation is to develop observational strategies, which allow the verification of
predictions made concerning the spatial structure, underlying dynamical processes, and optical properties of the
dust in the debris disk system. This dissertation investigates the potential of multi-wavelength and spatially resolved
observations in numerical studies to constrain the observational appearance of debris disks with physical properties
and phenomena, e.g., dust spatial distribution and optical properties of various dust phases, characterized by their
size, chemical composition, and internal structure (compact/porous, amorphous/crystalline, single component/multi-

layer). A general description of this dissertation is addressed below:

e In Chapter 1, the basic introduction, stellar and planetary evolution is described, beginning with the description
of the contraction of a molecular cloud due to ambipolar diffusion up until its last stages of planet formation

and evolution, including the dust evolution. Finally, the importance of debris disks studies is discussed.

o In Chapter 2, the comprehensive physics of dust in debris disks (e.g., forces on dust particles in debris disks

and irradiated dust particles) is discussed.

e In Chapter 3, the general context of debris disks observations is introduced. Furthermore, observational
constraints on dust properties in debris disks and the general description of debris disks structures, showing

structural diversity of disk systems, are discussed.

e In Chapter 4, the general description of the debris disk modeling and the simulation tools used in this work

are discussed.

o In Chapter 5, the impact of the most frequent phenomena, i.e., collisions between planetesimals, in debris
disks on the observational appearance of these systems are addressed. Therefore, studies on planetesimal

collisions in debris disks have conducted. The dependence of the appearance of debris disks on essential

I1http://www. astro.uni- jena.de/FOR2285/en/index.php
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collisional parameters, such as the eccentricity of the parent belt, the dispersion of the eccentricities of parent

belt bodies, and the critical specific energy for fragmentation of dust particles, are investigated.

In Chapter 6, the feasibility of detecting water ice in typical debris disk systems, assuming various ice
destruction mechanisms and dust mixtures with various shapes consisting of amorphous ice, crystalline ice,
astrosilicate, and vacuum inclusions, is addressed. For this purpose, the influence of these parameters on the
resulting observables of debris disks, e.g., the SED, spatially resolved images, and their radial profiles, is

discussed. Finally, the feasibility of detecting water ice in debris disks with future observations is investigated.

In Chapter 7, a continuum sub-mm survey of the cold material of protoplanetary disks and new debris disks in
1 Chameleontis cluster with the APEX/LABOCA observations and the archival Gaia/DR2 data are introduced.
The multi-wavelength modeling of debris disks in 7 Chameleontis cluster to constrain the physical parameters
and properties of the disks, e.g., the range of possible radial locations and total dust mass based on observation,

is investigated.

In Chapter 8, the NIKA2 observation of debris disk around HD 107146 is introduced. The flattening of the
SED of HD 107146 that becomes close to the Rayleigh-Jeans regime at mm wavelength domain is revisited
and discussed. In particular, a model based on a planetesimal mass distribution function that includes the

perturbed pattern is proposed and investigated.

In Chapter 9, conclusions and outlooks of this dissertation are presented.
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Physics of debris disks

The interplay between many forces (e.g., collisions and gravitational perturbations) and all the solid components in
debris disks, ranging from kilometer-sized (km-sized) planetesimals down to micrometer-sized (um-sized) dust
grains (Sect. 1.3), determines the distribution of dust in debris disks and the spatial structures of the disk system.
Thus, the study of the forces on dust particles is directly linked to the unseen planetesimals and planets. Furthermore,
dust particles that are heated by and scatter the stellar radiation are visible to us. In this chapter, a brief summary of

the effect of physics on dust in debris disks and the observation of irradiated dust particles are presented.

2.1 Forces on dust particles

In this section, forces acting on dust particles in debris disks are briefly addressed (see also Fig.2.1 as a brief
summary). The topics of this section include the stellar gravity and three dominant forces related to stellar radiation:
the radiation pressure, inwards the Poynting-Robertson drag, and the stellar wind drag. Additionally, one of the
most important and dominant phenomena in debris disks, namely mutual collisions, are considered. Finally, other
important factors such as the Lorentz force, the Yarkovsky effect, the sublimation effect, the sputtering effect, and
interactions with one or more planets are considered. Due to the scale, the star is treated as a point source for the

matter of convenience in this dissertation.

2.1.1 Stellar gravity

The main force keeping dust particles in their orbits is the gravity of the central star. Dust particles with a mass
m qugt Orbiting a star with the mass M., at a distance r are primarily affected by the inwardly directed gravitational
force of the star:

GM.m g5t ¥

F, = 2.1)

r2 r’
where r is the position vector of the object. At this point, further possible gravitational forces (e.g., induced by
planets in the system) are neglected. This force depends on the eccentricity of the particles orbit e', particularly. For
example, particles on elliptical orbits are gravitationally bound to the system, which is characterized by 0 < e < 1.

On the other hand, particles with e > 1 are unbound and thus leave the system on parabolic or hyperbolic trajectories.

2.1.2 Radiation pressure

The dominant non-gravitational force acting on the dust particles is the radiation pressure, which arises from

the photons emitted by the central star. When photons are absorbed by dust particles, the momentum has to be

l¢ is derived from parameters of conic sections and determines how much its orbit deviates from a perfect circle (i.e., e = 0).
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FiGure 2.1: Brief sketch of the most important forces on dust particles in debris disks. Figure is based on Krivov (2010).

transferred to dust particles due to momentum conservation. By considering the number of photons absorbed per
unit time, one easily derives the force on the particle due to radiation pressure. The radiation pressure can be

expressed as:

o fooo Li(\) Qpr (a) dr r

4nric r’ 2.2)

Frad =

where o (= ma?) is the geometrical cross-section of the particle with the size of dust grain a, O pr is the radiation
efficiency of the particle, and c is the speed of light in a vacuum. Furthermore, L. (}) is the emission of the star,
which can be described by its monochromatic luminosity L. (1) = 47 R? B;, (Tef), where R. is the radius of the
star, Ter is the effective temperature of the star, and B3, (T ) is the specific spectral radiance described by Planck’s
law (called Planck function”). Like stellar gravitational force, radiation pressure decreases with the distance squared

to the star. However, this force is directed opposite to the stellar gravity, i.e., outwards.

Particles are strongly affected by both stellar gravity (Eq.2.1) and radiation pressure (Eq. 2.2). In this way, one can
introduce the combined force from the star the so-called "photogravitational" force Fpg (Burns, Lamy, and Soter,
1979; Krivov, 2010). It can be written as:

GM.(1-8)mygy
Fpe = Fg + Fryg = — ( r3) Sy =(1-8)F,, (2.4)

where £ is the ratio between radiation pressure and stellar gravity and is given as:

 Fral O—fooo L.(\) Q pr (a) A B ifow L.(A) Q pr (@) dh
o |Fg' o 47wcG M, mays C16m ¢cG M. apaus

B (2.5)

2The blackbody doesn’t emit equal amounts of radiation at all wavelengths, in particular, most of the energy is radiated within a relatively
narrow band of wavelengths. The Planck function is the exact amount of energy emitted at a particular wavelength A and is described by:

2
B\(T) = pe L (2.3)

5 he
A eMpT _ 1

where T is the temperature of the blackbody, / is Planck’s constant, and kg is Boltzmann’s constant.
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where the dust particle mass can be expressed by m qust = %n al P dust With the assumption of compact grains with
spherical shape that are characterized by their bulk density p gust- This value is no function of the distance from
the star; instead it depends on the properties of the dust particle (size a, bulk density p 4y, and radiation pressure
efficiency Q pr) and the stellar properties (e.g., stellar mass M. and stellar luminosity L;.). With the assumption

that the radiation pressure efficiency of an ideal absorber is, O ,r ~ 1, the § parameter approximates to (Wyatt et al.,

1999):
-1 -1 -1
L.\ [ M.
B~s575( Ll | (L) [z« , (2.6)
kgm™3 um/ \Lo/\Mo
where f—@ and I\A,/IIQ are the stellar luminosity and mass in solar units, respectively.

As the radiation pressure counteracts the stellar gravity, there is a value of g that results in a liberation of the
particle from the system. A particle released from a parent body if its kinetic energy is greater than or equal to its
potential energy’ (Harwit, 1963; Zook and Berg, 1975). This results in the approximation of the value of 3 being
greater than or equal to 0.5 (Burns, Lamy, and Soter, 1979). Thus, there are several possible orbits of dust particles
under the photogravitational force, depending on the value of S (see Fig.2.2; Krivov, 2010). For example, the
system releases fragments into bound elliptical orbits if 0 < 8 < 0.5 (which corresponds to 0 < ¢ < 1). The grain
orbits are parabolic or hyperbolic and thus unbound® if 8 = 0.5 or 0.5 < 8 < 1, respectively (which corresponds to
e =1and e > 1, respectively). Also, if 8 > 1, the grain orbits are on anomalous hyperbola and thus released from
the system. Consequently, the ejection condition and thus the cutoff blowout grain size ay,, is a strong function of
the value of .

Small particles are affected more strongly by radiation pressure, while the opposite is true for larger particles
(see also a quantitative comparison of various forces acting on different dust grain sizes in Rodmann, 2006). This is
due to smaller particles having a higher surface area to mass ratio, which increases the stellar incident radiation
force on small particles. Small grains affected by radiation pressure in a typical disk are removed on timescales as
short as 10-102 yr (Hillenbrand, 2008), which is far shorter than timescales for other forces. Thus, the radiation
pressure is the dominant mechanism for the removal of small grains ~ 1 to a few um. This means that the grains
with radii below the cutoff ay, are not expected to be seen in a debris disk. Note that the timescale of radiation
pressure is a function of the stellar source and grain properties.

Furthermore, the ejection condition, as well as the 8 ratio depends on the eccentricity of the parent bodies.
A general expression for the 8 threshold, for which a dust particle is ejected from the eccentric system, can be

expressed as follows (Murray and Dermott, 1999):

1 1-¢2
oo > = [—m— ], 2.7
Beject— 2(1+€COS¢) ( )
where ¢ corresponds to the longitude of the orbit, at which the particle ejected (¢ = 0 and ¢ = 7 corresponding to
periastron and apastron, respectively). More detailed information on the ejection condition and blowout size of the

eccentric parent belts can be found in Chapter 5.

2.1.3 Poynting-Robertson effect

The radiation pressure force acts radially on dust particles. However, the direction of the incident radiation (i.e., a
tangential component) in the dust particle’s reference frame is not perpendicular to the direction of the particle’s

motion. Thus, radiation pressure force depends on the velocity of the dust particle because the speed of light is

3This can be expressed by S withv? = GfM X

4Dust grains in bound and unbound orbits are called a-meteoroids and -meteoroids, respectively (Zook and Berg, 1975).

m dust Vz > GM* (1_B) m dust
2 = r
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FiGure 2.2: Left: Possible orbits of dust particles under the photogravitational force depending on the 8 value when grains are
assumed to be released from a circular orbit. Right: Schematic of a debris disk produced by a parent belt, i.e., planetesimal
belt, depending on the 8 value. Figure credit: Krivov (2010).

finite. The frequencies of photons emitted in the forward direction the particle’s motion are relativistically boosted
(or blueshifted). Thus, the dust particle loses more momentum in its forward direction as seen in the star’s reference
frame. As aresult, this causes the orbiting dust particles to lose its angular momentum on its orbit around the star and
in turn a continuous deceleration of the particle, which forces the particle to spiral inward (see also Fig. 2.1). This
effect is called the Poynting-Robertson effect Fpr (hereafter refered to as "PR drag"; Poynting, 1903; Robertson,
1937). The PR drag is given by (Burns, Lamy, and Soter, 1979):

(2.8)

M. :
Fpr = _G—md”Stﬁ (!£+ V) ,

r2 crr ¢
where v is the particle velocity vector. As can be seen from Eq. 2.8 above, this effect is equivalent to a friction.
Furthermore, particles can be trapped into resonances (Sect. 2.1.10) as they drift. The timescale for a dust grain
to fall onto the star (i.e., spiral from a given distance r to the star) ¢pr is given by (Burns, Lamy, and Soter, 1979;

Gustafson, 1994; Wyatt, 2005; van Lieshout et al., 2014):

C}"2

CAGM.B

tpr(r) = (2.9)

In a typical debris disk, this happens on a timescale of 107-107- yr (Hillenbrand, 2008). The PR drag is particularly
effective on micrometer-sized grains, moving in Keplerian ellipses with reducing semimajor axes a and eccentricities
e (Wyatt and Whipple, 1950; Breiter and Jackson, 1998). This is because larger dust grains are more likely to collide
with each other long before the PR drag can have an effect on them. Thus, for low-density disks such as our solar
system, the PR drag makes particles migrate inward before they are destroyed by collisions (Wyatt, Clarke, and
Booth, 2011). Wyatt (2005) argues that for most currently detectable extrasolar debris disks, the densities are too
high for the PR drag to be significant. This force, therefore, might be only important for systems around early-type

stars.

2.1.4 Stellar winds drag

The electromagnetic radiation from the star gives rise to radiation pressure forces, while particulate radiation (e.g.,

charged particles rather than photons) from the star causes stellar wind forces. The total stellar wind force can also
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be decomposed into direct stellar wind pressure and stellar wind drag, similar to how total stellar radiation that can
be decomposed into direct stellar radiation and PR drag. For most stars, the momentum carried by the stellar wind
is ~ several orders of magnitude smaller than the momentum carried by photons. Thus, the stellar wind pressure
force may be negligible. However, stellar wind drag may not be ignored (Burns, Lamy, and Soter, 1979; Krivov,
2010). This is because the stellar wind velocity v gy, which is =~ 300 to 800 km s~! in the solar system (Allen and
Penston, 1973), is much smaller than the speed of light and thus leads to greater forces, when replacing ¢ in Eq. 2.8°.

Gustafson (1994) indicated that the stellar wind drag is approximately 30% of the PR drag in the solar system.
Furthermore, previous studies (e.g., Plavchan, Jura, and Lipscy, 2005; Strubbe and Chiang, 2006; Reidemeister
etal., 2011), indicated that this stellar wind is not negligible for debris disks around late-type stars and becomes

even more effective in this case.

2.1.5 Collisions

Since the lifetime of the dust particle ¢ gust (= 1 Myr; Artymowicz and Clampin, 1997) is much shorter than that of
the stellar source, dust in debris disks must be continuously produced, and thus replenished. Therefore, disruptive
(or alternatively, destructive, fragmenting, or catastrophic) collisions have to be a dominant process acting on the
almost gas-free environment in debris disks. For collisions to be disruptive, a sufficiently high relative velocity
between large particles (e.g., km-sized planetesimals) is necessary (Krivov, 2010; Lohne et al., 2017). Thus, debris

disks must be stirred to initiate a "collisional cascade".
The ignition of the collisional cascade: stirring mechanisms

Below, presently proposed stirring mechanisms on how a collisional cascade of planetesimals can be initiated in

debris disks are presented:

e Pre-stirring: In a protoplanetary disk, relative velocities of solids are set by turbulences, Brownian motion,
differential settling, and differential radial migration/drift (see Sect. 1.2.5), even though these relative
velocities are mostly damped by dense ambient gas. This "pre-stirring" phenomenon results in particles being
expected to have their eccentricities and inclinations e ~ i ~ 0.001 (Wyatt, 2008; Brauer, Dullemond, and
Henning, 2008), which is far smaller than in typical debris disks (Brauer, Dullemond, and Henning, 2008).

Solids are expected to preserve a low-velocity dispersion that they get by primordial gas removal.

o Delayed stirring: Planetesimal stirring takes longer and thus is delayed (i.e., it occurs later) from the gas
dispersal (i.e., the stirring of disks may still proceed some time after the birth of the star). It is, therefore,
referred to as "delayed stirring" (Dominik and Decin, 2003). This stirring could be due to the external events
of stellar flybys with energetic collisions, which may be possible during the early phase of the debris disk
evolution in a young cluster, though such events are statistically rare (Kenyon and Bromley, 2002). One
obvious prediction of the delayed stirring models is an increase of the disk’s outer radius with age (Wyatt,
2008).

o Self-stirring: At later times, it is expected that the planetesimals grow large enough for stirring (e.g.,
bigger than ~ a thousand to a few thousands of km, i.e., Pluto-sized). At this point, the disk is stirred by

the gravitational perturbations that excite the remaining smaller bodies within the planetesimal belt. This

5The stellar winds drag F gy drag is given by (Burns, Lamy, and Soter, 1979; Krivov, 2010):

_GM*mdusr/f( vorr +L) , 2.10)

Fswdrag =
swirag r? Vew ' T7  Vw
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mechanism is called "self-stirring" (Kenyon and Bromley, 2008; Kenyon and Bromley, 2010; Kennedy and
Wyatt, 2010). Kenyon and Bromley (2008) predicted that Pluto-sized objects can grow quickly enough to
explain the dust production starting at the ages of several hundreds of Myr. This excitation depends strongly
on their orbital periods, and thus the distance to the star, as well as on the surface density of solid material (e.g.,
planetesimals). Recently, Krivov and Booth (2018) found that self-stirring by mid-sized planetesimals can be
more efficient than thought previously. Furthermore, this efficiency strongly depends on the (initial) total disk
mass. The self-stirring mechanisms occur at delayed time scales as well, this is, therefore, considered as a

subset of the delayed stirring mechanism.

o Planetary stirring: The self-stirring model is the most comprehensive model so far. However, the effect of
the formation of massive planets in the disk is ignored in that model. Kalas et al. (2008) indicated that large
numbers of massive planets exist within debris disks systems. The effect of a massive planet, therefore, cannot
be ignored. Mustill and Wyatt (2009) showed that a planetesimal belt at several tens of au can be stirred by an
eccentric (e.g., e ~ 0.2-0.4) "giant planet" (e.g., 2-3 M;°) located close to the inner edge at only a few au on
timescales of typically several tens of Myr. The timescale of these secular perturbations may be shorter than

the timescale of the self-stirring for systems where the planet orbits close to the inner edge of the disk.

The radial structure of the debris disk can provide valuable information for distinguishing between different interpre-
tations/methods of stirring (Wyatt, 2008). The self-stirring and planetary stirring include an inner planet/planetary
object and assume the "inside-out process", i.e., the collisional cascade is ignited in the inner disk first and propagates
outwards. Consequently, these mechanisms may result in an increase of the surface density profile (Kennedy and
Wyatt, 2010), which is confirmed by ALMA observations (e.g., AU Mic and HD 107146; MacGregor, 2014; Ricci
etal., 2015a).

The collisional cascade

Once a disk is sufficiently stirred, planetesimals participate in a collisional cascade. A collisional cascade grinds the
solid material (e.g., planetesimals) down to dust size until the smallest fragments with 8 > 0.5 are blown out from
the disk by stellar radiation pressure (see Sect. 2.1.2). Typical eccentricities of grain orbits are in the same order as
their B ratio (e.g., Burns, Lamy, and Soter, 1979; Murray and Dermott, 1999; see also Eq. 2.7), meaning that the
radiation pressure ensures the impact velocities to be sufficiently high. Consequently, stirring mechanisms are no
longer required for the dust-sized particles. In addition, 8-meteoroids (Zook and Berg, 1975) with hyperbolic orbits
(see Sect. 2.1.2) may be energetic enough to trigger a self-sustained cascade (called "dust avalanche"; Artymowicz
and Clampin, 1997; Krivov, Mann, and Krivova, 2000; Grigorieva, Artymowicz, and Thébault, 2007).

A steady-state collisional cascade’ produces a grain size distribution numbers n(a) that is usually described by a

power-law or by a combination of power-laws with different exponents for different size ranges:
n(a) <a’ , (2.11)

where n(a) da is the number of planetesimals of size between a and a + da. Under the assumptions of an equilibrium
collisional cascade without additional forces acting on the dust particles, Dohnanyi (1969) predicted that collisions
produce a simple analytical solution with y = - 3.5 for the differential size distribution of dust grains. Due to the

steep slope of the power-law, the grain size distribution is heavily weighted towards small grains, meaning that most

SMj = 1 Jupiter mass = 1.898 x 10?7 kg = 317.8 Mg
7 A steady-state implies a balance between the dust production by the collisional cascade and its losses by the stellar radiation pressure.
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of the cross-section, i.e., emitting surface area budget, is in the small particles, while most of the mass budget is in
the larger planetesimals. This classical solution is expected to result in a good agreement with very massive debris
disks, where collisions dominate the dynamics of the dust, while it is not satisfied with less massive disks, where PR
drag becomes more significant (Sect. 2.1.3).

However, the collisional cascade does not extend down to arbitrarily small particles, i.e., in reality, a collisional
cascade proceeds only up to some smallest fragments corresponding to 8 > 0.5, since particles with a < ay,, are
being quickly removed by radiation forces (see also Sect. 2.1.2). In addition, the non-gravitational forces acting
on grains, particularly in the range of tens to hundreds of micrometers in diameter, may further modify the size
distribution, i.e., it is strongly affected by dust grain dynamics in debris disks (Krivov, Mann, and Krivova, 2000;
Thébault and Augereau, 2007; Lohne et al., 2017). Thus, the size dependency of the critical specific energy for
fragmentation (e.g., disruption and/or dispersal), which is necessary to disrupt a particle, must be considered.

The kinetic energy of the projectile per unit target mass is called critical specific energy Qf,. This is the
conventional definition of the threshold between partial disruptive collisions (called cratering), which results in
the target retains at least half of its original mass, and disruptive collisions, which results in the largest remnant
containing half of the original target mass 7 jyrgest = 0.5 m (, where m is the mass of the target (see e.g., Paolicchi,
Verlicchi, and Cellino, 1996; Durda, Greenberg, and Jedicke, 1998; Benz and Asphaug, 1999; Thébault and
Augereau, 2007). For smaller solids, Qf, for disruption of the target (called shattering) is determined solely by
the material strength Q¢ and decreases with increasing target size because of a decreased effective strength with
increasing size of the target asteroid. On the other hand, for larger solids (> 100 m), the value of Q) for the
disruption of the target (called dispersion) is determined by the gravitational binding energy O, and increases with
increasing target size because of the increasing role of self-gravity (Durda, Greenberg, and Jedicke, 1998; Benz and
Asphaug, 1999; Stewart and Leinhardt, 2009). Consequently, O, can be described by the sum of two power-laws
with different slopes, in particular, the gravitational strength Q, shows a much steeper slope than that of material
strength Q (see Fig. 2.3; Holsapple, 1994; Paolicchi, Verlicchi, and Cellino, 1996; Durda, Greenberg, and Jedicke,
1998; Benz and Asphaug, 1999; Kenyon and Bromley, 2004; Stewart and Leinhardt, 2009). Furthermore, Q]*) is a
strong function of the composition and porosity of the solid (Collins et al., 2019). For example, the value of Q) of
an icy material is smaller (weaker material; tends to be shattered easily) than that of rocky material. Consequently,

the Q) value is a very important quantity in the collisional evolution that can be expressed approximately as:

where a; represents the target radius and the subscripts of s and g stand for the strength and gravity regime,
respectively. The values of Qs and Qy lie in the range ~ 105-107 erg g™, b is between 0 and 0.5, and bg between
1 and 2 (Benz and Asphaug, 1999). The critical energy reaches a minimum (~ 10*-10° erg g~!) at sub-km sizes.
Since very small dust sizes have never been probed experimentally, true values still remain unknown, and thus,
Eq.2.12 is assumed to extrapolate only ~ 108 erg g~! towards small target radii. From the definition of the critical

specific energy Oy, the minimum mass of a projectile that destroys the target satisfies the equation below:

2
= nmy Qik) (mt) + Mcrit QI*) (mcrit) s (2.13)

M Merit Vimp
me+ mere 2
where m i and m are the minimum mass of the shattering projectile and the mass of the target, respectively, and

Vimp 18 the impact velocity. With the assumption of m ¢ << m¢, Eq. 2.13 can be simplified to:

2
M crit Vimp

5 ~ m Qf (my) . (2.14)
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FiGure 2.3: Various critical specific energy Qf, values with shattering and dispersion, as presented by various authors. Note
that these results are for rocky bodies only, and not for porous bodies. Figure credit: Holsapple et al. (2002).

Consequently, both colliders are disrupted if their relative velocity vy exceeds (Krivov, Sremcevié, and Spahn,
2005):

(2.15)

where m, is the mass of the projectile. Overall, lower Ql*) means lower v ¢, so that the relative velocity vy for a
disruption collision between both colliders is decreased, i.e., a more violent collisional environment (see Chapter 5).
With the assumption of the sizes of projectile and target to be similar, one can get v . is about \/@ , meaning
that v ¢ ~ several hundred m s~! (Krivov, 2010). Furthermore, detailed analyses in simulational studies (Thébault
and Augereau, 2007; Krivov, 2010; Lohne et al., 2017) show that two outcomes are expected to play a crucial role
in debris disks: complete disruption and cratering. In particular, the cratering is responsible for making a wavy grain
size distribution at larger sizes. Thus, this effect substantially enhances the maximum of the grain size distribution

at smaller sizes (see also Sect. 4.2.1).

If planetesimal belts are more dynamically excited, the number density is decreased in general. Thus, the ring
widths are different and so are the peak densities. The dynamical excitation (level of stirring) is, therefore, also one
of the important parameters for collisions. A more detailed discussion about the influence of the collisions, e.g.,
planetesimal eccentricities, dynamical excitation, and material strength, on the observational appearance of debris

disks can be found in Chapter 5.

Wyatt (2005) indicated that the densities of most known debris disks are too high for the PR drag (see also
Sect. 2.1.3) to be significant, meaning the dust grains are more likely to be destroyed by mutual grain-grain colli-

sions. Therefore, the collisional activity has a rather short typical timescale (e.g., < 10%-10- yr; Hillenbrand, 2008).
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2.1.6 The Lorentz force

The forces discussed in the previous sections influence dust grains that carry a positive charge due to the photoemis-
sion of electrons; their motion is influenced by electromagnetic forces (Goertz, 1989). This means these dust grains
are subject to be affected by the Lorentz force Fp in the environment of the interplanetary magnetic field of the star,
which acts mainly along the vertical direction (i.e., perpendicular to the disk), and thus rapidly changes the direction
and inclination of a particle’s orbit (Gustafson, 1994; Rodmann, 2006). However, this effect becomes significant for
grains less than several nanometers in size, which makes only a minor contribution to both the mass budget and the
total cross-section area of the dust disk. Assuming the charge on a grain surface to be proportional to its size a, and
the ratio of Lorentz force to stellar gravity is then given by Rodmann (2006):
FL gB a/r r

o« o = —, 2.16
Fo mas/r*? da/r2  a 2.16)

where ¢ is electric charge and B is a magnetic field. Thus, the Lorentz force is of relevance only for small grains far
away from the star. These small grains are blown away by the radiation pressure (see Sect. 2.1.2). Furthermore,
larger solids (e.g., planetesimals) are neutral. Consequently, the Lorentz force is not included in most of debris disk

modeling.

2.1.7 The Yarkovsky effect

An object that is illuminated by a stellar source absorbs stellar radiation non-isotropically, which leads to an uneven
temperature distribution of the surface of the object. This results in the "afternoon" hemisphere of the object being
warmer than the "morning" hemisphere (Burns, Lamy, and Soter, 1979). The resulting reaction force may speed up
or slow down the orbital motion of meter-sized objects, depending on the object’s spin axis. This effect is called the
Yarkovsky effect Fy. However, it only acts on large (meter-sized and larger), rotating bodies (Burns, Lamy, and
Soter, 1979). Thus, this effect is often neglected as well, as long as the steep grain size distribution is considered

(i.e., the contribution of larger grains are neglected) in the debris disk modeling.

2.1.8 Sublimation

Refractory dust grains in orbits around a star spiral into the star due to the PR drag (2.1.3). Because the particles lose
their mass during sublimation, the 8 value for each particle increases. As a result, their radial-drift rates decrease
and the particles pile up at the outer edge of their sublimation zone. These grains sublimate in the immediate vicinity
of the star (e.g., Mukai and Yamamoto, 1979; Burns, Lamy, and Soter, 1979; Kobayashi et al., 2011). Therefore, the
formation of a dust ring due to the sublimation of dust particles is a common process for radially drifting particles
due to the PR drag. This effect gradually reduces the sizes of dust grains, which makes this process an efficient way
of dust depletion of small grains in debris disks. In addition, the fact that the gas pressure in debris disks is very low
in contrast to protoplanetary disks, sublimation, therefore, occurs at lower temperatures, e.g., water ice sublimates at
~ 100-110 K (Lecar et al., 2006; Kobayashi et al., 2011). A more detailed discussion about the influence of the

sublimation effect on the observational appearance of debris disks can be found in Chapter 6.

2.1.9 Sputtering

Since debris disks are very optically thin, i.e., transparent to the stellar radiation, even highly energetic photons such
as ultraviolet (UV) photons can penetrate debris disks out to very far distances. Individual UV photons absorbed
by an ice grain do not only dissociate water molecules but can cause OH to be directly desorbed from the surface

of the ice grain. This effect is called UV photosputtering (Grigorieva et al., 2007). It is currently believed that
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these dust particles are destroyed by sputtering erosion. Grigorieva et al. (2007) predicted that UV photosputtering
efficiently destroys ice even far beyond the ice sublimation line. A more detailed discussion about the influence of

the sputtering effect on the observational appearance of debris disks can be found in Chapter 6.

2.1.10 Interaction with planets

Dynamical/gravitational interactions with one or more nearby planets, which strongly impact the structure and
evolution of debris disks, can lead to representative morphological features in debris disks. These can be used to
identify unseen planets in disks because each process has its own characteristic signatures and effects on the dust
dynamics (Wyatt, 2003).

The secular perturbation: Pluto-sized planets (and/or massive planets) can stir the disk (Kenyon and Bromley,
2008; Mustill and Wyatt, 2009; see Sect. 2.1.5), which results in higher dynamical excitation, and thus launches a
collisional cascade. Eccentric planets cause tightly wound spirals and an offset ring center. In particular, even the
outer disk can be stirred by planets close to the star, depending on its initial inclination and if the planet’s orbit is
eccentric in a sufficiently old system (Wyatt, 2005; Mustill and Wyatt, 2009; Pearce, Wyatt, and Kennedy, 2014).
These secular structures are already observed, e.g., HD 141569A (Clampin et al., 2003), Fomalhaut (MacGregor
et al., 2016), and B Pictoris (Golimowski et al., 2006).

Resonances: Planets decrease the particle density within their orbits in a debris disk system (Kenyon and Bromley,
2002), which may significantly sculpt the spatial distribution of the dust and planetesimals, e.g., by the formation
of gaps (Bryden and Lin, 1999; Bryden et al., 2000; Kley, 2000) or inner holes in the spatial distribution (Wyatt,
2003), preventing dust grains from moving inwards due to PR drag. In particular, if the dust particle’s orbital period
is a fraction of the planet’s period, the interaction of the two bodies (e.g., a planet and a dust particle) orbiting
a central star induces a resonance. The orbital periods To , orb, Of an these bodies, are connected to their mean
angular velocities n » by the relation n12 = 27/Torb | orb,- This type of resonance is, therefore, called "mean motion
resonance", which follows the equation (Murray and Dermott, 1999):

T,
foby _ M2 P (2.17)

Tow, m  p+q

where p and ¢ are integers with p > 0 and p + g > 1. For example, for p =2 and g = 1 (i.e., the particle being in the
2:3 resonance), the dust particle completes two orbits for every three orbits of the planet (see Fig. 2.4). Note that
the angular velocity on a given orbit does not only depend on the central mass but also the precession of the orbit
due to the gravitational perturbations on small particles, meaning that a dust particle and a planet on the same orbit
might not have the same angular velocity, and thus not be in resonance (Ertel, 2012). A well-known example of a
mean-motion resonance is the asteroid belt and Kuiper belt in the solar system. For example, the Hilda group and
Koronis family in asteroids belt are in a 3:2 and 5:2 resonance with Jupiter, respectively. In addition, Twotinos and
Plutinos in the Kuiper Belt are in a 2:1 and 3:2 resonance with Neptune, respectively (e.g., Jewitt, Trujillo, and Luu,
2000; Chiang and Jordan, 2002). Furthermore, similar structures exist in other debris disk systems, e.g., € Eridani,
Fomalhaut, and Vega (Holland et al., 1998; Holland et al., 2003; Wilner et al., 2002).

The scattering process: Based on the disk architecture, solids in debris disks can be scattered by inner/outer planets
(e.g., Davies et al., 2014). In the solar system, this is the dominant process governing the evolution of solids and
comets that are from the Kuiper belt. For example, Kuiper belt objects scattered in by outer giant planets may have
become short-period Jupiter-family comets (Levison and Duncan, 1997), while Oort cloud objects were probably

scattered out from Kuiper belt, possibly during the formation of outer planets or through interactions with Neptune
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FiGure 2.4: An example of the orbital motion in 2:3 mean motion resonance, i.e., for p = 2 and ¢ = 1. The star indicates
the yellow star-shape in the center, the blue dot indicates the planet, and the small red dot indicates the small body (e.g., an
asteroid or a dust grain). Figure is based on Rodmann (2006).

(Morbidelli, Emel’yanenko, and Levison, 2004). Bonsor and Wyatt (2012) indicated, for a system packed with
planets between 1-30 au and an outer belt, the minimum distance to which comets can be scattered depends on the

planet mass. Consequently, the planetary scattering process causes migration and depletion of solids in debris disks.

2.2 Irradiated dust particles

When stellar radiation hits a dust particle, the radiation and the particle interact. This process either changes the
direction of the photons due to reflection, refraction, or diffraction, which is called ‘scattering’ or it is absorbed. As
a consequence, the dust particle re-emits its absorbed radiation again, which is called ‘thermal re-emission’. The
non-interacting transmitted intensity, though, decreases exponentially with the optical thickness of the material
the light is passing through. The emergent observables, e.g., the spectral energy distributions (SEDs) and spatially
resolved images, are then determined by scattering, absorption & re-emission of stellar radiation, which is addressed

in the following section based on several assumptions below:

o Since debris disks are optically (and geometrically) thin, the dust configuration is optically thin along any
line of sight for both the stellar and re-emitted radiation by the dust. Furthermore, the effects of multiple
scattering, the self-extinction (e.g., self-scattering), and the additional grain heating by dust re-emission are
completely neglected (i.e., each dust grain is heated only by the stellar radiation). This finally leads to a
significant simplification of the radiative transfer equations. For example, the dust temperature distribution is
solely determined by stellar radiation, the distance to the star, and the optical properties (which is, in turn, a

function of chemical composition and the individual grain sizes).

e Observed circumstellar disks have higher densities and larger-sized particles than the interstellar medium
(ISM). This is either caused by the sticking together of small particles and/or the disruption of larger bodies
through mutual collisions. Not only grains smaller than a few pm can be affected by stellar radiation, and thus
been blown away (see Sect. 2.1.2), but also the dust re-emission varies on short timescales, and thus there
is no equilibrium temperature for very small grains (~ 1 nm), as Kruegel (2003) indicated. Consequently,
dust grains are assumed to be large enough (> 1 nm; i.e., with large size parameters x) to rule out stochastic

heating, so that they are in a state of thermal equilibrium with the ambient radiation field.

e The dust grains are assumed to be compact and spherical objects with homogeneous physical, chemical, and

mineralogical properties.

2.2.1 Optical properties

When an electrically insulating material or a very poor conductor of electric current such as silicate (i.e., the
representative dust particle in debris disks) is placed in an electric field E, electric charges do not flow through

the material, i.e., there is practically no current, but they shift slightly from their average equilibrium positions,
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which causes dielectric polarization. This results in positive charges being displaced in the direction of the field and
negative charges shifting in the direction opposite to the field and creating an internal electric field that reduces the
overall field within the electrical insulator (called dielectric) itself. The response of the material to the electrical
field £ (i.e., a measure of how much the material opposes the external electric field) can be characterized by the
dielectric function € (= €’ + €”’), called the permittivity of a non-magnetic material, which is a direct result of the
Maxwell equations. This dielectric function is linked to the complex refractive index m = m =n + ik, where €
is the dielectric function in vacuum, 7 is the real part of the refractive index, and k is the imaginary part of refractive
index. Here, the real part n determines the phase velocity, while the imaginary part k (also called the extinction
coefficient) determines the amount of attenuation an electromagnetic wave experiences when it propagates through

the material. Both n and k are wavelength dependent.

2.2.2 Mie theory

The interaction of a dust particle with the incident stellar radiation can be described by Mie theory (Mie, 1908).
Here only three parameters are used to govern this interaction, i.e., the incident radiation wavelength A, the size of
the dust particle a (and thus the dimensionless size parameter x = 27a/)), and the complex refractive indices n and k
(Sect. 2.2.1). The main objective of this theory is to calculate the scattering and absorption cross-sections at a given
wavelength, for a particle of a given size and thus size parameter. Important quantities that are used to describe the
effects on a photon when scattering is introduced in this section. A more detailed description of the Mie scattering
solution can be found in Van de Hulst and Twersky (1957), Deirmendjian (1969), Bohren and Huffman (1983), and
Wolf and Hillenbrand (2003).

To describe the electromagnetic radiation, a set of time averages of the parallel and perpendicular components of the
electric field, called the Stokes vector I, can be used. Each element of the Stokes vector (i.e., /: total flux density, Q:
the difference between flux density transmitted by a linear polarizer oriented parallel to the horizontal direction
and one oriented parallel to the vertical direction, U: the difference between flux density transmitted by a linear
polarizer oriented 45° to the x-axis and one oriented at 135°, and V: the difference between flux density transmitted

by a right-circular polarizer and a left-circular polarizer) is a measurable quantity and is defined as follows:

I=(E3) +(Ey)=(E3)+(Ey)=(E})+(E})
Q= (E3)—(E})
U= (E})—(Ep)
V=(E})-(E?)

, (2.18)

where the subscripts refer to three different bases, the standard Cartesian basis (%, y), a Cartesian basis rotated by
45° (4, b), and a circular basis ([, #) in terms of the time averages (i.e., these intensities are temporally and spatially
averaged; denoted by (.)). The circular basis is defined such that [ = (% 4 i$)/ V2. Furthermore, the Stokes vector
I represents the most general state of polarization of a light wave with its total intensity /, polarization degree p
= —'QZJFIUZJFVZ (linear polarization degree pp. = —‘QZIHJZ), and the shape parameters of the polarization ellipse.
Fully polarized light satisfies /> = Q2 + U? + V2, while partially polarized light and unpolarized light satisfy
17> Q%2+ U?+V?and Q = U = V = 0, respectively.

The scattering of stellar radiation by a dust particle can be described by the 4 x 4 real Miiller matrix S (or scattering
matrix), which provides the complete description of a medium’s response to passing light with respect to the change

of the polariazation state of the light. The wavelength A and the scattering angle © (i.e., the angle between the

directions of incident and scattered radiation) dependent Miiller matrix S fully characterizes the optical properties of
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the sample by the interaction of polarized light with matter in the absence of non-linear effects and can be described

as:

S1(L0) S1(h8) Si3(h8) (ko)
S(.,6) = S21(A,0) Sn(h0) S2(h6) Su(lr6) - (2.19)

S31(A,0) S3n(A0) S33(A0) S3a(),0)

S41()»,9) S42(X,9) S43()\,9) S44()\,9)

Although all 16 matrix elements for an ensemble can be non-zero and different, symmetry reduces the number of
matrix elements (i.e., in case the light is scattered off by a spherical particle). Consequently, the scattering process,

including the scattering matrix for a rotationally and mirror symmetric ensemble, has the form:

I Siu Sz 0 0 I;
s S S 0 0 i
Os | Sz Su 0i (2.20)
Us 0 0 Sz Su U;
Vs 0 0 -S3 S33 Vi

Now, the Miiller matrix S of a sample is defined by the linear relationship Iy (A,0) = S(A,0) I; (1), where I; (A)

and I (), 0) are the Stokes vectors of the incident (before scattering) and the scattered beam, respectively.

Based on the size parameter x and the refractive index m of the dust material, one can be calculated for the complex
Mie coeflicients, which determine the complex amplitude functions in turn. These quantities finally define the
individual elements of the Miiller matrix S;x (Eq.2.19; Van de Hulst and Twersky, 1957; Bohren and Huffman, 1983;
Wolf and Voshchinnikov, 2004). Furthermore, the important parameters that describe the optical properties of dust
particles, e.g., the scattering efficiency Q 44, the absorption efficiency Q a1, and the radiation pressure efficiency
O pr» can be calculated via the complex Mie coeflicients.

The absorption cross-section C aps (= o Qabs’) and scattering cross-section C s, (= 0-Q o) indicate how
efficient dust grains can absorb and scatter the stellar radiation compared to perfect absorption or scattering (i.e.,
QO abs = Osca = 1), respectively. In the Rayleigh scattering regime (i.e., the size of the dust grain is smaller than the
wavelength; x < 1; see Fig. 2.5), depending on the wavelength, dust grain size, and chemical composition, Q 45 and
O sca approximately follow o % and }3—4, respectively, if m is a weak function of the wavelength. Thus, the absorption
and scattering cross-section typically show relatively high values at visible to mid-IR wavelengths and decreases
gradually and steeply toward longer wavelengths, respectively. In the geometric scattering regime (i.e., the size of
dust grain is larger than the wavelength; x > 1; see Fig. 2.5), grains act like blackbodies, thus, Q 4,5 and Q s, are
close to ~ 1. The extinction cross-section Cexi (= Cgca + C aps) is the sum of two cross-sections, i.e., C ,ps and C gc,.
Thus, this value indicates the total extinction cross-section encountered by the radiation passing the medium.

The radiation pressure cross-section Cp; (= 0+Qpr) = Caps + (1 - g) Cca, Where g is the scattering asymmetry
parameter (or "mean cosine of scattering angle" { cos 0 )), which indicates the intensity-weighted average of the
cosine of the scattering angle’, can be calculated via Mie theory as well. The Qpr value is varying with 0 (for
perfect transmitters), 1 (for perfect absorbers), and 2 (for perfect backscatterers). This value, therefore, controls the
fraction of the momentum transferred from the infalling radiation to the grain. In case of an anisotropic forward

scattering (i.e., g = 1), the O value gets close to the Q s value.

8The cross-sections C are of area dimension, while the efficiency factors Q are dimensionless.

fo’rS“ cos©sin®do
Iy S1isin®

-1 and 1, with -1 (backward scattered like a mirror), O (symmetric scattering; X < 1), and 1 (purely forward scattering; x ~ 1). Therefore, g

represents the distribution of the scattered radiation in the forward/backward direction (Wolf and Voshchinnikov, 2004).

9The value of g can be calculated via the integration of the element S; of the Miiller matrix S (g= ) and varies between
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Based on these efficiencies, the dust albedo A'” can be calculated as well. These quantities are necessary to
describe the interaction of a dust particle with the stellar radiation as discussed in the following sections (Sect. 2.2.3
and 2.2.4).

A numerical implementation of the Mie theory is miex (Wolf and Voshchinnikov, 2004), which allows considering
arbitrary size parameters with broad grain size distributions and a very wide wavelength range of the interacting
radiation. Single particles, as well as particle ensembles consisting of several components and particle size

distributions, can be considered.

2.2.3 Scattering of stellar radiation

Scattering is the redirection of radiation due to interactions with matter, e.g., molecule and particle - dipoles, which
are composed of discrete electrical charges. A single dust particle can be considered as a tiny dipolar antenna that is
driven to radiate in response to an incident oscillating electric field. This induces the dust particle to emit its own
waves in reaction to the incoming waves. Therefore, the resulting total wave is the superposition of the incident
and scattered electromagnetic waves. Scattering by a coherent array of antennas depends on the dust properties
such as the geometry (e.g., its size, shape, observation angle, and scattering angle) and the composition (e.g., the
response of the individual antennas), as well as the polarization state of the incident wave. In the UV, visible
(VIS) and near-IR, scattering is the dominant atmospheric source of radiation along any line of sight (Buenzli and
Schmid, 2009); Mie scattering is the dominant process based on the grain size distribution that is considered (see
Sect. 2.1.5) in this study (see Fig. 2.5). Furthermore, initially unpolarized light scattered off of dust is generally
linearly polarized. Thus, a high degree of (linear) polarization is expected when assuming a characteristic orien-
tation that is (at least radially) symmetric with respect to the source of the illumination in the optically thin case
(Kruegel, 2003). In the solar system, the intensity and polarization state, in particular, the degree of polarization of
scattered light is a key diagnostic for the grain properties, e.g., grain size, shape, composition, physical structure,

and alignment of individual grains and their distribution along the line of sight (Graham, Kalas, and Matthews, 2007).

The stellar radiation can be considered to be unpolarized (i.e., Q; = U; = V; = 0) because of the isotropic incident
radiation (Schwarz, 1986). Furthermore, the multiple scattering can be neglected in optically thin debris disks. The
Stokes vectors of the incident radiation can, therefore, be written as I; = [I;, 0, 0, 0] T, Consequently, the scattered

(linearly polarized) radiation by a dust particle Iy and Q¢ can be simplified to:

I,=S,(0)I; 2.21)

and
Qs =5S1(0)I;. (2.22)

The photons emitted by the central star are not isotropically scattered by the dust grains, which is one of the main
differences between scattering and thermal re-emission of dust, which occurs isotropically. A scattering process
is in general occurring unevenly in all directions (also inducing linear polarization), and is azimuthal direction
independent and symmetric with respect to the plane perpendicular to the incident radiation. Thus, the direction is
always given by two angles, the (first) scattering angle 0 and the "azimuthal angle ¢" as the second scattering angle
(Li, 2008; Brunngriber, 2018). The probability for a scattered photon to have a scattering angle in the range [0, 0 +
do] at wavelength A is given by S11(0) d® from Eq. 2.20, while the probability for the azimuthal angle ¢ to be in

10The albedo A = Q sca/Qext is the fraction of scattering to total extinction, i.e., the ratio of the scattering cross-sections/efficiency to the sum
of the scattering and absorption cross-sections/efficiencies.
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Ficure 2.5: Three different scattering regimes, i.e., Rayleigh scattering (x < 1), Mie scattering (x ~ 1), and geometric
scattering (x > 1), depending on the particle size, wavelength, and refractive index. This plot considers only single scattering
by spheres, which is a good approximation for debris disks. A more detailed description can be found in Sect. 2.2. Note that
multiple scattering and scattering by non-spherical objects result in many complex values. Figure is based on Bohren and
Huffman (1983) and Molders and Kramm (2014).

the range [, ¢ + d@] is constant and given by g—i. Consequently, the angle-dependent scattered radiation F 4, and
linearly polarized scattered radiation F poj_sc, at a given wavelength ) in the direction between 6 and 6 + d6, and

between ¢ and ¢ + d¢ of a dust particle can be expressed as (Brunngriber, private communication):

a2 Su()\., 0, ¢) dode¢
Arr? @2 2r S 11 sin0do

Fsca(}\) dod¢ = L. (}‘) T Qsca(a) (2.23)

and
ra® S 12(7\., 0, ¢) do d¢

Fpol—sca(k) dod¢ = L, ()\,) 7 Qsca (a) d7r2 2o fﬂS sin0 do >
o 2 11

(2.24)

where ogeo = na* indicating the integration over the dust particle’s surface (i.e., a projected geometrical cross-
section), r is the distance from the star to dust particles (thus 4 77> in the numerator is strictly from geometrical
considerations), d is the distance to the observer, and the additional 7 in the stellar emission comes from the
integration over one hemisphere (radiant exitance definition from Lambertian reflectance law). The term with
2 fon S'11 sin® dO (:4”2)\#; Kruegel, 2003) in denominator indicates the integrated S 11 over all direction for the
normalization.

From Eq.2.23 & 2.24, the degree of polarization can be computed:
- Fpol—sca()") do d¢ o S£
Fsca(}\) do d¢ S
More detailed information can be found in Brunngridber (2018) and Wolf and Hillenbrand (2003).

. (2.25)

2.2.4 Absorption, thermal re-emission, and dust temperature

In addition to scattering, dust particles also absorb stellar radiation and re-emit radiation again. As mentioned
previously, the effects of additional grain heating by dust re-emission can be neglected in debris disks. In the mid-IR,

far-IR, and sub-millimeter/millimeter (mm), thermal re-emission is the dominant source of radiation along any line
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of sight (Coupeaud et al., 2010).

The total flux absorbed F 4 ()) and re-emitted Fre—m (A) at given wavelength A by a dust grain can be expressed as

(Brunngriber, private communication):

ﬂa2
Fabs (1) = Lu(1) Qubs(a) — (2.26)
Tr
and
Fre—em(A) = 47%a* Qavs(a) By(T qust) » (2.27)

where By (T qust) is the Planck function (Eq. 2.3) of the dust particles, on the assumption that a spherical grain
absorbs starlight over a projected cross-section. Using the energy conservation law with both equations 2.26 and
2.27, one can derive an expression for the radial distance from the star, which is a function of the equilibrium
temperature of dust particles T g5t (Backman and Paresce, 1993; Voshchinnikov and Semenov, 2000; Wolf and
Hillenbrand, 2003). The resulting equation, which is based on the assumption of the star is radiating like a blackbody

with temperature 7', and radius R,, can be expressed as:

® Q.aps(a) By (T:)dA
R*J 1 Qus(@)BA(T.) .

Taust) = & ) .
r( ‘ t) 2 ‘fé Qabs(a)Bk(Tdust>d)\

Consequently, the dust temperature is solely determined by stellar radiation, the distance to the star, and the optical
properties (which are, in turn, a function of the chemical composition and the individual grain size). This means
that the radiative transfer equation has a simple solution that allows one to derive the distance from the star at which
the dust has a certain temperature and it shows, that small grains are hotter, and thus located farther from the star,
while larger grains are colder, and thus located closer to the star.

More detailed information can be found in Brunngriber (2018) and Wolf and Hillenbrand (2003).
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Chapter 3

Observations of debris disks

Observations of debris disks can give us basically two main pieces of information. The statistical information
of debris disk observations provides correlations between various stellar and debris disk parameters, e.g., stellar
age, spectral type, metallicity vs. disk mass, disk luminosity, disk size, dust temperature, detection rate around a
main-sequence star, and even planet detection rate in the disk system. More importantly, debris disk observations
provide information about individual architecture/properties of disk systems. The visibility and observables of
debris disks mainly depend on dust properties and stellar properties as well as the disk structure. In this chapter, the
general context of debris disk observations is introduced. Furthermore, observational constraints on dust properties
and the general description of debris disks structures, showing structural diversity of disk systems are discussed.
Additionally, the brief description of the current and (near) future observations of debris disks depending on the

wavelength, i.e., from visual to mm, can be found in the Appendix A.

3.1 Observational methods of debris disks

Debris disk observations fall into two different categories: by the IR-excess in spectral energy distribution (i.e.,
spatially unresolved objects appear as a point of light to the observer) and spatially resolved image (i.e., the observer
can determine the shape and size of a resolved object). Depending on the observing wavelength, both categories can
be again divided into three regimes, i.e., the thermal re-emission, the scattered radiation, and the polarized scattered

radiation.

3.1.1 Spectral energy distribution

By observing of disk systems at multiple wavelengths with continuous spectra, e.g., the shape of the continuum
called a spectral energy distribution (SED), the IR-excess (see Fig. 1.3) expected from the star itself reveals the
presence of the debris disk. The IR-excess is characterized by the disk’s fractional luminosity fgisk at the wavelength
of the peak of the dust emission. This can be defined with the ratio of infrared luminosity of the disk to that of the
star as (Wyatt et al., 2007; Wyatt, 2008; Pawellek et al., 2014):

disk *
g = Eir [ Fromax ) (Mo 3.1
disk L. F j I\ gi;];( s .

disk *
where FJ15 L and F7, oy

at the flux peak from the dust emission and stellar emission, respectively. The fractional luminosities of debris disks
fdisk are smaller than ~ a few times 1073 (e.g., Bryden et al., 2009; Hughes, Duchéne, and Matthews, 2018). This

are the peak fluxes of the disk and star, respectively, and A%k and A% are the wavelengths

is contrary to the optically thick protoplanetary disks around young Herbig Ae/Be and T Tauri stars, which are
dominated by gas dynamics and have higher fractional luminosities. For example, even the brightest debris disks

have fractional luminosity that are two orders of magnitudes lower than those of protoplanetary disks (Greaves,
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Ficure 3.1: The five characteristic zones of the dust emission observed in debris disks and the corresponding typical
temperatures observed at those locations. Note that not all zones are detected in every disk. Figure credit: Su et al. (2014).

Wyatt, and Bryden, 2009; Lagrange and Chauvin, 2012). Besides, several useful information such as the dust
temperature 7 gus and radial distance of the location of the dust emission to the star, can be inferred with the shape
of the IR-excess in the SED on the assumption that the stellar photosphere and dust behave like a blackbody (i.e.,
dust particles reach an equilibrium temperature at which the energy they absorb from stellar flux equals the energy
they radiate). The dust temperature T 4,5¢ can be derived with Wien’s displacement law (Wien, 1897; Wyatt, 2008;
Pawellek and Krivov, 2015; Torres, 2017):

~ 5100 um

T dust [K] - P 3.2)

disk
A max

The estimation via this method tells us that the dust temperature in debris disks is ranging from ~ a few tens up
to a few hundreds K. If a disk is comprised of multiple components at a range of distances from the star, then
observations at different wavelengths can probe the different components at different distances. Based on Eq. 3.2,

the radial distance from the star r in au can be derived (Wyatt, 2008; Su et al., 2014):

r[au] = (278K)2(L* )O'S ) (3.3)

T dust LG)

Fig. 3.1 shows the five characteristic zones of the dust emission observed in debris disks and the corresponding
observing wavelengths. For example, materials close to the inner region of the disk can be traced by shorter
wavelengths, while larger dust grains in the outer region of the disk, where the detected thermal re-emission
dominates, can be probed by longer wavelengths (Su et al., 2014). Furthermore, the size of debris disks can be
inferred from SEDs. For example, smaller debris disks are warmer, while larger debris disks are colder in the case
of unresolved debris disks (Booth et al., 2013). Additionally, the Rayleigh-Jeans’s tail of the SED, i.e., the slope
of the SED (called the spectral index), can provide a wealth of information on the emitting grain size distribution
and their radial distribution in the disk. It is directly related to the grain size distribution of large grains in the disk.
More detailed information can be found in Sect. 3.2.1.

More importantly, the SED provides mineralogical information through emission and/or absorption lines. For
example, the Spitzer/IRS instrument observed in the mid-IR show spectral features, which may be indicating Fe-rich

sulfide, (possibly) water ice, and other compounds (e.g. Chen, 2006). Consequently, the SED has been not only the
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primary way to characterize the fractional excess luminosity of the disk over the stellar photosphere, but it has also

been used to infer the dust properties of debris disks.

However, there have only been significant studies on the grains’ thermal emission that are based on the SED. This is
because the star overwhelms the light scattered by the dust in debris disks at visual and near-IR wavelengths, where
scattering dominates. Thus, it is challenging to get meaningful data for scattered-light at short wavelengths in SED
observations.

Furthermore, for small grains cooling is difficult and thus they attain a warmer temperature than perfect
blackbodies, which arises from the fact that the radiation of wavelengths much larger than their own size is
inefficient. Larger grains, though, with a radius comparable to or larger than the observing wavelength behave like
blackbodies, which results in correspondence between their temperature and their obtained radial distance to the
star. Thus, Eq. 3.1 & 3.3 are a rather rough approximation and dust grains would be inferred to be closer to the star
than they actually are.

Additionally, debris disk SED observation (and/or SED modeling) is hampered by a fundamental degeneracy
between the disk geometry, e.g., the disks’ inner/outer radius, and grain properties like their sizes (Wolf and
Hillenbrand, 2003; Chen et al., 2005; Moro-Martin et al., 2005). For example, smaller dust grain sizes and a higher
dust mass in debris disks can mislead to inner-filled and larger debris disks, respectively. One way to circumvent the
problem of the blackbody assumption and break the fundamental degeneracy is to invoke information from spatially
resolved images, as they show directly where most of the emitting dust is actually located. The comparison between
the observed disk radius and expected temperature based on the SED contains information about how overheated the
smallest and populous dust grains with thermal emission in the disk are (Booth et al., 2013; Hughes, Duchéne, and
Matthews, 2018). Consequently, even though the SED is a powerful diagnostic, the shortcomings of this method

emphasize the importance of multi-wavelength broadband resolved photometry.

3.1.2 Spatially resolved image of debris disks

The spatially resolved observations of debris disks (i.e., the angular resolution of a telescope is small compared to
the disk’s angular extent in the sky') can circumvent the aforementioned problem of the SED (Sect. 3.1.1), and thus
break some of the degeneracies by providing geometrical constraints, e.g., by measuring the disk size directly.
The dust particle, which emits the most efficient, has a size that is comparable to the observing wavelength (A
more detailed description can be found in Sect. 3.2.1). This results in resolved images of the same disk at different
wavelengths that will look differently (Miiller, Lohne, and Krivov, 2010). For example, debris disk observations at
longer wavelengths trace larger grains, because they are cooler. Thus, parent planetesimal belts and resonances with
fewer effects from stellar radiation can be traced easier at longer wavelength observations (e.g., the thermal emission
at mid-IR/far-IR to sub-mm/mm). However, the radius of debris disks r [au] can be resolved up to a distance of ~ 10
r D/\ in pc, which is defined through the diffraction limit full width half maximum (FWHM). Thus, nearby disks
with large telescopes are required for higher resolution observations at longer wavelengths. For example, James
Clerk Maxwell Telescope (JCMT; Holland et al., 2017) and Herschel Space Observatory (HSO; Eiroa and Dunes
Consortium, 2013) can resolve Kuiper belt-sized disks out to only 18 pc and 10 pc, respectively, meaning that only

a small number of the nearest disks were imaged in any detail. For this reason, only a few tens of debris disks had

! An object can only be resolved if its angular size (i.e., how large it appears in the sky) is larger than the angular resolution limit of the
telescope ®, which is defined as:
A
O [rad] ~ 1.22 x D 3.4)

where D is the diameter of the telescope and 1.22 is derived from a calculation of the position of the first dark circular ring surrounding the
central Airy disk of the diffraction pattern.



30 Chapter 3. Observations of debris disks

been resolved before two decades ago. However, the combination of far-IR surveys (e.g., Spitzer MIPS, AKARI,
and Herschel PACS; Su et al., 2004; Eiroa and Dunes Consortium, 2013; Liu, Wang, and Jiang, 2014; Matthews
et al., 2014) and the advent of interferometry in the sub-mm/mm (e.g. SMA and ALMA; Hughes et al., 2011;
ALMA Partnership et al., 2015; Booth et al., 2017; Booth et al., 2019) made such observations now possible. Thus,
the number of resolved systems has increased rapidly in the past few years and allowed to trace larger particles in
the system and to determine the temperature of the dust due to their thermal emission. To date, many 100s of debris
disks have been resolved at various wavelengths from the optical to the (sub-)mm observations (Pawellek et al.,
2014).

On the other hand, smaller grains are probed at shorter wavelengths, because they are warmer. Since small
grains are easily affected by stellar radiation (see Sect. 2.1.2), the same disk appears featureless and much more
extended at shorter wavelengths compared to that of longer wavelength observation (Krivov et al., 2008; Miiller,
Lohne, and Krivov, 2010). Furthermore, higher resolution images can be achieved at short wavelength observation
(e.g., the scattered light at optical/near-IR). They highlight and probe regions where small grains dominate down to
a few au. Small grains are subject to radial migration induced by radiation forces (and/or PR drag; Burns, Lamy,
and Soter, 1979). Thus, short-wavelength observations are not only very efficient in revealing the vertical structure
(e.g., if the disk is seen as edge-on; Graham, Kalas, and Matthews, 2007) and radial density profile/distribution
of debris disks, but also the central holes (e.g., if the disk is seen as face-on; Kalas, Graham, and Clampin, 2005)
and structures induced by planet-like objects. The scattering of dust has dependencies on the grain size, shape, and
composition (see Sect. 2.2.3). Thus, this can also give us information about the grains themselves. For example,
the dust composition can be inferred by the change of grain albedo with wavelength. However, the light scattered
by the dust in debris disks at these wavelengths is overwhelmed by the light of the central star (Sect. 3.1.1). To
overcome this challenge, a coronagraphic observation to occult the stellar light is strongly desired (Graham, Kalas,
and Matthews, 2007), thereby as it increases the sensitivity of debris disk observations, which is required to perform
high contrast imaging. Furthermore, the reduction of the inner working angle for achieving a better contrast is
important, since occulting spot partly hides the inner part of debris disks. Even though the coronagraph suppresses
much of the starlight, nonetheless, a fraction of the stellar light leaks through the disk system. Therefore, it must
be subtracted from the data by post-processing techniques, in particular, an accurate on-axis point spread function

(PSF; the response of an imaging system to a point source) subtraction is mandatory.

3.2 Observational constraints on dust properties

More precisely, debris disks observables mainly rely on a vast number of dust and disk parameters and assumptions.
Even though most of them are poorly known, the properties of the observable dust, e.g., temperature (and location),
chemical composition, physical shape including the size, and dust mass (and their number density), should be
studied, because the debris disk observations are sensitive to the cross-sectional area of the dust. In this section,
observational constraints on various dust parameters, e.g., dust grain size distributions, dust composition, and dust

mass are presented.

3.2.1 Observational constraints on the dust grain size distribution

- Characteristic grain size: To describe the infrared excess emission properly, Backman and Paresce (1993)
proposed the modified blackbody for thermal emission by dust grains with a two-parameter (i.e., A and 8), where A is
the wavelength and g is the dust opacity index, on the assumption of a constant absorption efficiency Qups (a,A) = 1

up to a critical wavelength Ag. For wavelengths larger than Ao, the absorption efficiency decreases with (A/Ag)™#mod,
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where 804 1S the modified opacity index, due to small particles being inefficient emitters. The absorption efficiency

is described as:

1 A<k
Quavs(a, 1) = (3.5

(M/hg)~Pmod A > N,
The characteristic wavelength Ay can be linked to the characteristic grain size and is a strong function of the
grain optical properties (Backman and Paresce, 1993), i.e., Ay = 27a for strongly absorbing materials, Ay = a for
moderately absorbing materials, and Ay = a/2n for weakly absorbing materials. Consequently, dust grains only
emit efficiently at wavelengths shorter than their physical size with a steep decline in emission efficiency at longer
wavelengths. Another piece of information on dust particle can be inferred from the parameter f3,0q. For example,
previous studies (e.g., Witt, 1989; Planck Collaboration et al., 2015) indicated that typically the value of S04 1S
typically higher for crystalline materials (~ 2) compared to amorphous materials (~ 1). Furthermore, the ISM dust
has a value of S04 = 1.5-2.0 (Boulanger et al., 1996; Planck Collaboration et al., 2015). Due to the presence of

larger grains, the value of S04 in debris disks are expected to be rather lower (Draine, 2006).

- Grain size distribution: Draine (2006) indicated that the value of y in the dust grain size distribution (Eq.2.11) is

related to the value of 8 ,0q Via the equation:

Bmod = (¥=3)Bs 3.6)

where s is a long wavelength emissivity of small particles (i.e., much smaller than the observing wavelength) in the
Rayleigh-Jeans limit. For example, most astronomical dust compositions have similar values of 85 ~ 1.6-2 (Draine,
2006) and recent long-wavelength observations show (e.g., Sibthorpe et al., 2018) that typical values for 8 moq

are ~ 1. This implies a grain size distribution power-law index of about y = 3.5. In addition, y can be calculated
IOg(FV1 /sz)
log(vi/v2)

from the observed sub-mm/mm spectral index amm = using the equation (MacGregor et al., 2017):

@mm — TPlanck

Bs

where apjanck is the spectral index of the Planck function, given the inferred temperature of the disk in the Rayleigh-

y = +3, (3.7)

Jeans limit apjanek = 2 (Ricci et al., 2015a). Consequently, by measuring the millimeter spectral index amm and
inferring @planck. it is possible to know the slope of the grain size distribution 7, i.e., the Bmoq is directly linked to y

value of the grain size distribution, and thus also to the spectral index amp.

The grain size distribution (including the estimate for y) can also be deduced and analyzed from the broad-
band/narrowband disk spectrum. For example, Mittal et al. (2015) analyzed the mid-infrared silicate emission
to estimate the value of y of the grain size distribution assuming that pm-sized grains show weaker and broader
spectral features compared to smaller grains. They indicated that the inferred values of y obtained via spectral
analyses of the mid-infrared silicate feature lie in the range of ~ 3.2-4.2.

Overall, previous studies imply that the simple analytical solution with steady-state collisional models by
Dohnanyi (1969) is in good agreement with current observations, even though this is the simplest model possible.
Consequently, observations of debris disk evolution can be reasonably explained with collisional timescales that
are shorter than the system age over which the cascade has been evolving (Wyatt, 2008; Wyatt, Clarke, and Booth,
2011; see also Sect.2.1.5).

Besides, the different spectral decomposition gives us a piece of information about the relative number of

different grain sizes, and thus, provides a constraint on 7y in the small grain limit using a simple method (e.g., Eq. 3.5;
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a single characteristic grain size depending on the grain structure; Backman and Paresce, 1993). For example, dust
grains with radii on the order of hundreds of um are indicated by sub-mm/mm fluxes (Zuckerman and Becklin,
1993). However, this method is restricted only to larger dust grains. This is because the smallest detectable dust
grains dominate the thermal emission at any given wavelength. On the other hand, only the pm-sized grains can
contribute to scattered light observations, i.e., grains much smaller than the observing wavelength are expected to
scatter rather isotropically compared to larger grains, which are strongly preferred to show forward scattering. Thus,
given the steep slope of the size distribution, the angular distribution of light intensity scattered by dust particles at
a given wavelength (i.e., called the scattering phase function) provides a meaningful constraint on the minimum
dust grain size as well as the slope of the grain size distribution in the small grain regime (Hughes, Duchéne, and
Matthews, 2018).

Another method to estimate dust grain sizes is the spatial/wavelength-dependent scattered polarized radiation.
Voshchinnikov and Kriigel (1999) modeled the polarimetric image of the 3 Pictoris debris disks system in the optical
wavelength regime and assumed a general power-law grain size distribution, whereas Krivova, Krivov, and Mann
(2000) assumed a cutoff to the power-law below a few wm, and were able to obtain a more detailed fit to the optical
polarimetric observations of the S Pictoris debris disks system. This can be explained by the shorter lifetime of

small particles by the radiation pressure (see Sect.2.1.2).

Note that the nongravitational forces acting on grains particularly in the range of tens to hundreds of micrometers
in diameter (Krivov, Lohne, and Sremcevi¢, 2006; Thébault and Augereau, 2007; Lohne et al., 2017). This may
results in further modifing the grain size distribution. A more detailed investigation of constraining the grain size

distribution of debris disks can be found in Chapter 5 and Chapter 8.

3.2.2 Observational constraints on the dust composition

Since debris disks are a by-product of star formation, one can assume that they have the same chemical composition
as the ISM dust. For example, astronomical silicate is a composite material that reproduces the features seen
in the interstellar medium (hereafter "astrosil"; Draine and Lee, 1984; Draine, 2003). Recent observations (e.g.,
Spitzer) showed many robust conclusions about the dust components in debris disks, which are dominated by
"standard" silicates with a broad range of crystallinity fractions ~ 1-95% (e.g., Mittal et al., 2015; Olofsson et al.,
2012). This is inconsistent with that of the ISM materials, which reaches only ~ a few percents (Li, Zhao, and Li,
2007). Furthermore, observations indicated non-negligible amounts of refractories (and ices) with an aggregate-type
structure with significant degrees of porosity (Hughes, Duchéne, and Matthews, 2018), which is similar to one in
the solar system. Additionally, previous debris disk modeling included dust mixtures with organic carbon materials,
water ice, and even vacuum (and thus porosity), which resulted in a better fit to observations compared to ones
with compact astrosil only (e.g. Graham, Kalas, and Matthews, 2007; Lebreton et al., 2012; Rodigas et al., 2015;
Olofsson et al., 2016; Ballering et al., 2016). All these findings indicate a clear trend: the intrinsic diversity of
dust properties in debris disks might come from dust evolution in debris disks. Thus, the assumption of the same

chemical composition as the ISM does not hold.

Since dust significantly emits in the near-IR/mid-IR to far-IR, where the prominent emission features of crystalline
and amorphous silicates, water ice, amorphous carbon, metal sulfides, silica, SiO and organic materials are, one must
investigate the composition of the dust through spectroscopic observations in these wavelength regimes (Sect. 3.1.1).

In scattered light, dust composition primarily influences the surface brightness of debris disks. However, it
is nearly impossible to distinguish and establish a difference between low-albedo (e.g., carbon-rich dust) and

high-albedo (e.g., silicate or ice-rich dust). This is because the albedo is degenerate with the total dust mass in
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optically thin disks. Consequently, the interpretation of these analyses is subject to several caveats due to the
degeneracy of nearly featureless spectra, indicating the difficulty to constrain dust properties; there will be no
unique solution. Depending on the dust composition, additional information such as the dominating grain size (see
Sect.3.2.1) can be gained from scattered light and polarimetric observation (Graham, Kalas, and Matthews, 2007;
Hinkley et al., 2009; Maness et al., 2009).

In thermal emission, the dust composition is probed by the presence and shape of solid-state spectral features in
the spectrum, which gives mineralogical information (Dutrey et al., 2014; Pontoppidan and Blevins, 2014). For
example, the 10 um silicate feature enables one of the most promising diagnostics for the dust composition and
size, whose presence requires grains with an approximate radius of ~ 1.5 pm (i.e., characteristic grain size A/27;
Backman and Paresce, 1993; see Sect. 3.2.1). However, due to the strong dependency between the blow-out dust
grain size and the stellar luminosity, less luminous later-type stars generally have these silicate features with excess
at 10 um, while only a few A stars with 10 um excess exhibit silicate features (Aumann and Probst, 1991; Chen,
2006). Other silicate features, that are observed at far-IR, are only excited for grains larger than ~ 10 um and heated
to a minimum of 150-200 K. Thus, this mineralogy study of the silicate feature is rather limited to small grains in
the warm/hot components, emitting in the mid-IR, in debris disks. Also, the different physical status of silicates
(e.g., amorphous and crystalline silicates) can be identified, with the latter typically displaying shaper features.
Besides the silicate features, the 69 um forsterite feature can be present at lower temperatures (de Vries et al., 2012).
Furthermore, many non-silicate dust particles have spectral features in the mid-infrared that can be used to infer

their presence in debris disks (Olofsson et al., 2012).

A more detailed investigation of the feasibility of detecting various dust components (e.g., ice-dust aggregates) in

debris disks can be found in Chapter 6.

3.2.3 Observational constraints on the dust mass

At sub-mm wavelengths, where hv < kT, the Planck function B, can be approximated by 2kT/A% (Bulger et al., 2013;
i.e., the intensity is only linearly proportional to the dust temperature in the Rayleigh-Jeans limit; Eq. 2.3). Thus, the
inferred grain mass is not sensitively dependent on the grain temperature compared to the short wavelength regimes
and is only showing a weak dependence for the dust particles with radii smaller than the observing wavelength
(Hildebrand, 1983). Consequently, the dust mass is approximately proportional to the sub-mm dust re-emission flux
in the optically thin case. Thus, it is reasonable to use sub-mm observation to derive the dust mass in a debris disk
system, providing relevant constraints on dust opacity and determination of the dust mass for sizes of up to ~ 1 mm.
For example, Roccatagliata et al. (2009) derived the dust mass M g5 from the observed 850 pwm fluxes obtained by
using the SCUBA-2 instrument with the following equation (e.g., Zuckerman and Becklin, 1993; Zuckerman, 2001;
Wyatt, 2008):

F,d?
Ky Bv(Tdust) '

where k, = kg (%)ﬁ is the mass absorption coefficient with 8, indicating the frequency dependence of «,, and F), is

M qust = (3.8)

the observed flux at the frequency v. Furthermore, previous studies (e.g.,Zuckerman and Becklin, 1993; Pollack
et al., 1994; Dent et al., 2000) indicated that the normalized value of «q is 0.17 m? kg_1 at 850 wm and scale with
B =1, which is adopted for direct comparison with previous studies (e.g., Sylvester, Dunkin, and Barlow, 2001;
Wyatt, 2003; Najita and Williams, 2005).



34 Chapter 3. Observations of debris disks

If the disk is a ring-like structure, i.e., without a huge deviation in the temperature calculation of dust grains from
the blackbody assumption, the dust re-emission in the disk is reproduced by varying the location of the ring, as
well as the total disk mass, quantities that are related in the optically thin case. Thus, the mass of the ring can be
calculated and the range of possible radial locations can be constrained based on an infrared excess detection and its
upper limits. A more detailed investigation of constraining the dust mass in the ring-like structure of debris disks

can be found in Chapter 7.

3.3 Observational structures of debris disks

Recent observations show debris disks with great diversity, such as a wide range of disk sizes (e.g., the radii
of debris disks scale from a few tens up to a few thousand au) and various shapes of disks (e.g, the radial, the
azimuthal structure, and the vertical structure). This diversity mainly comes from the different combinations of disk
components (e.g., dust, planetesimal belts in which planets continue to grow or are being ground down to dust, and
planets ranging from Earth-size to Jupiter-size, and even gas), located at different radial distances (e.g., Fig. 3.1;
however some radial locations could be almost empty). This finally results in the different structures of debris disks
based on the specific disk evolution, which results from the balance between radiation pressure force, gravity, PR
drag, and collisions. For example, a planet can easily affect a disk system. It scatters onto a highly eccentric orbit
that repeatedly approaches a narrow ring, and thus ignites collisional cascades in the disk structure (Beust et al.,
2014; Pearce, Wyatt, and Kennedy, 2014; see also Sect. 2.1.5) and/or broadens narrow rings.

The main questions in this section are whether these fundamentally different shapes of disks of underlying
planetesimal populations/different stages of the debris disk evolution can be traced. In addition to that, two more
interesting objects are discussed: (i) exozodiacal dust due to its rarity and proximity to the star and (ii) gas in debris

disks due to the uncertain origin.

3.3.1 Structural diversity in debris disks

In this section, the morphological diversity of debris disks depending on the geometry and observing angle, in
particular: (a) the radial structure, (b) azimuthal structure, and (c) vertical structure of disk systems are presented
(see Fig.3.2).

a. Radial structure

Narrow or broad ring/Multiple rings with the gap: Besla and Wu (2007) argue that the detection of the narrow
dust rings may indicate the presence of leftover gas, i.e., not the secondary gas. This implies that the dust is produced
at the location of the parent planetesimals, which are confined to narrow and thin ring-like structures® (Telesco
et al., 2000; Schneider et al., 2009). Then dust decays by collisional erosion and moves from its birthplace through
processes such as radiation pressure and PR drag, and thus the ring may broaden. Narrow rings or broad rings are
quite commonly found in debris disks, e.g., Fomalhaut (Kalas, Graham, and Clampin, 2005), HD181327 (Schneider
et al., 2006), and HR4796 (Schneider et al., 2009; Rodigas et al., 2015). Furthermore, recent high-contrast imaging
techniques can spatially resolve a substructure (e.g., two-belt structure), in the radial dust distribution such as
multiple rings with one or more gaps, e.g., HD 07146 (Ricci et al., 2015a), HD 107146 (Marino et al., 2018), HD
131835 (Feldt et al., 2017), and HD 120326 (Bonnefoy et al., 2017). Broad as well as shallow gaps can be explained

by the planet-sculpting scenarios since debris disks may be very sensitive to even very low-mass planets and thus

2What makes a ring narrow and/or broad disk is still a very exciting open question. Wyatt (2005) indicated the evolution from transition disks
to debris disks involves a few steps. First, they carve a hole and gap in the protoplanetary disks and remove mm-sized dust, thus decreasing the
flux in the sub-mm region (e.g., HD 100546). And they start to clear the dust from the inner regions (e.g., HD 141569). Next, they remove CO,
and finally, they concentrate planetesimals into a ring.
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Ficure 3.2: The structural diversity of debris disks is shown with the white scale bars, representing 50 au. Figure credit:
Hughes, Duchéne, and Matthews (2018) and references therein.

easily open a gap (Ricci et al., 2015a).

Halos: In scattered light images of debris disks around Vega, an extended large outer radius (called "halo") shows
(Su, 2005; Su et al., 2006). This feature is easily understood as a result of the smallest grains (i.e., the blow-out
grains) being blown away by stellar radiation pressure (and/or a stellar wind) from their parent planetesimal belt.
The halo phenomenon is not particularly limited to luminous stars, as the debris disk around M stars such as AU
Mic can also show an extended scattered light halo (Kalas, Graham, and Clampin, 2005). Such a configuration has
also been showing in previous modelings (e.g., Strubbe and Chiang, 2006; Lohne et al., 2017), which emphasizes
the importance of collisions and radiation pressure for small dust grains. Furthermore, these modelings found that
PR drag may be populated by grains, which spiral inwards. On the other hand, an mm wavelength observation,

which traces the larger grains, shows that this extended emission is not well pronounced (e.g., Lohne et al., 2017).

Spiral arms and arcs: Debris disks around HD 141569 and HD 53143 show other unusual complex morphologies
such as a spiral pattern and arcs at larger stellocentric distances (Konishi et al., 2016; Schneider et al., 2014). These
might be caused by transitional objects that were influencing the system between the protoplanetary and debris disk
phases (de Boer et al., 2016; Monnier et al., 2019).

b. Azimuthal structure

Eccentricity: Recent spatially resolved debris disk observations show the azimuthal asymmetries in the surface
brightness (e.g., Kalas, Graham, and Clampin, 2005; Stark et al., 2014; Olofsson et al., 2016; Pan, Nesvold, and
Kuchner, 2016; MacGregor et al., 2017), which are the result of narrow eccentric belts with some offset between the

belt center and the star. Secular perturbations by as yet undiscovered planets probably cause these offsets (Wyatt
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FiGURE 3.3: Left: Vega debris disks at 70 pm with Spitzer (Su, 2005), middle: Vega debris disks at 350 pm with CSO (Marsh
et al., 2000), and right: Vega debris disks at 850 um with JCMT (Holland et al., 1998). Figure credit: Holland et al. (2010).

et al., 1999; Wyatt, 2005; Faramaz et al., 2019; see also Sect.2.1.10). Thus, the interpretation of these observations
may allow one to constrain the parameters of the alleged planets. However, other mechanisms are proposed, e.g.,
the interaction between the disk’s dust particle and gas of the ISM in different configurations (Maness et al., 2009).
In scattered light observations, debris disks exhibit a brightness enhancement at the periastron, close to the star with
higher temperature, which therefore glows brighter ("pericenter glow"; Wyatt et al., 1999). In thermal emission
observations, their flux is becoming insensitive to their temperatures, but the number density gets more important
(Sect. 3.2.3). Dust grains on eccentric orbits at the apocenter, however, lead to the opposite phenomenon ("apocenter
glow"; Pan, Nesvold, and Kuchner, 2016). A more detailed discussion about azimuthal asymmetries of the surface

brightness in eccentric debris disks can be found in Chapter 5.

Clumps: Planets/planetary objects imprint clumpy structures on the disk system. Two possible mechanisms
explaining the presence of clumps have been proposed: either dust grains can be trapped into resonances by the PR
drag (Sect.2.1.3 & 2.1.10; Kuchner and Holman, 2003) or resonant planetesimals and grains can be swept along
during planet migration (Wyatt, 2003; Reche et al., 2008). In any case, clumps due to mean-motion resonances
must be enhanced to be observable. In this manner, a far-IR to sub-mm/mm wavelengths observation (e.g., Holland
et al., 2010) is strongly required to trace the perturbation of unseen objects (e.g., distant planets), while observations
at a short-wavelength trace emission of small dust grains, that are dynamically scattered by stellar radiation, and
thus these observations smooth over and erase clumpy structures (Wyatt et al., 1999; Marsh et al., 2006; Holland
et al., 2017). In particular, the comparison between multi-wavelength observations provides a very powerful way
of determining the physical characteristics of the perturbing planet. For example, Fig. 3.3 shows that the clumpy
structure can be seen at the sub-mm observation, while the far-IR observation traces a more smooth structure, which
depends on the mass of the solids, e.g., planet(s)/planetesimal(s) (Su, 2005; Marsh et al., 2006; Holland et al., 1998).
Also, € Eridani is surrounded by a narrow ring of dust that contains some bright spots (e.g., Lestrade and Thilliez,
2015; Booth et al., 2017), which is suggestive of interactions with a Neptune-like planet that is shaping the inner

and outer edges of the ring.

Swept-back wings: The "swept-back wings" features are often found at scattered light observations of debris
disks, e.g., HD 61005 (Esposito et al., 2016), HD 32297 (Debes, Weinberger, and Kuchner, 2009), and HD 30447
(Soummer et al., 2014). This morphology has so far been interpreted as interactions with the ISM (Maness et al.,
2009) or torque-based method for invoking the asymmetry (Esposito et al., 2016). A simulational study (e.g., Lee
and Chiang, 2016) indicated that morphological features such as a wing-like feature (e.g., HD 61005; (Esposito
et al., 2016) might be invoked by a planet.
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c. Vertical structure

Warps: The presence of warps in debris disks (i.e., a warped inner disk) was clearly shown in the 8 Pictoris debris
disk system in the scattered light images (Golimowski et al., 2006). This specific disk feature can be explained
well as a planet indicator (Lagrange et al., 2010). However, Lee and Chiang (2016) indicated that a single planet
may not be enough to produce sustained observable warps, suggesting that multiple planets and/or even different

mechanisms may be necessary to explain warped inner disks.

Recent observations of debris disks (e.g., AU Mic and S8 Pictoris; Golimowski et al., 2006; Fitzgerald et al., 2007;
Graham, Kalas, and Matthews, 2007; Thébault, 2009) show that the vertical extent of the debris disk is narrow and
relatively flat (i.e., a projected FWHM perpendicular to the disk major axis that is almost constant; a few au to a
few tens of AU) or decreases inside a parent belt, which is located at a small radial distance to the star. However,
due to the degeneracy between the radial and vertical structure at intermediate inclinations, the measurement of the
vertical structure of debris disks is obviously inclination-dependent as well as observing angle-dependent. Thus, an

unambiguous investigation is limited to the regime of an edge-on view of a disk system.

3.3.2 Exozodiacal dust

Numerous studies (e.g., Ballering et al., 2013; Pawellek et al., 2014) in the last few years suggest that the majority
of debris disks contains two populations of dust with distinct temperatures, (i) the cold component at tens of K and
(i1) the warm/hot dust with hundreds to thousands of K (see Fig. 3.4 & 3.1; Kirchschlager et al., 2018; Su et al.,
2014). Some debris disk systems substantially exhibit their dust thermal emission with warm dust in the mid-IR and
the combination of thermal emission and scattered light with hot dust in the near-IR, respectively, called exozodiacal
dust (hereafter as “exozodi”). However, these objects may not follow the standard collisional scenario (Sect.2.1.5;
Payne et al., 2009; Wyatt et al., 2010; Absil et al., 2010; Marion et al., 2014; Nuifiez et al., 2017; Ertel et al., 2020).
In analogy to our zodiacal dust in the solar system, exozodi is located in (or near) the habitable zone (HZ) of the
debris disk system, down to the sublimation line of dust. The presence of exozodi could hamper detections of
Earth-like planets in the HZ, thus its structures might point towards dynamical interactions with planets (Stark
and Kuchner, 2008). Therefore, the understanding of the origin of exozodi is crucial for the understanding of the
evolution of planetary systems and Earth-like planets close to the HZ. It can finally have vast potential as a source

of information on planetary systems, complementary to the direct studies on exoplanets and their host stars.

To date, the measurement in SED (Fig. 3.4) is one of the main methods to detect exozodi because of the current
space-based telescopes cannot spatially resolve the exozodi from the central star. However, this warm dust with
its specific mid-IR emission has been detected by space-based observatories (e.g., Lisse et al., 2008; Lawler et al.,
2009) only with an extremely low occurrence rate. Besides, the zodiacal dust in our solar system is too faint to
be detected (e.g., by Spitzer) due to the photometric calibration uncertainty (~ a few percents of the total flux of
the system). Thus, making detection is quite challenging. Furthermore, the Wide-Field Infrared Survey Explorer
(WISE) detected debris disk systems photometrically in the mid-IR with excesses of only the brightest warm exozodi
dust level, while hot exozodis are harder to detect due to the brighter photosphere in the near-IR (Patel, Metchev, and
Heinze, 2014). Instead, making the coronagraphic observation is also quite limited, since the larger inner working
angle compared to an angular distance of the exozodi to the star is too large and thus would block the region where
the warm and hot exozodi are.

To perform an exozodi observation, it is important to separate the stellar emission from the dust emission, i.e.,
high angular resolution is required. One possible remaining solution is, therefore, the near- or mid-IR interferometry
(e.g., CHARA/FLUOR and VLTI/PIONIER; Ertel et al., 2020), measuring the visibility and using a suitable set of
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FiGuRE 3.4: An illustration of the individual contributions from hot, warm, and cold dust to different parts of the spectral energy
distribution of debris disks around a solar-type star, which is represented by a black solid line. Figure credit: Kirchschlager
et al. (2018).

baseline configurations. The presence of spatially resolved dust material and beyond its sublimation distance can be
inferred from a significant deficit of the interferometric visibility at low spatial frequencies, which enables a direct
determination of the flux ratio between the exozodi and the central star (Di Folco et al., 2004). Consequently, a near-
or mid-IR interferometric observation allows us to detect exozodi in the system through a signature in a spatially
resolved observation (e.g., Smith, Wyatt, and Haniff, 2012; Liu et al., 2005; Stock et al., 2010; Mennesson et al.,
2014; Defrere et al., 2015; Kral et al., 2017; Ertel et al., 2020; Defrere et al., 2011; Ertel et al., 2014; Marion et al.,
2014; Absil et al., 2009; Absil et al., 2013; Nuiiez et al., 2017; Defrere et al., 2018; Mennesson et al., 2011). This
will potentially allow to constrain the parameters of exozodi, and thus help to give shed light on details of its origin.
Even the recent observations cannot explain clearly the connection between the two species of exozodi, i.e., hot dust
and warm dust, and the difference might be large. Thus, most key questions concerning the exozodi in debris disk

systems are related to their own origins and characteristics.

3.3.3 Gas in debris disks

Since the primordial gas dispersal timescales are shorter than 10 Myr (Sect. 1.2.5; Hillenbrand, 2008), debris disks
are expected to have no gas or to be at least extremely gas-poor compared to gas-rich protoplanetary disks. However,
little amounts of gas have been detected (e.g., 8 Pictoris, 49 Ceti, Sigma Her, HD 32297; Moér et al., 2017; Cavallius
et al., 2019) in tens of young debris disks so far. For this reason, the understanding of the gas component in debris
disks is a popular subfield of debris disk studies that have advanced very rapidly in recent years. Here, a brief
discussion and summary of the current understanding/observations of the gas are shown.

The most fundamental question is the origin of the gas in debris disk systems, i.e., is it primordial material that
survived longer in the outer disks than usually assumed (Krivov et al., 2009), indicating that gas and dust evolve on
different timescales, or is it second-generation material that may have formed or been released recently. The latter
case would be a result of either photon-induced desorption from solids and grain-grain collisions (Chen et al., 2007;
Czechowski and Mann, 2007), released via a collision between icy planetesimals/migration into warmer regions
(Modr et al., 2011), or from comet evaporation, which might provide insights into the composition of icy bodies in
distant planetary systems (e.g. Beust and Valiron, 2007). Recently, Booth et al. (2019) confirmed that the level of
gas present in the disk around HD 95086 is inconsistent with the presence of primordial gas and is consistent with

the second generation, which is produced through a collisional cascade.
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Several methods have been used to determine the composition of the gas in debris disks, i.e., absorption and
emission lines of atomic and molecular gas by using the spectrum to study the material along a single line of
sight. Absorption lines are the main method to study of the atomic/molecular content of debris disks, e.g., C,
O, and CO (e.g., Roberge et al., 2000; Brandeker et al., 2004). However, this method is restricted to a narrow
range of inclination angles, in particular, the disk system must be seen close to edge-on with the line of sight
from the observer to the debris disks. Furthermore, lines from the interstellar medium in the same spectrum can
be misunderstood as lines from debris disks. Emission lines are also used to study the composition and spatial
distribution of debris disks at high angular resolution. This is possible with far-IR and sub-mm/mm facilities, which
require only minutes to detect gas emission from debris disks, even though the line fluxes are still low compared to
those of a protoplanetary environment. Thus, this method is also limited because it is less sensitive to small gas
quantities, which is one of the main reasons for lack of information on gas in debris disks, so far. CO is the only
molecular species detected with an emission line method in debris disks, which was observed in the extremely
bright and nearby g Pictoris system (Olofsson, Liseau, and Brandeker, 2001; Lieman-Sifry et al., 2016; Higuchi
et al., 2017), while C and O are the only atomic species that have been detected with an emission line method in
debris disks (Zagorovsky, Brandeker, and Wu, 2010).
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Chapter 4

Modeling of debris disks & simulation

tools used in this work

The evolutionary state of a debris disk (e.g., the age) can be deduced by the fractional luminosity fgisx and its
temperature (Sect. 3.1.1), which are derived from the blackbody assumption with the spherical grains in thermal
equilibrium (Kalas et al., 2007). However, as can be seen in the previous chapter (e.g., Sect. 3.1.1), this assumption
may result in a significantly deviating outcome due to the cancellation of the grain radius dependency of the grain’s
emission spectrum (see, e.g., Sect.3.1.1 & Sect.3.2.1). This implies that a radial distance from the star by a
blackbody fit to the SED is not a function of grain size. Thus, the real size of the disk is much larger than predicted
(Booth et al., 2013), which is a consequence of the large abundance of ‘poor emitters’ (i.e., small dust grains) in the
disk system. Consequently, this approach yields little information on grains and poorly predicted. Furthermore, an
estimated of the disk mass relies on an assumed opacity that hides the information of the properties of the grains
(e.g., composition and size). In conclusion, simple blackbody radii are the lower limit or a good approximation of
the flux from a narrow ring-like disk structure only (i.e., the temperature of dust grains is nearly constant). Thus,
one needs to reformulate the equations with individual grain emissivity as a function of the dust grain size and its
composition to calculate the thermal emission of grains properly (e.g., Eq.2.28). This is the essential reason for a
more accurate SED modeling of debris disks.

Besides, to derive several constraints from SED observation and modeling alone, which provide in general only
weak and ambiguous constraints on dust properties due to the fundamental degeneracy between model parameters,
e.g., disk geometry and dust grain size (Sect. 3.1.1), the modeling of spatially resolved debris disks is preferred as it
breaks the degeneracy, and thus allows us to understand the grain/disk properties in detail.

Furthermore, detailed modeling of the dust spatial distribution and grain properties (e.g., the chemical com-
position, the physical shape of the dust grains, the grain size distribution including grain dynamics) can help in
understanding and deducing the properties/composition of hidden planetesimals (and/or planets) to get a comprehen-
sive map of planetary systems. Additionally, the comparison of various modelings with the complexity of multiple
wavelengths can be used to overcome the limitations of a single observational data set, which is providing rather
ambiguous constraints to their properties. Consequently, to extract the complete set of information about a debris

disk, several complementary modeling approaches are required.

In this chapter, a general context of the different approaches of debris disk modeling, e.g., analytical modeling and

collisional modeling, and simulation tools used in this work are presented.
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4.1 Debris disk modeling with an analytical approach

To interpret the debris disk observations, modeling of debris disks with the classic approach, which is based on
analytical functions to describe the dust distribution (e.g., Briggs, 1962; Dohnanyi, 1969), is often used. In particular,
analytical modeling of debris disks (e.g., Augereau et al., 1999; Wolf and Hillenbrand, 2005; Thébault and Wu,
2008; Ertel et al., 2011) parameterizes power-law distributions with the radial brightness profile, which is extracted
from the resolved disks, and the size distribution, which is set by the assumption of a collisional equilibrium. For
example, the simplest applied radial density profile in the disk and grain size distribution follows a power-law, i.e.,
n(r) o r®, where a determines the radial slope of density distribution (e.g., @ = 1 represents debris disks with
no perturbations by embedded planets and no additional assumptions about dust production processes; Wolf and
Hillenbrand, 2003). Furthermore, dust models are considered with a grain size distribution n(a) o« a”?, where y
determines the slope of grain size distribution (Eq.2.11). Thus, the relevant parameters of the analytical modeling
are the radial extent of the disk (e.g., inner/outer radius), the slopes of the radial distribution «, the lower/upper
grain sizes, the slopes of the size distribution y, and the dust mass.

In such models, a key strategy is to explore large and complex parameter space and adapt the model parameters
to disk observables, and thus understanding allows to study of dust emission in debris disks in a relatively short

time.

4.1.1 DMS: Debris disks around Main-sequence Star

The DMS tool is based on an analytically described optically thin disk model and is based on the same assumptions
as described in Sect. 2.2, which leads us to have significantly simplified radiative transfer equations. In particular,
this tool has been developed to compute debris disk observables (e.g., SEDs and spatially resolved images), and
thus deepen and widen our view of a debris disk with regard to the understanding of many stellar/dust parameters.
The development of this tool is based on the previous codes, e.g., debris (Ertel et al., 2011), MODUST (Rodmann,
2006), and modim (Ertel, Wolf, and Rodmann, 2012). This tool’s main program is written in Fortran 90.

To compute images with high efficiency in a grid of pixels (e.g, the Cartesian grid of pixels, which has been
assigned the intensity in DMS with a three-dimensional structure), an adaptive grid is used. For example, the
temperature of the inner region of a disk system is drastically changing (i.e., the computation of pixels in regions
where the intensity distribution is changing significantly on small spatial scales), and thus the spatial resolution has
to be high enough, the opposite is true for the outer region of debris disks (i.e., a low spatial resolution is enough)
for an analytical density distribution. To utilize grids at different levels of resolution, an adaptive mesh refinement
(AMR) method, adapting the accuracy of a solution within a certain sensitivity, is used in the DMS code. The AMR
method allows high sampling rates without increasing the over-all spatial resolution (pixel number), i.e., only a
specific part that needs high sampling rates computed with an increased spatial resolution. Consequently, an AMR
method can simultaneously use multiple spatially unconnected grids at a given level of refinement, compared to the
fixed resolution (uniform meshes) of a static grid approach. It starts with a coarse grid first and identifies regions
that need finer resolution. Then, this method superimposes finer sub-grids only in those regions.

In the DMS, the initial pixel is divided iteratively into 8 adjacent sub-pixels covering the original pixel within
the region, where the density distribution is defined, i.e., the edges of the pixel are all inside or all outside the
region, until they meet one of the following criteria related to input parameters of the AMR method. For example,
an iteration stopped when the maximum temperature difference within one given pixel is smaller than maximum
difference chosen as an input parameter with A 7 in DMS or the chosen maximum number of iterations of splitting
one three-dimensional pixel N gypyvolume t0 sSample the dust emission has been performed in DMS.

Furthermore, in the context of simulating debris disk observables (e.g., SEDs and images) of spatial dust

distributions produced by ACE tool (Sect. 4.2.1), spatial dust particle distributions mode is applied in DMS tool. In



4.1. Debris disk modeling with an analytical approach 43

the case of this mode, the sampling is given by the position of the particles (and/or the number density, if needed),

thus the individual particle with different grain sizes is used directly to compute its emission.

Depending on the size parameter x and refractive index m (i.e., the real and imaginary parts of the refractive index
n and k, respectively), the optical properties (€.g., Qabs, Qsca> S11, and S12; see Sect. 2.2.2) of the dust grain/size
distribution are computed with miex (Wolf and Voshchinnikov, 2004), which is directly included in DMS. Several
effective medium theories for the optical behaviors with the inhomogeneous dust mixture (e.g., the Maxwell-Garnett
mixing rule and the Bruggeman rule; Maxwell Garnett, 1904; Bruggeman, 1936) are also included in DMS. Based
on stellar parameters and optical properties such as, values of Qgg, DMS calculates dust temperature distribution
via Eq.2.28. To create images from the dust distributions with disk parameters, the thermal reemission and the
polarized/scattered stellar light at the center of each sub-pixel are computed via Eqs. 2.27, 2.23, and 2.24 and,
subsequently, integrated overall sub-pixels corresponding to one pixel along the line of sight. This process is

repeated for the all chosen observing wavelengths.

The general descriptions and main features of the numerical implementation in DMS (i.e., a DMS flowchart) are

given in Fig. 4.1.
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* Effective medium theory miex
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Thermal re-emission & scattered light
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: scatte}'ed radiation . * Thermal re-emission ® Qsca, Qabs, 11,512 * Radial Temperature distribution
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¢ Stellar radiation * polarized scattered radiation

Figure 4.1: DMS Flowchart. Figure is based on Kim et al. (2018).

DMS tests

The DMS code has passed several tests that are described in the following. The analytical distribution mode and the
dust particle distribution mode have been tested with different tools separately. Errors in all tests are below by only
a few percents compared when using reasonable sampling parameters, e.g., the radial extent of the disk of ~ a few
au to few hundreds of au, the grain size distribution of ~ a few hundreds of nm to a few mm, the temperature of ~ a
few K to few hundreds of K, and the dust mass of 1070 to 10712 Mg.
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e The stellar emission spectra with a blackbody assumption have been tested against the DDS (Wolf and
Hillenbrand, 2005).

e The analytical distribution mode: Edge-on oriented and narrow disks have been tested with respect to the
radial temperature distribution, the SEDs, and the spatially resolved images (and their radial profiles) of the
thermal reemission, scattered light, and polarized scattered light for single grain sizes against the results of
optically thin disks from Polaris (Reissl, Wolf, and Brauer, 2016).

o The dust particle distribution mode: The face-on oriented and extended disks have been tested with respect to
the optical dust properties, the radial temperature distribution, the SEDs and the spatially resolved images
(and their radial profiles) of the thermal reemission, scattered light, and polarized scattered light for grain size
distribution against the results from ACE (Lohne et al., 2017).

4.2 Debris disk modeling with a collisional approach

Although the classical approach with an analytical model (e.g., DMS) can produce and explore a huge parameter
space in a relatively short time, they do not cover physical mechanisms/processes that drive the collisional evolution
between whole solids, ranging from planetesimals down to dust grains. Thus, it is impossible to deduce directly
the information of planetesimal parameters (e.g., their mass, number density, location, and orbital eccentricities)
via classical modeling. To model the subsequent collisional evolution of planetesimals, an alternative modeling
approach with an initial distribution of planetesimals, following a collisional cascade evolution, is used. Since the
planet formation processes might leave a couple of narrow planetesimal belts orbiting the star, which collides at
sufficiently high velocities for those bodies to be destroyed, the modeling of the collisional evolution connects
particle dynamics and collisions with the coupled size and spatial distributions for the whole population in debris
disks. This method, therefore, can constrain the properties of planetesimals as well as infer the architecture of a
planetary system, compared to the classical approach with an analytical model, which can only analyze the dust
emission and properties to infer the existence of planetesimals. Although collisional modeling provides a more
comprehensive picture, the numerical complexity (and thus computation time) is so expensive that only a limited
number of parameter space can be explored.

The collisional modeling has been developed in two ways. Many previous studies used a combination of N-body
simulations' and particle-in-a-box models and focused purely on the gravitational model of planet-disk interactions
and forces (e.g., Lecavelier Des Etangs, Vidal-Madjar, and Ferlet, 1996; Thébault, 2009; Kuchner and Stark, 2010;
Kral, Thébault, and Charnoz, 2013), which aim at following the trajectories of individual objects by integrating their
equations of motion numerically. However, the number of particles in debris disks is orders of magnitude beyond the
scope of pure N-body simulations (Matthews et al., 2014). On the other hand, statistical methods effectively replace
discrete particles with their distribution on appropriate phase space and mesh of several variables comprising, for
instance, their mass, distance, velocity, and/or orbital elements (e.g., Kenyon and Bromley, 2008; Thébault and
Augereau, 2007; Thébault and Wu, 2008; Krivov, Sremcevié, and Spahn, 2005; Krivov, Lohne, and Sremcevic,
2006; Lohne et al., 2017; Sende and Lohne, 2019). The number of particles in each bin of the mesh at successive
time instants is computed by solving equations that describe gain and loss of objects by collisions and other physical

processes. Therefore, statistical codes are more accurate in handling collisional evolution.

The widely used N-body method is a numerical tool to simulate a dynamical system of particles under the influence of the gravity and is
used to investigate the dynamics of few-body systems to understand the evolution of the resulting large-scale structures (e.g., planets, stars, or
galaxies in the universe).
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4.2.1 ACE: Analysis of Collisional Evolution

In this section, the basic idea of the numerical modeling of collisional cascades in the code ACE (Analysis of
Collisional Evolution; Krivov, Sremcevié, and Spahn, 2005; Lohne et al., 2017) is addressed, starting with an initial
distribution of planetesimals and modeling its subsequent collisional evolution by calculating the time-dependent

production and loss of material.
Phase space & master equation of the kinetic code ACE

The collisional code ACE numerically solves the Boltzmann-Smoluchowski equation to evolve a broad range of
solids (e.g., from sub-pum to hundreds of km), orbiting on (nearly) Keplerian orbits and undergoing a collisional
evolution. ACE follows the orbit-averaged approach?, e.g., particles are grouped according to their orbits. Each
group populates a given ellipse with a particle density that is uniform across mean anomalies, i.e., uniform in time.

Discrete orbits are fixed throughout the simulations and parameterized by orbital elements.

The recent version of the ACE tool allows the azimuthal distribution to be non-uniform (Lohne et al., 2017; Sende
and Lohne, 2019), i.e., the phase space spans an additional dimension that covers the orientations of object orbits,
parameterized by the longitude of periapsis @ (= () + w), which is defined as the sum of the longitude of the
ascending node ((2) and the argument of periapsis (w). The debris disk evolution is, therefore, described as the
discretized distribution of material and is represented by bins with a four-dimensional phase space distribution, i.e.,
the masses of the individual particles m, the pericenter distances ¢ (instead of the semi-major axis because the belt
and the halo have similar pericenter distances, whereas the semi-major axes differ widely), the eccentricities e, and
the longitudes of periapsis @w. Collisions between pair-wise combinations of bins are possible at up to two distinct
points, defined by the colliders’ ¢, e, and @ values. Collision velocities, rates, and outcomes follow directly Krivov,
Sremcevié, and Spahn (2005) and Krivov, Lohne, and Sremcevi¢ (2006). ACE calculates secular perturbations3
using the transport equation. The phase space density n(x) at the position changes, depending on the velocity v(x)
=0, g(x), é(x), and @ (x) at this point (Lohne et al., 2017; Sende and Léhne, 2019):

. 0 . 0 . ) .
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The discretized master equation, which originates from Eq. 4.1 and which has to be integrated over time and solved

is given by:
fli:ZGijknjnk—Z Lijninj+z Tijnj , 4.2)
Jk i i

where n; is the number of objects in the bin specified by multi-index i = (im, iq, e, iw), coeflicients G jjx denote
the gain (the specific rates at which objects of type i are formed in collisions between objects of types j and k), Lj;
denote the loss (the specific rate at which objects of type i are removed in collisions with j), and T';; denotes the

transport to cell i from neighbouring cell j (Reidemeister et al., 2011; Lohne et al., 2017).

A more detailed description of this simulation tool can be found in previous studies (e.g., Krivov, Sremcevi¢, and
Spahn, 2005; Krivov, Lohne, and Sremcevié, 2006; Krivov et al., 2008; Lohne, Krivov, and Rodmann, 2008; Lohne

2 A major difficulty to this approach is the sampling due to numerical complexity. There are two main different way of particle grouping, e.g.,
‘time-resolved’ and ‘orbit-averaged’.

3 Asymmetric structures of debris disks can be plausibly explained by the gravitational field of the (hidden) embedded planet(s) and/or
planetesimal(s) in a debris disk (see also Sect.2.1.5 & 2.1.10). To consider collisions with secular perturbations, the ACE tool adds the
gravitational influence of a single perturbing planet.
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etal., 2012; Lohne et al., 2017; Sende and Lohne, 2019).

Collisional outcomes

This section summarizes the collisional prescription and algorithm used in the ACE code. A collision between at

least two colliders, i.e., a projectile and a target with the masses m, and m, respectively, occurs with a specific
m p mg
mp+m¢’

respectively. The specific impact energy (i.e., the kinetic energy of the projectile per unit target mass) is defined as
2
Eim mpvi . . . .. .
Qimp = m—lp = ;T[p (Movshovitz et al., 2016). The most important quantity in the collisional evolution of the

impact velocity vimp. The total mass and the reduced mass are given by M = mp + m¢ and p =

ACE code is the specific energy for the catastrophic disruption threshold Q;kj, which is defined as the normalized
energy at which the mass of the largest fragment has half of the original target mass (Benz and Asphaug, 1999; see
also Eq. 2.12). This quantity follows the definition from Lohne et al. (2012), which assumes a size dependence
described by Benz and Asphaug (1999), together with the reformulation by Stewart and Leinhardt (2009), regarding

the reduced and the total masses of the colliders and is given by:
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where the subscripts s and g stand for the material strength and the gravity regime, respectively. The quantity Qg is
relevant for describing the shock disruption in the strength regime, while Q is the corresponding specific energy in
the gravity regime, both scaled by the impact velocity vimp. The equivalent radii of the spheres are s; and s, with
sij = (S13 + sj3)1/ 3 as the combined volume of the colliders. The last term of Eq. 4.3 approximates the specific
energy required to overcome self-gravity, which is important only for radii > 30 km in the simulations. Qs = Q¢ =
5x102 J/kg, bs = 0.37, and b = 1.38 (Benz and Asphaug, 1999) are set as a reference values in ACE. A more

detailed description can be found in Chapter 5.

Since gas is already removed and the planet formation concludes during the debris disk stage, i.e., a few Myrs after
the birth of the star, cratering collisions and completely disruptive collisions become the dominating collision types.
Depending on the colliders’ masses m  and m and their specific impact energy Qimp, several different collisional

possibilities between two colliders, i.e., projectile and target, are possible:

o Ifthe Qmp is sufficient to overcome the threshold Qi*j (i.e., the material strength and the combined gravitational
potential of the colliders), the largest fragment’s mass is smaller than half of the target’s mass. This collision
type is called a disruptive collision (or alternatively, destructive, fragmenting, or catastrophic collision; see
Sect.2.1.5).

o If Qinp is smaller than the threshold ij, i.e., the energy of the projectile is not sufficient to destroy the target
(or the projectile is destroyed while the target is cratered), the target retains at least half of its original mass.

This collision type is called a cratering collision.

e If the projectile and target stay intact and are separated again and if the impact velocity vy is greater

than =~ 10 m/s. This collision type is called bouncing collision.

o If their relative velocities are very low (< 1-10 m/s), the projectile and target are bound together. This is called

sticking collision. However, such low collision velocities are very rare in debris disks.

A more detailed description of collisional outcomes can be found in previous studies (e.g., Lohne et al., 2017) and
in Chapter 5.
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Chapter 5

Impact of collisions on the appearance of

eccentric debris disks

This chapter presents the results published in Kim et al. (2018), which is a follow-up study of Lohne et al. (2017).
The author of this dissertation performed the simulated observations of the results from the collisional modeling and
made major contributions to the write-up and interpretation of the results. The collisional modeling is performed by
Torsten Lohne and other parts of this study were done in collaboration with Sebastian Wolf, Torsten Lohne, Florian

Kirchschlager, and Alexander V. Krivov.

Spatially resolved images of many debris disks show azimuthal asymmetries of surface brightness (e.g., Kalas,
Graham, and Clampin, 2005; Olofsson et al., 2016; Pan, Nesvold, and Kuchner, 2016; MacGregor et al., 2017). In
(sub)-mm wavelength observations, which trace large grains and so the dust parent bodies, such disks often appear
as narrow eccentric belts with some offset between the belt center and the star. The most likely explanation for the
eccentricities and offsets is secular perturbations by as yet undiscovered planets (e.g., Wyatt et al., 1999; Faramaz
et al., 2014). Therefore, interpretation of debris disk observations may allow one to constrain parameters of the
alleged planets.

Another goal of the analysis of debris disk observations is to reconstruct the hidden planetesimal populations
that produce the observed dust by collisions. Unlike planetesimals, dust is subject to stellar radiation forces that
make its distribution different from that of the parent planetesimals. To summarize, in order to constrain parameters
of the putative planets and dust parent planetesimals, one has to understand combined effects of the dust-producing
collisions in the dynamically perturbed belts and stellar radiation forces exerted on dust.

The link between the dust distributions and observable quantities is also important. What is actually observed is
radiation scattered or re-emitted by dust, rather than dust itself. Observations of debris disks at a given wavelength
are primarily sensitive to dust particles of a comparable size and to certain dust locations — those at which dust
emission at this particular wavelength is the strongest. As a result, the observational appearance of debris disks does
not directly reflect the underlying dust distributions, and the same disk may reveal dissimilar structure and shape
when viewed at different wavelengths. All this further complicates the analysis.

In recent years, many studies have been focused on collisions and radiation pressure effects in debris disks (e.g.,
Dominik and Decin, 2003; Wyatt, 2005; Kenyon and Bromley, 2005; Thébault and Augereau, 2003; Thébault and
Augereau, 2007; Stark and Kuchner, 2008; Stark and Kuchner, 2009; Kuchner and Stark, 2010; Thébault, 2012;
Kral, Thébault, and Charnoz, 2013; Nesvold et al., 2013; Thebault, Kral, and Augereau, 2014; Kral et al., 2015;
Nesvold and Kuchner, 2015b; Nesvold and Kuchner, 2015a; Esposito et al., 2016). For these studies, N-body codes
have been used that follow the trajectories of individual particles by numerically integrating their equations of

motion. In this work, the kinetic approach of statistical physics, which is based on the continuity-like equation for
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the distribution of dust in an appropriate phase space, and model the evolution of the phase space distributions of
the material (Krivov, Lohne, and Sremcevi¢, 2006) is used.

The goal of the current study is to answer following questions: What are the impact of selected collisional
parameters on the wavelength-dependent observational appearance of debris disks? Is it possible to constrain
selected collisional parameters based on specific observational quantities of debris disks? Based on the work by
Lohne et al. (2017), studies on planetesimal collisions in debris disks have conducted and the dependence of the
appearance of debris disks on essential collisional parameters, such as the eccentricity of the parent belt, dynamical
excitation of the system (i.e., the dispersion of the eccentricities of parent belt bodies), and the critical specific
energy for fragmentation (i.e., material strength) of dust particles are investigated.

This Chapeter is organized as follows: Section 5.1 describes the underlying physical process of collisions in the
debris disks. In Section 5.2, the applied tools: the collisional code ACE and the code DMS for the simulation of
observations are briefly introduced. In Section 5.3, impacts of the collisional evolution on observables, in particular,
their SEDs and brightness asymmetries in spatially resolved images are quantified and discussed. The findings of

this work are summarized in Section 5.4.

5.1 Collisional physics in debris disks

The probability of two spherical objects on Keplerian orbits to collide can be expressed as the product of the overlap
of the two orbits, the number density of grains at the desired location in the space of orbital elements, the relative
velocity and the collisional cross section (Krivov, Lohne, and Sremcevié, 2006). In addition, the collisional outcome
depends on many other factors, such as the impact angle, dust species, porosities of dust grains, and hardnesses of
projectile and target (Blum and Wurm, 2008). Furthermore, debris disks with larger typical orbital eccentricities
can significantly increase the geometrical probability of collision and the collisional velocities (Krivov, Léhne, and

Sremcevié, 2006; Queck et al., 2007), resulting in an increased efficiency of the collisional cascade.

5.1.1 Influence of eccentric belts on collisions

Various previous studies discussed the brightness asymmetry in eccentric debris disks, for example, € Eridani
(Greaves et al., 1998; Greaves et al., 2005; Hatzes et al., 2000; Poulton, Greaves, and Collier Cameron, 2006;
Pan, Nesvold, and Kuchner, 2016), HR4796 A (Wyatt et al., 1999; Schneider et al., 2009; Thalmann et al., 2011;
Lagrange and Chauvin, 2012), Fomalhaut (Stapelfeldt et al., 2004; Kalas, Graham, and Clampin, 2005; Pan,
Nesvold, and Kuchner, 2016; MacGregor et al., 2017), HD 181327 (Schneider et al., 2006), HD 15115 (Kalas et al.,
2007), HD 202628 (Krist et al., 2012), HD 115600 (Currie et al., 2015), HD 106906 (Kalas et al., 2015), and HD
61005 (Olofsson et al., 2016), as a result of two competing effects: higher temperatures at the pericenter and higher
densities at the apocenter. If the increased emission at short wavelengths at the pericenter exceeds the increased flux
due to the over-density at the apocenter, the so-called pericenter glow phenomenon is observed. This effect was
detected for the first time in Fomalhaut, a 133 au ring offset by 15 au implying a forced eccentricity of 0.11 (Kalas,
Graham, and Clampin, 2005).

On the other hand, Pan, Nesvold, and Kuchner (2016) calculated the lowest order in the time-averaged linear

number density of particles as a function of longitude, f, in a mild eccentric disks (e <« 1) ring along the orbit as

lsingle(f) & l_ecosf~ (5.1
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Using a different approach, Marsh et al. (2005) found a similar enhancement at the apocenter. In summary,
since particles orbit faster at periastron than at apastron, their number density in Keplerian orbits decreases at the

pericenter and increases at the apocenter by the same fractional amount.

The ejection condition can be derived from the ratio between the radiation pressure of the stellar radiation-field to

= [Fradl.
|Fel”
particle is ejected from the system, can be expressed as follows (Murray and Dermott, 1999):

the gravitational force, 5 ( see also Sect. 2.1.2). A general expression for the § threshold, for which a dust
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where ¢ corresponds to the longitude of the orbit, at which the particle ejected (¢ = 0 and ¢ = & correspond to
periastron and apastron, respectively). Apparently, the S-ratio, and thus the ejection condition and blowout size,

depend on the eccentricity of parent belts.

The gravitational impact of large planetesimals can be observed, for instance, as higher dynamical excitation
(Kenyon and Bromley, 2004). Dynamical excitation, which can be characterized by the width of the typical
eccentricity e and inclination i, determines the relative velocities at which orbits cross. Even though the exact level
of stirring in debris disks remains unknown, previous studies of debris disk have shown that stirring models are
consistent with observations if a dynamical excitation of up to ~ 0.1 is assumed (e.g., Wyatt et al., 2007; Lohne,
Krivov, and Rodmann, 2008; Thébault and Wu, 2008; Kennedy and Wyatt, 2010; Miiller, Lohne, and Krivov, 2010;
Wyatt et al., 2012; Lohne et al., 2012).

5.1.2 Influence of material strength on the outcome of collisions

The second key parameter which determines the outcome of collisions in debris disks is the catastrophic disruption
threshold Q) that is the impact energy per unit of target mass, which is defined as the normalized energy at which
the mass of the largest fragment has half of the original target mass (Benz and Asphaug, 1999). While for smaller
objects this quantity is determined by the material strength, the gravitational binding energy dominates in the case
of larger objects (> 1km). Thus, the catastrophic disruption threshold O is described by the sum of two power-laws
(Davis et al., 1985; Holsapple, 1994; Paolicchi, Verlicchi, and Cellino, 1996; Durda and Dermott, 1997; Durda,
Greenberg, and Jedicke, 1998; Benz and Asphaug, 1999; Kenyon and Bromley, 2004; Stewart and Leinhardt, 2009).
This work follows the definition from Lohne et al. (2012) and assumes a size dependence described by Benz and
Asphaug (1999), together with the reformulation by Stewart and Leinhardt (2009), regarding the reduced and the

total masses of the colliders:

o = |0 (i)b +Qg(i)bg]( Y )O'S + 2t (5.3)

Im 1km 3km/s 555

Here, the subscripts s and g stand for the material strength and the gravity regimes, respectively. The quantity Qg is
relevant for describing shock disruption in the strength regime, while Qy is the corresponding specific energy in the
gravity regime, both scaled by the impact velocity vimp. Note the equivalent radii of the spheres, s; and s;, with sj;
= (sl3 + sf) 173 as the combined volume of the colliders. The last term of Equation (3) approximates the specific
energy required to overcome self-gravity, which is important only for radii > 30 km in the simulations (Lohne et al.,
2012). It is chosen that Qs = Qg = 5 X 102 J/kg, bs = 0.37, and by = 1.38 (Benz and Asphaug, 1999) in this work as
a reference.

Depending on the masses and the impact energy of the colliders, following outcomes are expected: If the
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energy is sufficient to overcome both the material strength and the combined gravitational potential of the colliders,
disruption and dispersal occur. Collisions with specific energies below this threshold are depicted as cratering if the
target retains at least half of its original mass. In both cases, a cloud of smaller fragments is produced from the
remnants (Lohne et al., 2017). If both colliders stay intact, they are assumed to separate again, unless the impact
velocities are below 10 m/s. Only for very low relative velocities (< 1-10 m/s) sticking and hence growth may
occur (Poppe, Blum, and Henning, 2000). However, such low collision velocities are very rare. A more detailed

description can be found in Sect. 4.2.1.

5.2 Numerical models

5.2.1 Dynamical modeling

As discussed in previously, most of the previous studies focused on purely gravitational models of planet-disk
interactions and forces using the N-body simulations. Following the trajectories of individual objects is useful
when the dynamics are complex, whereas any collisional event is assumed to simply eliminate both colliders
(Lecavelier Des Etangs, Vidal-Madjar, and Ferlet, 1996). Even though this method is hardly applicable in the
case of a sufficiently large number of objects to cover a broad range of particle masses, a superparticle-method is
applicable in the case of shorter collisional timescales or more violent collisional events (e.g., Nesvold et al., 2013;
Kral, Thébault, and Charnoz, 2013).

The kinetic method of statistical physics is more suitable for particle distributions and long-term collisional
evolution. The kinetic method introduces a multidimensional phase-space distribution of dust (e.g., a distribution of
grain sizes, coordinates, and velocities, and the supply, loss, and transport of dust grains). The collisional code ACE
(Lohne et al., 2017), which allows the simulation of the dust production and removal in the planetesimal belt as well
as the dynamical evolution of the whole disk, is applied in this work. ACE derives the velocity distribution in particle
ensembles with the Boltzmann equation and the size distribution using the Smoluchowski equation for describing
the evolution of the solids, including disruptive and cratering collisions. The code allows the implementation of a
three-dimensional kinetic model with masses, semi-major axes, and eccentricities as phase-space variables. Thus,
the resulting equation can be solved for the phase-space distribution as a function of time, from which mass, size,
and spatial distributions can be calculated (Krivov, Lohne, and Sremcevié, 2006; Krivov et al., 2008; Krivov, 2010;
Lohne et al., 2017). Collisional outcomes are calculated with size-dependent scaling laws for fragmentation and
dispersal in both the strength and the gravity regime as mentioned in Section 5.1.2. A more detailed description of
this simulation tool can be found in previous studies (e.g., Krivov, Sremcevi¢, and Spahn, 2005; Krivov, Léhne, and
Sremcevié, 2006; Krivov et al., 2008; Krivov, 2010; Lohne, Krivov, and Rodmann, 2008; Lohne et al., 2012; Lohne
etal., 2017) and Sect. 4.2.1.

5.2.2 Simulated observations

The results of the dynamical calculations provide the basis for the simulation of the observational appearance of
the considered disk models. For this purpose, newly developed code DMS, which allows us to calculate the SED,
wavelength- and inclination dependent scattered light images, and polarization maps as well as thermal re-emission
maps, is applied in this work. It is based on the approach outlined by Ertel et al. (2011) and Ertel, Wolf, and
Rodmann (2012). To spatially resolve the local density and temperature distribution sufficiently well, an adaptive
mesh refinement method in Cartesian coordinates is used. The optical properties of the dust grains are computed
using the tool miex (Wolf and Voshchinnikov, 2004) which is based on Mie1908 theory (Mie, 1908).

In the current study, the density distribution is provided by ACE in a tabular form. Thermal re-emission and
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scattered radiation maps are computed at different observing wavelengths for each dust particle location and dust

property. A more detailed discussion of the DMS code can be found in Sect. 4.1.1.

5.2.3 Model parameters

The basic debris disk model applied in this study is described in Lohne et al. (2017). In the following, the basic
characteristics of that model are summarized in brief. To quantify and identify the specific influence of collisions
on the appearance of debris disks, a fiducial idealized typical debris disk system around a Fomalhaut-like star that
is an A3V main-sequence star (see Table 5.1) is modeled. The stellar photospheric emission is described by the
corresponding PHOENIX/NextGen grid models (Hauschildt et al., 1999).

The particles are assumed to be composed of generic astrosilicates (Draine, 2003) and ice (Li and Greenberg,
1998) in equal volume fractions, with a bulk density of 2.35 gcm™3. The effective medium theory (Bruggeman
1935) to calculate the optical properties is used. Since eccentric debris disks in the model is considered, the
blowout limit varies between two extreme orbital points that is periastron and apastron (see Eq. 2). For the given
photospheric spectrum and an eccentricity ey, = 0.4, the blowout limit amounts to ~ 3 wm and 6 um at periastron and
apastron, respectively. Asymmetries are most easily identified where narrow belts are resolved, which correspond to
narrow volumes in the space of orbital elements (Lohne et al., 2017). The relative radial width Agy/ gp at apastron

gp = ap(1 + ey,) can be estimated from

2 2
Ay _ |(Adn)" | [ Aev ) (5.4)
v ap I+ ep

where ay, and ey, are varied independently. Here, the quantities a, and ey, are the semi-major axes of a perturbed belt

object and average belt eccentricity, respectively. The quantity Aey, denotes the dispersion of the eccentricities of
parent belt bodies (i.e., dynamical excitation of the system). A more detailed description of the model setup can be
found Lohne et al. (2017).

Four different eccentricities of the parent belt, e, = 0.0 (circular), 0.1, 0.2, and 0.4, respectively, are considered.
In addition, three different levels of dynamical excitation, Aep, = 0.05, 0.1, and 0.2 are considered. The dispersion is
defined by the range of eccentricity values. It is parameterized by the maximum and minimum orbital eccentricities
that planetesimal belts have at the onset of the collisional cascade. Furthermore, five different values of the material
strength O, which is the strength component of the catastrophic disruption threshold 0y, ranging from "very high"
to "very low" (see Table 5.1) are considered. These are related to the reference value for Qs by Qg = a X reference
value of Qg, with @ = 25, 5, 1, 1/5, and 1/25, respectively. Thus, this parameter is spanning a range of 54~ 625
in the simulations. Note that Qf) can be as small as 1072 ~ 107* J/kg for meter-sized bodies without self-gravity
(Bukhari Syed et al., 2017; Whizin, Blum, and Colwell, 2017)

For each run, the system is evolved for 107yr. Although many debris disks are much older, this value as a
steady-state is achieved within this time (Thébault and Augereau, 2007) is chosen. For the simulation of observations,
all grains up to a maximum grain size of around 1 mm are considerd. The contribution of larger particles to the
observable quantities is negligible. Surveys at sub-mm wavelengths have shown that for most debris disks mass is
typically ranging from ~ 107 to several 10~/ Mg, (e.g., Greaves 2005, and references therein). Thus, a collisionally

evolved steady-state disk with 0.7 x 1078 My, is considered.
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TaBLE 5.1: Model parameters for simulation of the dynamical evolution.

Parameter Value
Stellar type A3V
Mass of the star M., 1.92 Mg
Luminosity of the star L, 16.6 Lo

Effective temperature 7

Radial extension

Number of grid points in radial direction
Azimuthal extension

Number of grid points in azimuthal direction
Size of dust grains and planetesimals s
Initial size distribution n(s)

Belt eccentricities ey,

Dynamical excitation Aey,

Catastrophic disruption threshold QF,
(material strength Qg)

Dust composition and references of
corresponding optical data

Bulk density of dust ppyix
Distance to the debris disk system

8590 K (Mamajek et al., 2012)
Sau <R <600 au

694

0<¢<2n

6284

[0.264 pm, 48.6 km]

n(s) o 5736 T/ To

ep, =0.0,0.1,0.2, and 0.4

Aep = £0.05, 0.1, and 0.2

"very high" (Qs = 1.25 x 10* J/kg),
"high" (Qs = 2.5 x 103 J/kg),
"reference” (Qs = 5 x 102 J/kg),
"low" (Qs = 1 x 102 J/kg),

"very low" (Qs = 0.2 x 10% J/kg)
Homogeneous mixture of
astrosilicate (Draine, 2003) and
water ice (Li and Greenberg, 1998)
2.35gem™3

8pc
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FiGure 5.1: The grain size distribution at the apastron (left) and periastron side (right) of debris disks with a belt eccentricity
of e, = 0.4 for different material strengths.
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FiGure 5.2: The grain size distribution at the apastron (left) and periastron side (right) of debris disks with a belt eccentricity
of ey, = 0.4 for different levels of dynamical excitation (Aep = 0.05, 0.1, and 0.2).

5.3 Results

In the following, impacts of the eccentricity ey, dynamical excitation Aey, and the catastrophic disruption threshold
O}, on the observational appearance of the considered debris disks are analyzed. For this purpose, impacts of these
parameters on the resulting particle size distribution (Section 5.3.1) are discussed. Subsequently, he corresponding
SED (Section 5.3.2) and spatially resolved observations (Section 5.3.3) are analyzed. Studies on the comparison
between the periastron and the apastron side of the disk (Section 5.3.4) is considered to constrain the collisional

parameters.

5.3.1 Particle size distribution

First the dust grain size distributions at periastron and apastron of debris disks with different material strengths are
investigated. As the geometrical cross section of the dust grain is a proxy for the emitted and scattered light, it is
shown as a function of the grain size in Figs. 5.1 & 5.2.

In Fig. 5.1, the dust grain size distributions at the periastron and apastron of debris disks a belt eccentricity of ey,
= 0.4 (with dynamical excitation Aep, = 0.1) for different material strengths are investigated. Since the radiation
pressure has a strong influence on the cutoff in the grain size distribution at smallest sizes, the wavy patterns of the
grain size distributions start around the smallest bound grains. Note that the blowout size can be increased with
particle porosity and increasing stellar temperature (Burns, Lamy, and Soter, 1979; Kirchschlager and Wolf, 2013;

Brunngriber et al., 2017). One finds different characteristic wavy patterns in the grain size distributions starting
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with the depletion of grains with radii below the blowout radius ay,,, which are caused by the lack of 8 > 0.5 dust
grains (Thébault and Augereau, 2003), depending on different collisional evolutions (Figs. 5.1 & 5.2). For grains
with radii ~ 3 um at the apastron side and grains with radii ~ 6 pm at the periastron side, a strong wavy pattern
develops. This depletion leads to an over-density of slightly larger grains ("first peak") because grains with radii a
< ay, are depleted and thus can no longer contribute efficiently to the destruction and erosion processes anymore.
The overabundance of grains with radii around the first peak (~ 1.5 ay,) in turn induces another depletion of grains
with radii around the "second depletion" (~ 4 — 40 ay,,) that is caused by small high-f grains originating inside the
disks. Thus, an efficient destruction is responsible for the deep depletion of objects with radii of up to ~ 4 — 40 ap,.
Qualitatively, this first wavy pattern is less pronounced in the size distribution of higher material strengths, where
the impact velocities and thus their rate of destructive collisions is significantly lower. A strong depletion for
lower material strengths is found for grains with radii ~ 60 pm, while the depletion in the case of higher material
strengths is valid for radii < 10 um (Fig. 5.1). This depletion eventually leads to an over-density of grains with radii
around the "second peak". The overabundance of these grains is shifted from ~ 100 um (high material strength) to
~ 1000 pm (very low material strength).

These successive domino effects (Thébault and Augereau, 2007) propagate the local maximum in the grain
size distribution toward bigger sizes and leave a unique characteristic wavy size distribution with a pronounced
succession of over-densities and depletions (e.g., Campo Bagatin et al., 1994; Thébault and Augereau, 2003;
Krivov, Lohne, and Sremcevié, 2006; Thébault and Augereau, 2007). Finally, the amplitude of the depletion of
sub-mm grains reaches its maximum for the lowest material strength. As a result, the wavy pattern of the grain size
distribution becomes deeper and broader for low material strengths. These results resemble the finding of Krivov,
Lohne, and Sremcevi¢ (2006) and Thébault and Augereau (2007).

In Fig. 5.2, the dust grain size distributions at the periastron and apastron of debris disks with different levels
of dynamical excitation (Ae, = 0.05, 0.1, and 0.2) are investigated. Again, one finds that the size distribution
converges toward a quasi steady-state wave pattern, whose characteristics depend on the collisional evolution.
However, note that these size distributions (Fig. 5.2) do not converge toward the same large grain radii (~ 0.1 km)
for different levels of dynamical excitation Aey, as for varying the material strength (Fig. 5.1). If planetesimal belts
are more dynamically excited, the number density is — on average — decreased. Thus, the ring widths are different
and so are the peak densities.

One finds that the wavy grain size distribution in highly dynamically excited disks, for instance, in the Ae}, = 0.2
regime, becomes shallower and narrower (see Fig.5.2). For the high-excitation case (broad dispersion of the
eccentricities of parent belt bodies that is higher Aey) the depletion of small grains is less pronounced. However, it
is propagated to larger grain sizes. Thus, the depletion of sub-mm grains in the case of highly dynamical excited
disks is more pronounced which is similar to the case of the low material strength. In contrast, for the low-excitation
case (narrow dispersion of the eccentricities of parent belt bodies that is lower Aey,), the depletion of small grains is
even more pronounced. Thus, the depletion of sub-mm grains is less pronounced similar to the case of the high
material strength. Smaller size particles are strongly affected by the stellar radiation force, which makes their orbits
eccentric and their collisional velocities higher. As a result, the collisional lifetimes of small dust grains only weakly
vary with the level of dynamical excitation. Thus, the role of destructive collisions for smaller particles becomes
less important (Thébault and Augereau, 2007; Thébault and Wu, 2008).

Note that this effect results in the second peak in the grain size distribution which is shifted toward larger grains
corresponding to a low-excitation case (Thébault and Wu, 2008). Thus the second peak is shifted toward larger
grain sizes for smaller values of Aey, (Fig. 5.2). In contrast, the rate at which large grains are produced by impacts
between much larger planetesimal-sized objects strongly depends on the level of dynamical excitation. Thus, a high

dynamical excitation leads to a depletion of grains with radii > 40 um and an increased overabundance of smaller
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grains close to the blowout size (see Fig. 5.2). Consequently, the final size distribution reflects both effects: a more
pronounced depletion of sub-mm grains and a shift of the second peak toward smaller grain sizes with increasing

dynamical excitation Aey,.

The stirring level in the planetesimal belt and material strength of grains determine the degree of "destructiveness"
of collisions (Matthews et al., 2014). Thus, these parameters strongly affect the grain size distribution. Decreasing
the material strength has a stronger impact on the grain size distribution than an increased dynamical excitation Aey,
(see Figs. 5.1 & 5.2).

In addition, at large grain sizes around 0.1 km, a change in the slope ("knee") of the size distribution is expected
(Campo Bagatin et al., 1994; Durda, Greenberg, and Jedicke, 1998; O’Brien and Greenberg, 2005; Thébault and
Augereau, 2007). This is due to the transition from the strength-dominated regime, where the resistance of colliders
to impacts decreases with increasing grain size, to the gravity-dominated regime, where the resistance quickly
increases with increasing grain size (Durda & Dermott 1997). In the simulations, that knee is only pronounced in
very destructive circumstances that is for the lowest material strength considered (at a ~ 0.4 km; see Fig.5.1). For
higher material strengths, the evolution time of 10 Myr was too short to sufficiently converge the size distribution to
a steady state.

Since the cratering effect was not included in previous models (e.g., Krivov et al., 2007; Lohne, Krivov, and
Rodmann, 2008), wavy patterns were present that were much more pronounced compared to the results from this
study. Thus, one can deduce that the cratering impact smoothens wavy patterns. Also, a large fraction of the
sub-mm grain depletion is due to cratering impacts (see also Thébault and Augereau, 2003; Thébault and Augereau,
2007; Miiller, Lohne, and Krivov, 2010). Indeed, small grains of a few um cannot directly break-up objects larger
than ~ Imm (around the second peak), even with their increased impact velocities. However, the results show that

they can gradually erode much bigger grains efficiently.

5.3.2 SED

The influence of different geometries and collisional factors on the resulting SED is investigated. The infrared to the

sub-mm wavelength range is chosen because the offset from the stellar photospheric SED is largest in this region.

1. Dependence on the eccentricity and dynamical excitation Lohne et al. (2017) found that the eccentric-
ity of parent belts affects their SED only weakly. Similarly, one finds only a weak influence of the combination of
the geometrical offset and collisions on the overall SED for different eccentricities, assuming the reference material
strength (Qs = 5x 102 J/kg; see Fig.5.3). The most noticeable change of the SED is the slight increase of the
scattered flux with increasing eccentricity in the near-IR wavelength range. Around a wavelength of 10 um, the
difference of fluxes between eccentricities e, = 0.0 and ey, = 0.4 reaches its maximum because smaller grains can
survive at the apastron side in highly eccentric disks (the different blow-out limits on periastron and apastron side;
see Eq. 2). However, the circumstellar dust is hardly detectable through photometric measurements because the
stellar photosphere is brighter by a factor of 10° to 107. At wavelengths of ~30-50 pm, the thermal re-emission of

the dust exceeds the direct stellar radiation, increasing by up to 30% with increasing eccentricity of parent belt.

Fig. 5.3 also depicts the influence of different levels of dynamical excitation Aey,. The most noticeable change of the
SED is the increase of the scattered flux with increasing the level of dynamical excitation in the near to mid-IR
wavelength range. However, again it is hardly detectable through photometric measurements in this wavelength

range. Increasing the level of dynamical excitation of eccentric parent belts the disk emission increases by up to
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Ficure 5.3: The spectral energy distribution for systems with different eccentricities (ep, = 0.0, 0.1, 0.2, and 0.4) and dynamical
excitations (Aep, = 0.05, 0.1, and 0.2). The dashed black line represents the photospheric emission of the central star

TaBLE 5.2: A total surface area of the dust Sy in three different size bins resulting from the collisional evolution for different
material strengths.

S total (adust[ le] < 6) S total (15 < adust[ le] < 200) S total (200 < adust[ Hm] < 1000)

Op regime o e M) <1000) S (daua | ] < 1000) S o (daua| ] < 1000)
very high 39.6 [%] 8.6 [%] 11.0 [%]

high 67.8 [%] 4.1 [%] 6.7 [%)]

ref 72.1 [%] 2.4 [%] 4.9 [%]

low 78.9 [%] 0.5 [%] 2.3 [%]
very low 81.6 [%] 0.2 [%] 0.7 [%]

56% at 30-50 pm.

These results are easily explained from the dynamical point of view. Higher eccentricities and an increasing
level of dynamical excitation increase the mutual collisional velocities. The efficiency of the collisional cascade is
increased resulting in a higher dust production rate. Consequently, the disk appears brighter in those regions where

the above effect is strongest.

2. Dependence on the material strength Fig. 5.4 depicts the influence of the combination of geometrical
offset and collisions on the overall SED for different the catastrophic disruption threshold Q) (material strengths
Qs = 1.25x10%,2.5%x103,5%x102,1x 102, and 0.2 x 102 J/kg, fixed eccentricity e, = 0.4). In comparison to the
results shown in Fig. 5.3, variations of the material strength have a more pronounced effect on the SED than the
variation of the eccentricity. The flux at optical to mid-IR wavelengths increases with decreasing material strength.
Thus the more destructive collisional systems show higher fluxes at wavelengths < 80 um. In contrast, the flux
at sub-mm wavelengths decreases with decreasing material strength. The deeper and broader wavy pattern of the
grain size distribution for low material strengths (see Fig. 5.1) results in the slope of the SED in this range becomes
flatter. However, the SEDs in these wavelength ranges have similar spectral indices which makes it hardly possible
to constrain the material strength from the analysis of the SED alone.

To analyze this finding, the contributions of the dust within different size ranges to the resulting SED, which is
relevant for the optical appearance (see Table 5.2) are compared. One finds a larger surface fraction of grains with
radii < 6 pum that is grains which mostly contribute to the SED at optical to mid-IR wavelengths, with decreasing

material strength (second column in Table 5.2). For lower material strengths, the increased production of small
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FiGure 5.4: The spectral energy distribution for systems with different material strengths. The dashed black line represents the
photospheric emission of the central star.
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FiGure 5.5: The spectral index agfrg;tm map for different material strengths (ep = 0.4). Note the low spectral index in the birth

ring close to the central star (black square box) in the case of the very low material strength.

grains result in an increase of the SED at these wavelengths. However, note that surface fraction differences between
other collisional regimes are getting smaller because the small grains are more easily affected by stellar radiation.
For grains of intermediate size (15 pm < agugt < 200 wm; third column in Table 5.2) that is grains which mostly
contribute to the SED at far-IR to sub-mm wavelengths one finds the opposite trend. Less destructive collisional
systems, corresponding to the higher material strengths, result in higher fluxes in this wavelengths regime. However,
because of the marginal change of the slope of the SED in this range, it is not possible to quantify the material
strength from pure photometric measurements. The net surface fraction of dust grains with radii > 200 um is
sufficiently large to not to be affected by the stellar radiation pressure (fourth column in Table 5.2). Thus, collisions
become more important here.

The second most obvious difference of the SEDs of disks with different material strengths is the change of the
location of their maximum. They are not only shifted from 50 pm for very low material strengths toward ~ 70 pm
for very high material strengths (i.e., for the systems with fewer destructive collisions). They also show an increase

of the peak flux with decreasing material strength.
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Ficure 5.6: Differences between the spectral index agfr?rsm maps for the very high material strength (left) and the very low

material strength (right) and the reference case (see Figure 5 for comparison).
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5.3.3 Spatially resolved observations

In Sect. 5.3.2, the dependence between the SED and the varying collisional parameters, for example, dynamical
excitation Aey, and material strength Qy is discussed. However, as the SED is a representation of net fluxes integrated
over the entire disk, now spatially resolved images and derived quantities, which potentially provide a wealth of

additional information, are investigated.

Spectral index map

850pum
3mm

The analysis with the sub-mm spectral index « , based on the fluxes at 850 pm and 3 mm of the observed disks

as a function of the material strength for a fixed belt eccentricity e, = 0.4 (see Fig.5.5 & 5.7) is considered. In

850pum

addition, Fig. 5.6 depicts the difference between the spectral index a5 -

for the very low and very high material
strengths, which indicates the location where large grains (small grains) are more abundant than in the reference
case.

One finds that the spectral index at larger distances hardly depends on the material strength. Radiation pressure
is acting most efficiently on small grains, pushing them to larger distances. Therefore, one finds a relatively large
fraction of small particles in the outer regions. Consequently, the spectral index is higher at larger distances than
around periastron and apastron. Different blowout limits (see Eq. 2), depending on the different locations under
which grains are launched from different sites along the parent belts (e.g., around periastron and apastron), shape

the local size distributions and eventually result in the asymmetries seen in the halos (Lee and Chiang, 2016; Lohne
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Figure 5.8: The radial surface brightness profile as a function of dynamical excitations (Aeyp) at wavelengths Agps = 21 pum,
850 pm, and 3000 pum.

etal., 2017). In consequence, the halo of the periastron side is much more extended than the halo of the apastron
side (see Fig. 5.5 & 5.7). However, the halo is typically too faint to allow measuring its (sub-)mm spectral index
(Lohne et al., 2017).

In contrast, the spectral index in the region around the parent belt strongly depends on the material strength.
Fig. 5.7 illustrates the radial cut of the spectral index around apastron (at right ascension Aa ~ -20", declination
A6 ~0") and periastron (at Aa ~ 8", Ad ~0"). One would expect an increased amount of smaller grains in the case
of smaller material strengths. However, Fig. 5.5 (right plot), Fig. 5.6 (right plot), and see Fig. 5.7 (red line) show the
opposite behavior that is a lower spectral index in the case of a very low material strength. At Ayps = 850 wm, the radi-
ation is dominated by grains with a characteristic grain size (Backman and Paresce, 1993) a¢ = Acritical/27 = 145 pm
(8~0.0146), while grains with a. ~ 450 um (8~ 0.0047) dominate the emissions at Aqps = 3000 um. Fig. 5.1 shows
that grains with radii ~ 450 pm are overabundant by a factor of 1.5 compared to grains with radii ~ 145 pm in the
case of the very low material strength, eventually causing the observed lower spectral index in the case of the very

low material strength.

Spatially resolved disk images

In this section, impacts of collisional parameters, for instance, eccentricities ey, dynamical excitation Aey, and
the material strength Qg on spatially resolved images and their radial surface brightness profiles from near-IR to

sub-mm wavelengths are discussed.

1. Dependence on the belt eccentricity and dynamical excitation The panels in Fig. B.1 show simulated
observations of spatially resolved disks at different belt eccentricities (e, = 0.2 and 0.4), different levels of dynamical
excitation (Aep, = 0.05, 0.1, and 0.2) for the reference material strength Qg at wavelengths Agps = 2.2 um, 21 pm,
160 pm, 850 um, and 3000 um. Both scattered and thermal re-emission radiation are considered. Grains which
contribute to the near-IR flux are the smallest within the entire distribution and thus most sensitive to the strong
radiation pressure from the central star. Consequently, debris disks are featureless in this wavelength range. In
contrast, the larger grains which are dominating the appearance (emission) at sub-mm wavelengths are only weakly
affected by radiation pressure allowing the parent ring to be traced in this wavelength range.

In Fig. 5.8, radial surface brightness profiles are shown for different levels of dynamical excitation (Aep, = 0.05,

0.1, and 0.2) of belt eccentricities e, = 0.4 at wavelengths Agps = 21 um, 850 um, and 3000 pum, assuming the



(o))
(=]

Chapter 5. Impact of collisions on the appearance of eccentric debris disks

— 103 : ; : ; . ; ; : ; — very high Q; |
R — refQy
§ Aghs =21pm Aohs =850pm Aobs =30004m _ ver;zlll)w as
©10* :
i
>
210°
(]
7]
(]
5 10°
<
2
8 107 ]
8 ]
& 108
o 10
=
2 Apastron Periastron ‘Apastron Pex‘iastron\\ stro: eliastr

-9

10 -60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
Aal"] Aal"] Aal"]

FiGure 5.9: The radial surface brightness profile as a function of the material strength; belt eccentricity ey, = 0.4; hgps = 21 um,
850 wm, and 3000 um; Aé = 0.

reference material strength. As outlined in Section 5.3.3, the abundance of the smaller particles on the periastron
side is reduced. Therefore, the surface brightness is dominated by the large grains on the periastron side, whereas
on the apastron side the smaller grains are the dominant population. Thus, if there are more destructive collisions,
for instance, due to higher eccentricities or higher dynamical excitations, the production rate of small particles is
increased on the apastron side (see Fig. 5.2). This situation is depicted in the simulated surface brightness profile at
Aobs = 21 um. In the case of a higher dynamical excitation (Ae, = 0.2) a brighter apastron side is observed than at
lower dynamical excitation (Aep, = 0.05).

The abundance of small dust grains is also subject to further forces and effects, including Poynting-Robertson
effect and stellar drag forces (e. g., Wyatt et al., 1999; Lohne et al., 2017). For example, disks with a higher
dynamical excitation show a higher production rate. Furthermore, smaller particles are most efficiently affected by
Poynting-Robertson drag. Consequently, the inner regions of dynamically excited debris disks appear more empty if
observed at larger wavelengths as compared to observations at shorter wavelengths (tracing these smaller particles).
In addition, Fig. 5.8 also shows that the higher dynamical excitation of the planetesimal belt come along with the

increased overall brightness of the halo.

2. Dependence on the material strength The panels in Fig. B.2 show simulated observations of spatially
resolved disks as a function of the material strength Qg at wavelengths Agps = 2.2 um, 21 wm, 160 pm, 850 wm, and
3000 um (e, = 0.4). Both scattered and thermal re-emission radiation are considered. The different appearances
are due to the different spatial and size distribution of the dust resulting from simulated collisional evolutions with

different material strengths (Fig. 5.1).

As the periastron side of disks is closer to the star, one could expect that it is always brighter than the apastron
side due to the higher dust temperatures and a higher rate of scattered radiation. However, as the particles travel
more slowly and hence spend more time at the apocenter, an eccentric disk should be denser in this region (see
Eq. 1). Furthermore, a very low material strength amplifies the increased rate of dust production. Thus, destructive
collisions may reverse the situation of "pericenter glow" to an "apocenter glow". This can indeed be seen in Figs.
5.9,5.10, and 5.11, where the brightness of the apastron side increases toward low material strengths. At sub-mm
wavelengths (Agps > 0.5 mm), far from the wavelength of the maximum emission, the impact of the dust temperature
on the brightness distribution of the disk is reduced. Consequently, the effect of the pericenter glow is reduced.
Instead, the impact of the dust number density on the surface brightness becomes more important. A complementary
effect has been recently studied by Pan, Nesvold, and Kuchner (2016) and MacGregor et al. (2017). They found that

azimuthal temperature asymmetries, due to disk offset, could be compensated by azimuthal asymmetries in the dust
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FiGure 5.10: The radial surface brightness profiles as a function of material strength; belt eccentricity ey, = 0.2; Agps = 21 pm,
850 wm, and 3000 um; Aé = 0.
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Ficure 5.11: The wavelength-dependence of the apocenter-to-pericenter flux ratio as a function of eccentricity. Black line: no
collisions (t = 0 yr) with e, = 0.4, ; green line: collisional evolution (t = 107 yr) e, = 0.1; red line: collisional evolution (t =
107 yr) ep = 0.4.

density.

In contrast, in the case of an increase of the material strength, the grain size distribution is critically changed by
collisions (see Fig.5.1). Thus, for very high material strengths, the surface brightness differences (asymmetries) are
increased. Consequently, the pericenter glow phenomenon is even more pronounced for higher material strengths.

At shorter observing wavelengths Ay, different material strengths Qg seem only to result in a change of the
brightness distribution at the apocenter (see Fig. 5.9), while the brightness distribution at the pericenter remains
almost unchanged. However, the comparison at large distances that is the halo, different material strengths result in a
significant change of the brightness distribution in the halo on the periastron side. At longer observing wavelengths
Aobs> the impact of collisions becomes less important. Only the halo regions show differences in the brightness
distribution. This behavior is in agreement with the findings outlined in Section. 5.3.3: higher collisional rate results
in an increased overall brightness of the halo.

At shorter observing wavelengths (see e.g., left panel of Fig.5.9) one finds again that smaller particles are
abundant in the inner regions of the apastron sides due to the Poynting-Robertson drag force. In contrast, at longer
observing wavelengths, inner regions appear void. In conclusion, one finds that the higher collisional activity is
responsible for symmetrizing their halo, changing the asymmetry of the peak of parent belts and even filling inner
regions with a large fraction of smaller grains.

Fig. 5.10 shows the wavelength-dependent radial brightness profiles for different collisional evolutions for a belt

eccentricity e, = 0.2 at wavelengths Aqpg = 21 um, 850 um, and 3000 um. One finds that the effects observed for
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Ficure 5.13: The apocenter-to-pericenter flux ratio for different observing wavelengths Aops (21 pm, 850 pwm, and 3000 pwm)
as a function of dynamical excitation Aey, (reference material strength). The number in each box indicates the apocenter-to-
pericenter flux ratio.

the belt eccentricity e, = 0.4 and lower material strength, for instance, the apocenter glow, are still present and more

pronounced in the disk with a belt eccentricity e, = 0.2 and lower material strength.

5.3.4 Constraining collisional parameters from observational quantities

In this section, the potential to constrain the collisional parameters from the observational quantities of debris disks

is summarized.

1. Belt eccentricity ¢, Fig.5.11 depicts the apocenter-to-pericenter flux ratio as a function of wavelength
for systems before and after the collisional evolution. One finds that collisions have the potential to reduce the
pericenter glow at shorter wavelengths. Furthermore, azimuthal asymmetries in the surface brightness at sub-mm
wavelengths, which result from an increased dust density at the apastron side (Pan, Nesvold, and Kuchner, 2016;
MacGregor et al., 2017), are decreased due to collisions.

For two different belt eccentricities (e, = 0.1 and 0.4) but the same level of dynamical excitation (Aey, = 0.1),
the situation is more complicated. The apocenter-to-pericenter flux ratio in the case of e, = 0.1 is nearly constant
for all wavelengths. In contrast, the apocenter-to-pericenter flux ratio for e, = 0.4 is varying, which is due to the
different size distributions at the apocenter and pericenter. For e, = 0.1 the grain size distribution at periastron and
apastron is much shallower and broader than for e, = 0.4. This is not only due to the large number of smaller dust
grains that survive at the apastron side of debris disks. It is also because more destructive collisions lead to an

over-density of smaller particles and a depletion of larger particles. As a result, the pericenter glow phenomenon is
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FiGure 5.14: The wavelength-dependence of the apocenter-to-pericenter flux ratio as a function of eccentricity ey, and material
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Ficure 5.15: The wavelength-dependence of the apocenter-to-pericenter flux ratio for selected values of the eccentricity
ey, and material strength Qg. The number in each box indicates the apocenter-to-pericenter flux ratio. The case of the
apocenter-to-pericenter flux ratio > 1 is discussed as the apocenter glow phenomenon in Sect. 5.3.4

reduced at shorter observing wavelengths and increased at longer observing wavelengths in debris disks with higher
belt eccentricities (e.g., ep = 0.4).

2. Dynamical excitation Ae,, Fig.5.12 & 5.13 depict the wavelength-dependent apocenter-to-pericenter flux ratio
for different levels of dynamical excitation (Aep, = 0.05, 0.1, and 0.2) of different belt eccentricities (e, = 0.2 and 0.4).
For the case of e, = 0.2, one finds the apocenter glow phenomenon at shorter wavelengths in the case of the reference
and higher dynamical excitation level (Aep = 0.1 and 0.2). The main reasons for this behavior are the proximity
of the star to the apastron side and a higher rate of dust production due to higher relative velocities compared to
the case of lower dynamical excitation level. For the case of ey, = 0.4, the minimum of the apocenter-to-pericenter
flux ratio is smaller than in the case of the disk with e, = 0.2 disks that is the more eccentric belt shows a stronger
pericenter glow. The temperature dependence due to the proximity to the star is dominating this behavior over the
higher production rate of smaller particles.

At short wavelengths, one finds again a decrease of the pericenter glow phenomenon with increasing Aey, (see
also Fig. 5.8). At long wavelengths, the basic trend is similar but one finds that the spread in observed flux ratios
is much narrower. In the less dynamically excited case, for instance, Aey, = 0.05 for e, = 0.2, higher densities on
the apastron sides can weaken the pericenter glow phenomenon. In conclusion, collisional parameters can be best

constrained through observations of highly eccentric belts at short wavelengths

3. Material strength O
different material strengths Qg and different belt eccentricities (e, = 0.1, 0.2, and 0.4). First of all, one finds that

Figs. 5.14 & 5.15 show the wavelength-dependent apocenter-to-pericenter flux ratio for

the material strength and eccentricity are degenerate to a large degree. For all eccentric parent belts (e, = 0.1, 0.2,
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and 0.4), one finds that a decrease of the pericenter glow phenomenon with the decreasing material strength. As
described in 5.3.4, the pericenter glow phenomenon is replaced by the apocenter glow phenomenon in the case of
the lower material strengths.

Furthermore, the influence of the material strength is strongest at short wavelengths. The mid-IR images show
the apocenter glow phenomenon as long as the material strength is below its reference value. Thus, it is clear that a
smaller material strength results in the higher asymmetry in surface brightness and density. In contrast, the pericenter
glow phenomenon is increased for the higher material strengths with decreasing eccentricity of the parent belts.
At longer wavelengths (sub-mm/mm), the dominating grains are not significantly affected by the stellar radiation
pressure anymore that is the apocenter-to-pericenter flux ratio becomes insensitive to details of the underlying

collisional evolution.

5.4 Summary

Impacts of collisional parameters, for instance, belt eccentricity ey, dynamical excitation Aeyp, and the material
strength Qs, on the observational appearance of eccentric debris disks, are studied. We have found surface brightness
asymmetries that are caused by the combined effects of collisions and radiation pressure. The key results are as

follows:

1. An increasing belt eccentricity of the debris disk system leads to the survival of a large number of smaller
dust grains on the apastron side. Thus the "pericenter glow" phenomenon is reduced with decreasing material
strength at shorter observing wavelengths. However, the geometrical parameters describing the debris disks

system that is the proximity of the star to the apastron side, must be considered as well.

2. An increasing level of dynamical excitation in the eccentric parent belt of the debris disk system leads to a
higher production rate of smaller particles and depletion of sub-mm grains. Consequently, the "pericenter

glow" is reduced.

3. A decreasing material strength results in a higher production rate of smaller particles, which reduces the
surface brightness differences between periastron and apastron. For very low material strengths, the pericenter
glow phenomenon is reduced and eventually even replaced by the opposite effect, the apocenter glow in
the near to mid-IR wavelength range. In contrast, an increasing material strength results in an increase of

asymmetries in the surface brightness distribution.

4. The wavelength-dependent apocenter-to-pericenter flux ratio at short wavelengths is increased in the case of a
higher efficiency of destructive collisions, caused by increasing dynamical excitation of the belt or decreasing
material strengths. This effect is less pronounced at sub-mm wavelengths. Within the considered parameter
space, the impact of the material strength QF, on the appearance of the disk is stronger than that of dynamical

excitation of the belt.

5. The SED alone does not provide unique constraints on the collisional parameters considered. Thus, deriving
unique constraints for the impact of considered collisional parameters based on the SED alone is hardly

possible.
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Chapter 6

Constraining the detectability of water ice

in debris disks

This chapter presents the results published in Kim et al. (2019). The author of this dissertation performed the
simulated observations of the results and made major contributions to the write-up and interpretation of the results.
Other parts of this study were done in collaboration with Sebastian Wolf, Alexey Potapov, Harald. Mutschke, and

Cornelia Jiger.

Water ice (hereafter referred to as "ice") is assumed to play an important role during planet formation (Thommes
and Duncan, 2006; Min et al., 2011). The ice is thought to immediately sublimate in the hot inner regions of
circumstellar disks, therefore it is expected to be present only beyond the ice sublimation front, the so-called snow
line. Consequently, the formation of the planetary core in the core formation or gas capture scenario is significantly
affected by the freeze-out of water onto dust grains (Stevenson, 1982; Hubickyj, Bodenheimer, and Lissauer, 2005).
Furthermore, at later stages of the formation and early evolution of planetary systems, icy planetesimals, icy pebbles,
or cometary objects may deliver water to rocky planets (Morbidelli et al., 2000; Raymond, Quinn, and Lunine, 2004;
Nagasawa et al., 2007; Woitke, Kamp, and Thi, 2009; Woitke et al., 2009) and also to the innermost part of the
remaining disk (Eisner, 2007). Understanding the origin and transport of water to Earth finally is of key importance
for deciphering the conditions during the early evolution of life.

The OH stretching vibrational modes are active for cation-bonded hydroxyl groups within H>O molecules (and
minerals at the surface of refractory grains) around 3 pum, which is active when H,O is present as ice (Beck et al.,
2011; Whittet et al., 1996). The observation of the 3 um ice feature therefore is the main target for ice detection in
astrophysical environments. In addition, transverse optical and longitudinal acoustic vibrational modes are active
around 44 um and 62 pum, respectively (Bertie and Whalley, 1967; Omont et al., 1990; Smith et al., 1994; Dartois
et al., 1998). An observation of these ice features, for instance, 44 wm and 62 pm, would therefore provide crucial
evidence and possible constraints for the presence and properties of ice as well.

In various protoplanetary disks, the ice features at 3 um, 44 um, and 62 pm have been detected and analyzed
(Pontoppidan and Dullemond, 2005; Terada et al., 2007; Honda et al., 2009; Schegerer and Wolf, 2010; Aikawa
et al., 2012; Molinari et al., 1999; Malfait et al., 1999; McClure et al., 2012; McClure et al., 2015). However, only
the detection of the 62 um ice feature has so far been inferred in debris disks (Chen, Fitzgerald, and Smith, 2008).
An observational understanding of the spatial distribution of icy grains is therefore in its infancy, and even the
presence of ice in debris disks is hardly established observationally.

Next-generation observatories are expected to allow making significant progress on the understanding of the ice
distribution in debris disks. Combined observations of JWST/NIRCam (James Webb Space Telescope/Near Infrared
Camera; aiming for observations at wavelengths from 0.6 pm to 5 pm, STScl, 2017) and ELT/METIS (Extremely
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Large Telescope/The Mid-Infrared E-ELT Imager and Spectrograph; aiming for observations at wavelengths from
3 um to 20 um, Brandl et al., 2018) are expected to play a leading role in confirming the presence (or absence) of
ice in debris disks. In addition, SPICA/SAFARI (Space Infrared telescope for Cosmology and Astrophysics/SpicA
FAR-infrared Instrument; aiming for observations at wavelengths from 34 um to 230 pum, Jellema et al., 2017) will
potentially contribute to the understanding of ice in debris disks.

The goal of this study is to answer the key question of the observational requirements either to constrain the
detectability of ice in debris disks or to provide useful limits for the existence, properties, and spatial distribution
of ice in debris disks. For this purpose, a numerical feasibility study assuming various fractional ratios of ice,
porosities, and shapes of aggregates of icy dust mixtures in debris disks have conducted. Subsequently, whether
selected instruments or observatories that will become available in the near future, such as the JWST/NIRCam and
SPICA/SAFARI, will indeed allow contributing to answering this question is investigated.

This Chapter is organized as follows: In Section 6.1 the underlying physics related to ice depletion in debris
disks is described. In Section 6.2 the typical reference debris disks model in this work is depicted. In Section 6.3
the influence of icy dust parameters on the resulting SEDs and spatially resolved images of debris disks system
is investigated. In addition, the boundary of the ice reservoir that is referred to as the "ice survival line" in the
following (in contrast to the term "snow line", which is used to characterize the region where gas begins to freeze
out onto dust grains in gas-rich protoplanetary disks) is predicted. Finally the detectability of icy dust grains with

future observatories is evaluated and constrained. The findings in this work are summarized in Section 6.4.

6.1 Depletion of ice in debris disks

Sublimation If icy grains (at least partially) drift radially inward due to the PR drag (Poynting, 1903; Robertson,

1937), they pile up and form a ring: their inward drift is suppressed by stellar radiation pressure when the ratio of

= Fradl
|Fe|
phases as a result of decreasing particle mass loss (Kobayashi et al., 2010; see also Sect.2.1.8). Eventually, ice

radiation pressure to stellar gravity, that is, 8 (see also Sect. 2.1.2), on them increases during their sublimation
immediately sublimates when its temperatures reach the sublimation temperature. Ice sublimation is therefore
considered as a possible explanation for the presence of central clearing in debris disks (Jura et al., 1998). The subli-
mation temperature depends on the gas pressure, which itself is a function of the evolutionary state of circumstellar
disks (Fraser et al., 2001; Collings et al., 2004; Brown and Bolina, 2007; Feistel and Wagner, 2007). In addition,
mixing of ice with dust grains can alter the kinetics of ice desorption (Potapov, Jiger, and Henning, 2018). The
sublimation temperature is independent of dust sizes, therefore small hotter grains sublimate before cooler large
grains do (Kobayashi et al., 2008).

Jura et al. (1998) reproduced the IR emission detected in the HR 4796 system by 110 K blackbody grains.
In addition, Spitzer IRS spectra around A, B, and F stars with IR excesses were analyzed and fit with a single-
temperature (110 - 120 K) blackbody by Chen, Fitzgerald, and Smith (2008). This absence of warmer grains could
be interpreted as the result of the ice sublimation in the inner region. Golimowski et al. (2006) interpreted the
observed color change beyond 120 au in the archetypal 8 Pic disks as a possible indication of ice sublimation,
which may result in larger average grain sizes, that is, cooler grains, beyond the sublimation zone. Kobayashi
et al. (2010) indicated that the flat radial profile of the dust flux at 10 - 50 au and at 5 - 15 au derived from in

situ dust impacts measured with the Voyager and Pioneer spacecrafts, respectively, may be caused by ice sublimation.

UV photosputtering Individual UV photons absorbed by an ice grain do not only dissociate water molecules, but
can cause OH to be directly desorbed from the surface of ice grain. Alternatively, the molecule recombines. This

process is known as UV photosputtering (Artymowicz and Clampin, 1997; Dominik et al., 2005; Grigorieva et al.,
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FiGure 6.1: Optical constants n and &, i.e., the real and imaginary part of the refractive index, of pure amorphous ice and
crystalline ice depending on the temperature. Ice (a) and ice (c) indicate amorphous ice (solid line) and crystalline ice
(dashed line), respectively. Optical constants n of ice (c¢) and k of ice (c¢) in 0.1 um to 62 pm show the same regardless of the
temperature. However, k of ice (c) at ~ 62 um to 1000 um shows differences that sensitively depend on the temperature. A
more detailed description can be found in Sect. 6.2.

2007; see also Sect.2.1.9). Because debris disks are transparent to the stellar radiation, energetic UV photon can
efficiently penetrate the disks out to very large distances. Brown, Lanzerotti, and Johnson (1982) indicated that the
UV photosputtering rate becomes higher than the sublimation rate beyond 5 AU in the solar system. In addition, Oka
et al. (2012) found that far-UV photosputtering radiation depresses the ice-condensation front toward the mid-plane
and pushes the surface ice snow line significantly outward. These studies imply that ice can be destroyed outside the
sublimation distance as well.

Grigorieva et al. (2007) predicted that UV photosputtering efficiently destroys ice in optically thin disks, even
far beyond the ice sublimation line. This means that UV photosputtering is responsible for the internal structure,
thereby further increasing the effective grain size. Lohne et al. (2012) estimated UV photosputtering lifetimes
compared to collisional lifetimes of objects, so that this rough comparison shows that UV photosputtering cannot be
a negligible removal mechanism for ice grains with radii smaller than a few tens of um. Furthermore, the analysis
of Herschel observations shows that the resolved cold debris disks around HD 61005, HD 104860, and HD 107146
require a minimum grain ap,j, about five times larger than the blow-out size grains ago (Morales et al., 2016). This
observation is indicative for an increase of the effective grain size in debris disks system through grain depletion
by UV photosputtering. On the other hand, Honda et al. (2016) detected a shallow 3 pm ice feature that might be
caused by the UV photosputtering in Herbig Be HD 100546 disk scattered light spectra. This would mean that UV
photosputtering is responsible for the strength of the ice feature as well.

Johnson (1989) predicted that porosity of interstellar and circumstellar grains can significantly lower the pho-
tosputtering yield. In addition, recent laboratory experiments have demonstrated trapping of water molecules on
porous silicate grains at 200 K (above the desorption temperature of H,O ice; Potapov, Jager, and Henning, 2018;
Potapov et al., 2018). First experiments on the UV photosputtering of water ice molecules from the surface of porous
silicate and carbon grains by UV photons showed an influence of the surface properties on the photosputtering yield,

in particular in the monolayer regime (Potapov, Jager, and Henning, 2019).

6.2 Model description

Debris disk and central star In the following, the basic characteristics of the reference debris disk model are

briefly summarized (see also Table 6.1). A fiducial idealized typical debris disk system around a g Pic-like star (A6
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TaBLE 6.1: Model parameters for the simulation of the reference debris disk model. For the references of optical data, see
Sect. 6.2

Parameter

Value

Stellar type

Mass of the star M,

Radius of the star R,

Effective temperature T

Distance to the debris disk system d
Inner radius of the debris disk system Rj;,
Outer radius of the debris disk system Ry
Radial density distribution n(r)

Disk inclination

Size range modeling n(a)

Dust composition and

References of corresponding optical data

Fractional ratio of ice Fjce in icy dust mixtures
Porosity of grains P

Sublimation temperature

(Brown et al., 2006; Kobayashi et al., 2010)

A6V (Gray et al., 2006)

1.75 Mg (Kervella et al., 2003)

1.8 Ry (Crifo et al., 1997)

8052 K (Gray et al., 2006)

193 pc

3 au

150 au

n(r) o r~13 (Krivov, Lohne, and Srem&evié, 2006)
0 ° (face-on disk)

[0.1 um, 1000 um] with n(a) o a=3 (Dohnanyi, 1969)
Amorphous ice

Crystalline ice

Astrosil

0 (pure Astrosil), 0.25, 0.5, 0.75, and 1 (pure ice)
0 (compact), 0.25, 0.5, 0.75

100 K: Pure amorphous ice

105 K: Pure crystalline ice

100 K: Amorphous ice in dust aggregates
105 K: Crystalline ice in dust aggregates

V main-sequence star) is considered. For the inner radius of debris disks 3 au is considered, which is motivated by
the region close to the sublimation line of pure ice. Note that the direct observation of a spatially resolved inner
radius of the debris disk system is limited by the fixed occulting spot size, for instance, 0.6" in HST observation.
Alternatively, the analysis of debris disks SEDs allows constraining the inner radius as well, but is limited by
uncertainties of the optical properties of dust grains. For the outer radius of debris disks 150 au is considered, which
is motivated by spatially resolved observations of debris disks'.

Optically thin debris disks are assumed to approximately cover the range of radial density profiles n(r) o« pm10~=25
(Smith and Terrile, 1984; Artymowicz, Burrows, and Paresce, 1989; Kalas and Jewitt, 1995; Pantin, Lagage, and
Artymowicz, 1997; Gor’kavyi et al., 1997; Krivov, Lohne, and Sremcevié, 2006; Strubbe and Chiang, 2006).
Therefore a radial density profile of the disk of n(r) o r~!3 (Krivov, Lohne, and Srem&evié, 2006; Strubbe and
Chiang, 2006) is considered.

Surveys at submm wavelengths have shown that the dust mass of most debris disks typically ranges from ~ 10~
to several 1077 Mg (e.g., Greaves et al., 2005, and references therein). Therefore consider a dust mass in debris
disks of 1078 M, is considered.

Chemical composition of the dust The chemical composition of the dust is considered to be similar to that of the
dust in the interstellar medium, mainly consisting of silicates (astronomical silicate, hereafter referred to as astrosil)
and carbonaceous grains, but also of ice (Henning and Salama, 1998; Draine, 2003). To study the influence of ice
parameters, two basic types of ice with different physical states: amorphous and crystalline ice are considered. Note
that the sublimation temperature for both forms of ice depends on their physical state as well, for example, 100 K

for amorphous ice and 105 K for crystalline ice (Fraser et al., 2001; Brown et al., 2006; Brown and Bolina, 2007;

Thttps://www.astro.uni-jena.de/index.php/theory/catalog-of-resolved-debris-disks.html
http://circumstellardisks.org
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Ficure 6.2: Optical constants n and £, i.e., the real and imaginary part of the refractive index, of icy-astrosilicate aggregate
depending on the fractional ratio of ice Fic.. Ice (a), ice (c), and astrosil indicate amorphous ice (solid line), crystalline ice
(dashed line), and astrosilicate, respectively.
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Ficure 6.3: Assumed scattering and absorption cross sections (Csc, and Cjps, respectively) of amorphous ice (solid lines) and
crystalline ice (dashed lines) for different grain sizes. The individual grain size is indicated in each plot. For reference to the
underlying complex refractive indices, resulting from laboratory measurements, see Table 6.1.
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Ficure 6.4: Assumed scattering and absorption cross sections (Cgcq and Cypg, respectively) of ice-astrosilicate aggregates
depends on the fractional ratio of ice 7 for different grain sizes. Ice (a), ice (c), and astrosil indicate amorphous ice (solid
line), crystalline ice (dashed line), and astrosilicate, respectively. The individual grain size is indicated in each plot. For
reference to the underlying complex refractive indices, resulting from laboratory measurements, see Table 6.1.
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Kobayashi et al., 2011). In addition, the sublimation temperature does not change notably for the ice-dust mixture
(Kobayashi et al., 2011; Potapov, Jager, and Henning, 2018). Therefore 100 K for amorphous ice dust aggregates
and 105 K for crystalline ice dust aggregates are considered. In this model, the astronomical silicates as the dust
material is considered.

The chemical composition of the icy dust aggregates is defined by the fraction of the total ice volume Fie. = 0
(corresponds to a pure astrosilicate grain), 0.25, 0.5, 0.75, and 1 (corresponding to pure ice), resulting in bulk
densities from 3.5-0.25 g/cm3 (Draine, 2003; Kobayashi et al., 2010). In addition, for porous ice particles, volume
fractions of vacuum inclusions £ = 0 (corresponding to compact ice grains), 0.25, 0.5, and 0.75, where P = 1 -

Vice / Viotal = Vvacuum / Viotal are considered.

Inhomogeneous mixtures and fluffy structure There are indications that interstellar and interplanetary dust
grains have an inhomogeneous and fluffy structure. The effective medium theory (EMT) to describe the optical
properties of composite material resulting from the optical properties and relative fractions of its components
is applied. The code emc (effective medium calculator; Ossenkopf, 1991) to compute the effective refractive
index, that is, the scattering and extinction behaviors, using rules of the effective medium approximations (i.e.,
Maxwell-Garnett rule Maxwell Garnett, 1904) for several types of inclusions with different bulk materials, is used.
The optical properties of dust aggregates with various shapes, such as a spherical shape of ice inclusion-astrosilicate
matrix particles (hereafter inclusion-matrix particles), ice mantled-astrosilicate core particles (hereafter core-mantle
particles), porous ice particles, and particles with a platelet shape of ice inclusion-astrosilicate matrix (hereafter

platelet-shape particles), are investigated.

Optical data and properties of dust In the following, the optical data of dust components that is used in this
work are described briefly. In particular, these are the real and imaginary parts of the complex refractive index
(n and k, respectively) for pure amorphous ice, crystalline ice, and astrosilicate (see Figs. 6.1 & 6.2). The real
and imaginary parts of the complex refractive index are fundamental parameters that determine the scattering and
absorption properties of dust particles. Based on these, the wavelength-dependent scattering and absorption cross
sections Cc, and Cypg, respectively, and corresponding scattering and absorption efficiencies Qe and Qs (see Figs.
6.3 & 6.4) are derived. These optical properties also play a key role in the dynamical evolution of dust particles
by modifying their lifetime thorugh the P-R effect. One finds that Cy.; and C,ps increase with increasing grain
size at long wavelengths, regardless of their specific chemical composition. In addition, the strength of various
characteristic features decreases with increasing grain size.

For the optical data of crystalline ice in the VIS to near-IR range, that is, at 0.1 pm to 2 um, the data from Li
and Greenberg (1998) is used. In the near-IR to far-IR range, that is, at 2 um to 94 um, the optical constants that
were obtained from transmission spectra of pure crystalline ice by Potapov et al. (2018) and Curtis et al. (2005)
are extrapolated and incorporated. In the far-IR to sub-mm range, i.e., at 94 pm to 1000 wm, a new set of data of
crystalline ice from Reinert et al. (2015), HaB3ner et al. (2018), and Warren (1984) is extrapolated and derived. Note
that the slope of the imaginary part of refractive index k sensitively depends on the temperature with increasing
wavelength ~ from 175 + 6 um, i.e., getting steeper at a lower temperature (Mishima, Klug, and Whalley, 1983;
Reinert et al., 2015; HaBner et al., 2018; see Fig. 6.1).

For the optical data of amorphous ice in the VIS/near-IR to far-IR/sub-mm range, i.e., at 0.1 um to 2 um and at
200 pm to 1000 pm, the optical constants from Li and Greenberg (1998), which are based on the data from Hudgins
et al., 1993 with power-law extrapolation in the sub-mm range, is used. In the near to far-IR range, i.e., at 2 um
to 200 pum, the transmission spectra of pure amorphous ice from Potapov et al. (2018) and Curtis et al. (2005)) is
used. For the optical data of silicate in the optical to sub-mm range, that is, at 0.1 to 1000 pm, the data from Draine
(2003) is used.



6.3. Results 71

Grain size distribution In a steady-state grain size distribution, n(a) follows the power-law distribution n(a) o
a3 (Dohnanyi, 1969; see also Eq. 2.11), which represents an approximation for grains around the blow-out size
up to planetesimal size, resulting from a collisional cascade (e.g., Thébault and Augereau, 2003; Krivov, Lohne,
and Sremcevi¢, 2006; Thébault and Augereau, 2007; Krivov et al., 2008). In summary, grain sizes from 0.1 to
1000 pm with the above steady-state grain size distribution are considered. Note that the nongravitational forces
acting on grains particularly in the range of tens to hundreds of micrometers in diameter may further modify the size
distribution (Krivov, Mann, and Krivova, 2000; Krivov, Lohne, and Sremcevi¢, 2006; Plavchan, Jura, and Lipscy,

2005; Lohne et al., 2017; Kim et al., 2018). However, this effect has not been taken into account in the current study.

Ice destruction mechanisms Using the approach and results from Grigorieva et al. (2007), ice destruction mecha-
nisms through UV photosputtering and collisions are considered. In particular, they found that only > 5 mm grains
can retain their ice at ~ 80 au. Therefore ice grains with radii 5 mm and 80 au as the smallest dust grain size and
inner radius of debris disks in case of UV photosputtering in the model are considered. However, ice grains with
radii 20 pm and 40 au as the smallest dust grain size and inner radius of debris disks in case of UV photosputtering
and collisions are considered. This is because Grigorieva et al. (2007) showed that the collisional activity increases
the abundance of smaller ice grains in the inner region of debris disks.

In addition, sublimation of ice was considered. The sublimation radius was derived from the sublimation
temperature of each considered dust or ice species and the corresponding radial temperature distribution. The latter
was calculated on the basis of the optical properties of the dust or ice (which are in turn a function of the complex
refractive index, the shape, and internal structure of the considered dust or ice species). At the inner part of the
debris disk system, where only astrosilicate is present as a result of ice sublimation, the optical properties of porous
astrosilicate with the same shape of dust aggregate are applied. Thus, the chemical composition of astrosilicate
is defined by the fraction of the vacuum inclusions P = Vyycyum/ Viotal, Which is equal to the fractional ratio of

sublimated ice.

The simulation of observables of debris disks a newly developed software tool DMS (Kim et al., 2018; see also
Sect. 4.1.1), which is optimized for simulating observables of debris disks, or in other words, optically thin systems,
is used. In particular, it allows us to simulate scattered light and thermal dust reemission images, the continuum
SED, and scattered light polarization images. The optical properties of the dust grains were computed using the tool
miex (Mie, 1908; Wolf and Voshchinnikov, 2004). The stellar photospheric emission corresponding to the chosen
stellar parameters was taken from the PHOENIX/NextGen database (Hauschildt et al., 1999).

This study is the simulation approach to implement the temperature-dependent optical data (Omont et al., 1990;
Robinson, Smith, and Hyland, 1992; see Fig. 6.1) of crystalline ice laboratory data from Reinert et al. (2015) and
HéBner et al. (2018). In the first step, the radial temperature distribution is used. For this purpose, the optical
data measured at a temperature of 55K, that is, the optical data corresponding to a median temperature, is applied.
However, to calculate observable quantities (SEDs, images, and polarization), the optical data corresponding to the

temperature distribution calculated before, is then applied.

6.3 Results

In the following, the effects of dust parameters and various ice destruction mechanism that were discussed in Section
2 on the resulting SED (Section 6.3.1) and spatially resolved images (Section 6.3.2) are discussed and analyzed.

In addition, the corresponding ice survival line of debris disks (Section 6.3.3) is predicted. Finally constraining
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the detectability of ice in debris disk systems with future observation by the JWST/NIRCam and SPICA/SAFARI
(Section 6.3.4) is considered.
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Ficure 6.5: Effect of ice destruction mechanisms on the resulting SED. UV photosputtering and mutual collisions are
considered in addition to ice sublimation. The dashed yellow line represents the photospheric emission of the central star. The
solid and dashed lines indicate amorphous ice and crystalline ice with Fice = 1, respectively.
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FiGure 6.6: Effect of ice porosity on the resulting SED. £ indicates the porosity of ice grains. The dashed yellow line
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6.3.1 SED

First the influence of individual dust parameters, that is, the fractional ratio of ice Fjc., the different shapes of the
aggregates, and porosity of ice, on the resulting SED are investigated. In addition, the ice grain survival by quantita-
tively exploring the role of UV photosputtering and mutual collisions in addition to the sublimation mechanism
are investigated. The IR to sub-mm wavelengths is chosen because the offset from the stellar photospheric SED is
largest in this wavelength region. The specific absorption or scattering features are reflected in the corresponding
features of the resulting SED (see Figs. 6.3 & 6.4).

Pure ice In Fig. 6.5 the SED of debris disks composed of pure ice (Fice = 1) considering three different mecha-
nisms of ice destruction: UV photosputtering, mutual collisions and sublimation, is shown. First, one finds that
UV photosputtering is responsible for the destruction of small ice grains; thus, scattered radiation from the ice is
significantly decreased in the near-IR to mid-IR wavelength range. Consequently, UV photosputtering reduces
the flux in near-IR to mid-IR wavelengths by about eight orders of magnitude compared to the case in which only
sublimation is considered. Even if the collisional activity is taken into account, the flux is still decreased by about 2
orders of magnitude. Furthermore, one finds that UV photosputtering (and collisions) are responsible for the strength
of the ice features, for instance, the shallow 3 pm feature, which is in good agreement with previous studies (Kamp
etal., 2018; Honda et al., 2016).

UV photosputtering (and collisions) significantly contribute to the erosion of the decreased flux far beyond
the sublimation-imposed ice survival line as well. This is reflected by the decreased flux at far-IR wavelengths.
Consequently, this results in a weakened ice features around 20-30 pm and the shift of the location of the maximum
of the dust reemission flux from < 40 wm for sublimation toward < 200 pum (< 100 um for collisions). One also
finds a decrease of the peak flux in the case of UV photosputtering (and collisions). In contrast to the previous
finding of a shallow 3 um feature, other ice specific features, for instance, the 44 pum and 62 pm of crystalline ice
and 44 pm of amorphous ice, disappear when UV photosputtering (and collisions) are considered.

In the case of the largest grains, UV photosputtering (and collisions) can no longer contribute efficiently to de-
struction and erosion processes. Therefore, the effect of UV photosputtering (and collision) of sub-mm wavelengths
is weaker, or in other words, less pronounced. Consequently, the SED in this wavelength range has a similar spectral
index, regardless of the destructive mechanisms that make it hardly possible to constrain the mechanisms of ice
destruction from the analysis of the SED alone. In addition, because the absorption coefficient, for example, C,ps of
crystalline ice, is lower than that of amorphous ice (see Fig. 6.3), their spectral index also becomes significantly

lower than that of amorphous ice.

In Fig. 6.6 the SED of debris disks is shown as a function of ice grain porosity, that is, for = 0 (pure compact ice),
0.25, 0.5, and 0.75. Similar to Brunngréber et al. (2017), one finds only a weak influence of the porosity on the
resulting SED. Highly porous ice grains show a higher peak flux in the 10 um to 80 um range, but a lower peak
flux at shorter or longer wavelengths. This is because the different contribution from individual grain size in each
wavelength range, for instance, highly porous grains with radii of about tens of a micron have a high absorption

cross-section at far-IR wavelengths.

Scattered-light polarization: While spectropolarimetric observations have shown enhanced polarization levels in
the 3 um ice band for molecular clouds where the increased absorption efficiency is of importance (Hough et al.,
1989; Greenberg and Vandebult, 1984; reference therein), it remains to be shown whether the feature is also of
importance in scattered light. This is relevant for optically thin debris disks.

One finds that the various mechanisms of ice destruction significantly affect the polarimetric signal. UV
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FiGure 6.8: Effect of the fractional ratio of ice Fjce on the resulting SED. The dashed yellow line represents the photospheric
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astrosilicate, respectively.

photosputtering in particular results in a very high polarization degree at near-IR to mid-IR wavelengths (see the
blue line in the left plot of Fig. 6.7), while it is decreased when collisions or sublimation were taken into account
(see the green and red lines in the left plot of Fig. 6.7). Overall, the polarization degree is higher for smaller grains
at near-IR wavelengths, with a maximum around the 3 um ice feature. In addition, one finds that highly porous ice

grains tend to produce high polarization degrees at near-IR wavelengths (see the right plot of Fig. 6.7).

Icy-astrosilicate dust aggregates In Fig. 6.8 the SED of debris disks that are composed of icy dust aggregates
depends on the fractional ratio of ice Fic. is illustrated. Astrosilicate clearly dominates the emissivity (see. Fig. 6.4)
even if its relative fraction is as low as 10 %. It is therefore expected that the SED of a mixture of ice and astrosilicate
is similar to that of astrosilicate alone (Fig. 6.8). In addition, the sublimation temperature of astrosilicate is signifi-
cantly higher than the two different physical states ice, that is, crystalline ice and amorphous ice. Consequently, they
show a clear difference to the major fraction of warmer dust grains around near-IR to mid-IR on the resulting SED.
This results in an increase of the SED in the corresponding wavelength range, which shifts the flux maximum on the
SED at wavelengths of about 10 pm.

Finally, the effect of the fractional ratio of ice Fj.. on the observation of ice features is investigated. The
prominent 3 pum ice feature can be found even in ice-poor aggregates, that is, for a lower fractional ratio of ice Fice.
In contrast, the ice features at 44 um and 62 um remain only in ice-rich aggregates, that is, in grains with higher
fractional ratios of ice Fice. Interestingly, the usually very prominent 10 pm astrosilicate feature disappears for most

of the considered icy dust mixtures.

Scattered-light polarization: Fig. 6.9 shows the wavelength-dependent polarization degree at near-IR to mid-IR
wavelengths as a function of the fractional ratio of ice Fic.. One finds that dust grains with a higher ice fractional
ratio of water Fj.. tend to produce higher polarization degrees, for example, a polarization degree of pure ice of
about 85 %, at 3 um. However, the polarization degree is lower for pure astrosilicate grain. In the sub-mm range,
this effect is less pronounced. Consequently, the measurement of the wavelength-dependent polarization degree
potentially allows constraining the composition, that is, porosity of ice # or the fractional ratio of ice Fice, of
icy dust grains (see Figs. 6.7 & 6.9). The polarization was calculated for a scattering angle of 90°. This case

corresponds to spatially resolved polarization observations of debris disks seen in face-on orientation.

Different shape of icy dust aggregates In Fig. 6.10 the SED of debris disks that are composed of the icy dust of

various shapes, that is, inclusion-matrix particles and core-mantle particles with spherical shape, inclusion-matrix
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Crystalline ice (P = 0)

Crystalline ice (P = 0.25)
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FiGure 6.14: Prediction of the location of the ice survival line for grains of blowout size in the considered 3 Pic-like debris
disk system. The dependence on the chemical component, shape, and physical state (amorphous vs. crystalline) of the icy
dust aggregates is shown.

Distance [au]
29.2

3 9.7 19.5 39.0 48.7
3.8
S£37
8§
3
x
S
£36
©
o
o — lce(a), £, =1
8 3.5|
& \ —  Astrosil + ice (a), %, = 0.75
— Astrosil + ice (a), 7, =05 ||
3.4} E|
—— Astrosil + ice (a), ., = 0.25
— Astrosil
3.3
‘0.0 0.5 1.0 2.0 25 3.C

15
Aaf"]

FiGure 6.15: Radial cut of spectral index agfr?rgtm maps for models using the different fractional ratio of ice Fic. (0 to 1). Ice

(a) and astrosil indicate amorphous ice and astrosilicate, respectively.
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Ficure 6.16: Ratio between the surface brightness (SB) of debris disks assuming different mechanisms of ice destruction,
chemical components, and shapes of icy-astrosilicate mixture at 2.8 um (i.e., outside of the 3 um ice feature) and 3.2 um (i.e.,
inside of the 3 um ice feature). The solid line and the dashed line indicate amorphous ice and crystalline ice, respectively.

particles with platelet shapes, and porous ice, assuming the same fractional ratio of ice (Fice = 0.5) is shown. One
finds that the considered shapes affect the SED only weakly, except for the porous ice. However, the shape of

icy dust aggregates matters for the strength of the ice features. Moreover, the ice features around 3 pm, 44 pm,
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Ficure 6.17: Ratio between the surface brightness (SB) of debris disks assuming different mechanisms of ice destruction,
chemical components, and shapes of icy-astrosilicate mixture at 35 um (i.e., outside of the 44 um ice feature) and 44 um. The
solid and dashed line indicate amorphous ice and crystalline ice, respectively.

and 62 pum as well as the astrosilicate feature 10 um are weakly pronounced only in the case of core-mantle and

inclusion-matrix particles.

6.3.2 Spatially resolved images

Now the influence of individual dust parameters and destruction of ice grains on scattered light to thermal reemission
observations, that is, on wavelength-dependent spatially resolved images and their radial profiles from near-IR to
sub-mm wavelengths (at wavelengths “ops = 2.2 um, 3.5 pm, 10 pm, 44 um, and 1000 pm) is now discussed. Finally
the feasibility of constraining the spatial distribution of the smallest grains in the innermost warm disk regions by
using the prominent ice and astronomical silicate features in the near-IR to mid-IR bands and the cold disk regions

using corresponding features in the far-IR bands is analyzed and quantified.

Pure ice Fig.6.11 shows radial profiles of simulated observations of spatially resolved disks considering different
destructive mechanisms of crystalline and amorphous ice, that is, sublimation, collisions, and UV photosputtering
(see the panels in Fig. C.1 for simulated observations of spatially resolved disks). When UV photosputtering is
assumed, the surface brightness of debris disks is dominated by the large grains in the outermost cold disk regions.
This is because energetic UV photons efficiently penetrate the disks out to very large distances, which critically
decreases the abundance of the smaller particles by UV photosputtering. At 44 um, that is, at the crystalline
ice features, the flux density for crystalline ice slightly exceeds that of amorphous ice. This trend is drastically
changed at sub-mm wavelengths, which is due to the lower emissivity of crystalline ice (see Fig. 6.3). At sub-mm
wavelengths, one finds that the surface brightness of the outer parts are even slightly brighter if UV photosputtering
is considered instead of sublimation only (and/or collisions; see the right columns in Figs. 6.11 & 6.12). This is
because UV photosputtering (and/or collisional effect) can no longer contribute efficiently to the destruction of
larger grains (see Sect. 6.3.1). In addition, collisional activity again clearly improves the situation for smaller and

warmer ice survival in the inner region of debris disks.

Icy-astrosilicate dust aggregates Fig. 6.12 shows the radial profiles of simulated observations of spatially re-
solved disks considering different fractional ratios of crystalline and amorphous ice Fi in the icy-astrosilicate
dust aggregates (see the panels in Fig. C.2 for simulated observations of spatially resolved disks). In the inner
part of the debris disk system, where only astrosilicate grains are present because of the ice sublimation (i.e., the
porous astrosilicate grain), the surface brightness between debris disks with icy-astrosilicate dust mixtures and pure
astrosilicate show a smaller difference. However, this difference increases toward the outer regions, where both

astrosilicate and ice are present. This effect is more pronounced at 10 wm observations, where one finds an abrupt
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transition of the surface brightness around 40-60 au (see Fig. 6.14). This can be understood as a consequence of ice
sublimation. In addition, one also finds that the location of the change in surface brightness depends on the different
physical state of icy-astrosilicate aggregates. This is due to the slight difference in the sublimation temperatures of
both ice modifications in icy-astrosilicate aggregates (see Table 6.1.). On the other hand, one finds that the effect of
the different fractional ratio of ice Fice on the surface brightness of debris disks at short wavelengths, that is, 2.2 pum
and 3.5 pum, and at sub-mm wavelengths is weaker. This is because of the similar scattering and absorption cross
section (Cyca and Cyyg) of ice and astrosilicate in the corresponding wavelength regime (see Figs. 6.3 & 6.4 ). The
surface brightness of debris disks with pure crystalline ice at the sub-mm wavelength is only significantly decreased

due to their very different emissivity (see Figs. 6.1 & 6.3).

Different shape of icy dust aggregates Fig. 6.13 shows the radial profiles of simulated observations of spatially
resolved disks considering different shapes of dust aggregates, that is, inclusion-matrix particles and core-mantle
particles with spherical shape, and inclusion-matrix particles with platelet shapes with the same fractional ratio of
ice, that is, Fice = 0.5 (see the panels in Fig. C.3 for simulated observations of spatially resolved disks). The optical
properties of ice-dust aggregates depend on size, shape, and physical states (amorphous vs. crystalline) of the dust
grains. However, these differences are hardly noticeable in the flux density. Consequently, the spatially resolved

disks images are hardly influenced by the different shape of the considered dust mixtures.

6.3.3 Prediction of ice reservoir location

Based on the finding from Sect. 6.3.2, the location of the ice survival line, focusing on grains of blowout size, is
investigated. Moreover, the radial position of the ice survival line as a function of various grain parameters such as
physical state, the porosity of astrosilicate and ice, fractional ratio of ice Fi., and shape of the dust aggregates, is

studied. Note that the ice survival line also depends on the stellar luminosity.

Prediction of ice reservoir location, the ice survival line In Fig. 6.14 the predicted location of the ice survival
line for grains of blowout size is shown. Depending on the chemical composition of dust aggregates with different
fractional ratios of ice Fice, the physical state of ice (amorphous or crystalline), its porosity, and the shape of the
aggregates, one finds that the ice survival line is located at about 4.4 (for pure ice)-26.3 (for icy-silicate aggregates)
au from the host stars. This result is in good agreement with the previous study by Moerchen (2008), who found
that the ice survival line of A-type star is located at about 20 au.

The dependence on the physical state is due to the different emissivities (see also Fig. 6.3). Concerning the
fractional ratio of ice Fj.., one finds that the ice survival line is shifted toward the central star if the fractional ratio
of ice Fice is decreased. Furthermore, thermal conductivity mainly depends on porosity. This means that larger
porous dust grains are hotter than compact grains (Krause et al., 2011; Kirchschlager and Wolf, 2013; Pawellek
and Krivov, 2015; Brunngriber et al., 2017). Consequently, for grains of a given size, porous grains are located
farther out than compact grains. This moves the ice survival line to larger radii when the porosity is increased (see

Fig. 6.14). In contrast to these findings, the shape of aggregates affects the location of ice survival line only weakly.

550 um

Spectral index @, -

The snow line causes a radial discontinuity in the spectral index profile (Banzatti and

Pontoppidan, 2015). It imprints a strong signal on the dust thermal emission in the protoplanetary disks. Thus,

550 um
2mm °’

derived from spatially resolved simulations of the brightness profile of disks with ice with varying fractional ratios

one would expect to observe a similar phenomenon in debris disks. In Fig. 6.15 the spectral index, that is, &
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ice Fice. It is located between about 1.3 to 1.5 " (i.e., 25 to 30 au) from the star. A higher fractional ratio of ice
Fice results in a slightly broader ring with a higher value of aifﬁﬁm (see Fig. 6.15). This is because a change in
average grain size with a simultaneous change of composition from ice-astrosilicate aggregates to pure astrosilicate,
resulting from the ice sublimation. Such particles show different absorption and emission behaviors than cold
particles with ice. In addition, one finds a similar phenomenon in the case of pure ice (red line in Fig. 6.15) at
the inner part of debris disks. On the other hand, one finds very different spectral indices in the case of the pure
crystalline ice (the spectral slope is much steeper), resulting from the very low emissivity of pure crystalline ice (see
see Figs. 6.1, 6.3, and 6.5).

6.3.4 Evaluating the detectability of ice dust grains in future observations

Finally, the spatially resolved images and radial profiles (Sect. 6.3.2) to predict the feasibility of detecting the
spatially resolved characteristic structures with future observations such as the JWST/NIRCam and SPICA/SAFARI

is used.

3 um H>0 ice band The NIRCam at the JWST, operating in the 0.6 to 5 pum wavelength range, consists of two
modules (short-wavelength channel; 0.6-2.3 um and long-wavelength channel; 2.4-5.0 wm) that point to adjacent
fields of view on the sky. The strong scattering feature of ice at around 2.8 um is located at this wavelength range
(local minimum; see Figs. 6.1 & 6.2). In addition, the dependence on the particle phase is particularly high at
about 3.5 pm (local maximum; see Figs. 6.1 & 6.2), which indicates possible candidate wavelengths to be compared.

Fig. 6.16 shows the ratio between surface brightness of debris disks with a different mechanism of ice destruction
(left figure), chemical component (middle figure), and shape of icy dust mixture (right figure) inside and outside
the 3 um ice feature. One finds that the ratio is affected by the fractional ratio of ice Fj... Ice-poor aggregates
show a higher surface brightness ratio. The surface brightness is higher in the inner part of debris disks at 3.2 pm
(and in the outer part of debris disks at 2.8 um) in the case of the icy-astrosilicate mixture and pure astrosilicate.
An extreme increase in surface brightness ratio is therefore expected in the inner region (see the middle plot of
Fig. 6.16). However, one finds that the surface brightness ratio is almost constant and shows similar values in the
case of pure ice for different ice destruction mechanisms (see the left plot of Fig. 6.16). This means that the ratio
is no longer affected by the various depletion mechanisms. In addition, the porosity of ice (see the middle plot of
Fig. 6.16) and the shape of the dust (see the right plot of Fig. 6.16) do not significantly affect the surface brightness
ratio. Consequently, this comparison study allows constraining the existence of ice and even the fractional ratio of

ice Fice-

44 um H,O ice band The SAFARI at SPICA will cover the far-IR window that extends from ~ 34 um to ~ 230
pm with a field of view of 2’ X 2’ (Roelfsema et al., 2018). Thus, it will be possible to perform observations with
medium spectral resolution over the solid-state ice features at ~ 44 um and 62 pm (see Figs. 6.1 & 6.2). These
far-IR features will be useful for ice detection because the far-IR ice bands (broad features due to intermolecular
lattice vibrations) are not confused with other solid-state features of less abundant species (unlike the mid-IR
features, e.g., stretching, bending, or twisting of intramolecular bonds; Goicoechea et al., 2011).

Fig. 6.17 shows the ratio between surface brightness of debris disks with a different mechanism of ice destruction
(left figure), chemical component (middle figure), and shape of the icy dust mixture (right figure) inside and outside
of 44 um ice feature. One finds that the fractional ratio of ice determines the surface brightness ratio, for example,
the existence of ice-poor aggregates causes a lower surface brightness ratio. In particular, the surface brightnesses in
the two bands are nearly identical, that is, the ratio is close to 1 over the entire disk in the case of icy-astrosilicate

aggregates and pure astrosilicate. However, because of the higher flux at the 44 pm ice feature, this effect is less
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pronounced in the case of pure ice. The ratio is below 1 and decreases significantly with increasing radial direction
from the star. In addition, similar to the finding from Sect. 6.3.1, the different shapes of dust and the porosity of ice

hardly affect the surface brightness ratio.

6.4 Summary

The feasibility of detecting water ice in typical debris disk systems assuming ice destruction mechanisms (sublima-
tion of ice, dust production through planetesimal collisions, and photosputtering by UV bright central stars) and dust
mixtures with various shapes consisting of amorphous ice, crystalline ice, astrosilicate, and vacuum inclusions is in-
vestigated. For this purpose, first the influence of these parameters on the resulting the SED (Section 6.3.1), spatially
resolved images, and their radial profile (Section 6.3.2), is discussed. Subsequently, the location of the ice survival
line as a function of these parameters (Section 6.3.3) is estimated and analyzed. Finally, the feasibility of detecting ice

in debris disks in future observations (Section 6.3.4) is discussed. The key results in this work are summarized below.

1. The sublimation of icy dust grains, collisions between planetesimals, and photosputtering due to UV sources
clearly affect the observational appearance of debris disk systems. At near-IR to mid-IR wavelengths, the
scattered radiation is significantly decreased by the destruction of small ice grains by UV photosputtering or
collisions. At far-IR wavelengths, the thermal radiation from the dust is also significantly decreased because
of the erosion of ice by UV photosputtering or collisions even far beyond the ice survival line. At submm
wavelengths the effect of UV photosputtering/collision is weaker. However, the physical state of ice shows a
strong effect on the spectral index of the SED. Furthermore, UV photosputtering and collisions determine the

strength of the ice features.

2. The IR flux in the range of about 10 um to 80 um increases with increasing porosity. In contrast, flux

decreases with increasing porosity at shorter or longer wavelengths.

3. One finds enhanced scattered-light polarization levels in the 3 um ice band for ice-rich aggregates, that is, a
high fractional ratio of ice or highly porous ice. This means that the measurement of the wavelength-dependent

polarization degree allows constraining the existence of ice or even the composition of icy dust grains.

4. The optical properties of dust grains depend on size, shape, and physical states (amorphous vs. crystalline) of
the dust grains. However, these differences are hardly noticeable in the surface brightness scale of spatially
resolved observations at K and L bands. At 10 um, one finds the abrupt transition of surface brightness as a
consequence of ice sublimation, which depends on the fractional ratio of ice Fjc.. At the submm wavelength,
the surface brightness of debris disks with pure crystalline ice is only significantly decreased as a result of

their very different emissivity.

5. The radial position of the ice survival line depends on various grain parameters such as grain size, physical
states, the porosity of ice, the chemical component with the different fractional ratio of ice, and the different

shapes of aggregates. In the considered model, it covers a range from about 4.4 to 26.3 au.

6. Approaches to detect water ice grain with future observations with instruments operating in the near- to
mid-IR JWST/NIRCam) and far-IR (SPICA/SAFARI) are discussed.
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Chapter 7

The n Chamaeleontis Association: disk

characterization with Gaia/DR2 and
APEX/LABOCA

This chapter presents the results in Roccatagliata, V., Sicilia-Aguilar, A., Kim, M., Wolf, S., et al. in preparation. The
author of this dissertation performed the simulated observations of debris disks in the n Chamaeleontis association
and made major contributions to the write-up and interpretation of these results. Major contributions to the
simulated observations of protoplanetary disks in the n Chamaeleontis association, write-up, and interpretation
of these results are done by Veronica Roccatagliata and Aurora Sicilia-Aguilar, which are not be included in this

dissertation. Other parts of this study were done in collaboration with Sebastian Wolf.

The isolated open cluster 7 Chamaeleontis (hereafter "7 Cha") is one of the youngest (~ 8 Myr; Sicilia-Aguilar et al.,
2009) stellar aggregates in the solar neighborhood (Murphy, Lawson, and Bessell, 2010). As it still contains a large
population of disks for its age, it allows us to study of coeval protoplanetary disks. Furthermore, 7 Cha is one of the
closest cluster (94.3 pc; Murphy, Lawson, and Bessell, 2010). Thus, they are ideal to study a complete sample of
pre-main-sequence stars (PMS) and the protoplanetary disks down to late M-type stars.

The observation of dust and gas at different ages in associations provides information about the disk evolution
including their clearing timescales and physical properties/constraints, which allows us to build up a broad picture
of disk evolution. For example, the lifetime of protoplanetary disks allows us to constrain the planet formation
theories (Pessah and Gressel, 2017) since the protoplanetary disks provide the inventory material to form a planet.

The evolution of protoplanetary disks is observed to dissipate their dust and gas within a few million years after
the commencement of the star formation (Fedele et al., 2010; see Sect. 1.2.5), which dissipation timescale depends
on the number of high mass stars in the cluster (Roccatagliata et al., 2011). For example, the IR-excess fraction
for stellar source, showing close to 100% in the youngest clusters (e.g., ~ 1Myr), declines dramatically with their
age and is typically 10% (or less) for ages of ~ 5 Myr (e.g., Haisch, Lada, and Lada, 2001) as most young cluster
members have stopped accreting material at a significant rate. Consequently, the lifetime of protoplanetary disks is
inferred to be a few ~ Myr, with order-of-magnitude scatter (Alexander et al., 2014).

The 1 Cha showed both an excess of stars with accretion and stars with detectable disks compared to clusters of
similar age (e.g., Haisch, Lada, and Lada, 2001). For example, some members (e.g., the low-mass stars) in 7 Cha
still retain detectable amounts of gas in their disks (e.g., Sicilia-Aguilar et al., 2009; Murphy et al., 2011; Woitke
et al., 2011; Murphy, Lawson, and Bessell, 2012; Simon et al., 2012; Riviere-Marichalar et al., 2015), implying that

disk clearing process might be delayed or inefficient. On the other hand, some objects retain enough dust in their
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disks with a large inner hole to produce a mid-IR-excess (Sicilia-Aguilar et al., 2009). The mechanism responsible
for these two different time-scales is still uncertain (Fedele et al., 2010). Consequently, 7 Cha is one of the most
important nearby groupings of PMS stars to enhance our understanding of PMS star evolution.

The main aim of this chapter is to detect the cold material in protoplanetary disks and new debris disks to
understand which physical mechanism is the main responsible of the disk dissipation. This chapter is organized
as follows: In Section 7.1 the new APEX/LABOCA observations, data reduction, and the results, as well as the
archival Gaia/DR2 data and the high-resolution spectroscopic FEROS observations, are summarized. In Section
7.2 the basic characteristics of the debris disk model are summarized. In Section 7.3 the results of SED modeling
of debris disks to constrain the physical parameters and properties are discussed. The findings in this work are

summarized in Section 7.4.

7.1 Observations of the  Chamaeleon Association

7.1.1 APEX/LABOCA observations and data reduction

The Large Apex BOlometer CAmera (LABOCA) is a multi-channel bolometer array for submillimeter continuum
observations (Siringo et al., 2009), which was installed at Atacama Pathfinder EXperiment Instrumentation (APEX).
The 12 out of 20 sources of the 77 Cha star cluster has been observed with this APEX/LABOCA between the end of
October and December 2010 to trace the emission from different parts of protoplanetary disks and debris disks. The
observations have been carried out in on-off mode with an integration time of 600 seconds, which were calibrated
and reduced using the pipeline reduction of LABOCA data within the BoA package, in particular, developed for
APEX bolometer data (Siringo et al., 2009). Four debris disks have been newly detected for the first time with
APEX/LABOCA around three M stars, apart of RECX 1 that is a K7 source. The final fluxes are reported in Table
7.1. The associated error, o, is the actual statistical uncertainty, measured on the data. This is computed as the
standard deviation of all measurements, divided by the square root of the number of measurements. When a source
was not detected one reports the upper limit computed as 3 0. The beam size of APEX/LABOCA is ~ 19" (Siringo
et al., 2009). The SEDs are classified (Sicilia-Aguilar et al., 2009) as Class II (comparable to Taurus), flattened disks
(flat; A Fy, ~ k_%), TO (zero or very small near-IR-excess), and Class III (no IR-excess over the stellar photosphere

or second-generation of dust).

7.1.2 Cluster members on the Gaia/DR2 and FEROS instrument

The membership of the 1 Cha cluster was first confirmed by a radio continuum survey of X-ray sources with the
Australia Telescope Compact Array (Mamajek, Lawson, and Feigelson, 1999). Successively Murphy, Lawson,
and Bessell (2010) found seven more new probable members in this cluster using optical and near-IR photometry,
astrometry (e.g., the Naval Observatory Merged Astrometric Catalogue), and a spectroscopic follow-up campaign.
To confirm the membership of i Cha cluster, the Gaia/DR2 data (Gaia Collaboration et al., 2018) together with
the radial velocity computed from the high-resolution spectra publicly available in the archive have been used. In
particular, a maximization of the total likelihood function of a multivariate Gaussians model, where each gaussian
characterize the distribution of each astrometric parameter, is applied. This approach (Roccatagliata et al., 2018;
Franciosini et al., 2018) allows us to take into account the errors and the correlations between the parameters.

To complete the kinematic picture from the Gaia data with more precise radial velocity measurements, archival
high-resolution spectroscopy with the ESO/MPG 2.2m telescope using the FEROS instrument (Kaufer et al., 1999) is
used. Several 7 Cha members, e.g., RECX-1, RECX-3, RECX-4, RECX-6, RECX-10, RECX-12, n Cha, HD75505,
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TaBLE 7.1: LABOCA fluxes, detections, and marginal detections. The rms of the observation is
given in the column o while the calibration error, is given in the column ocar. The upper
limits is computed as 3 o~. Note that two of them are only marginal detection. See the text for
more details in Sect. 7.1.1

Source Flux at 870 pm o OCAL SED type
[mly] [mJy] [mlJy] (Sicilia-Aguilar et al., 2009)

Detections

J0843 542 0.83 1.28 class IT

J0g44 4.96 0.83 1.56 flat

RECX-5 20.01 2.45 4.78 TO

RECX-6 8.38 0.54 1.15 class 11T

RECX-8 (RS Cha) 18.62 2.63 4.09 class III

RECX-9 5.71 1.29 243 TO

RECX-11 12.74 1.68 2.11 class IT

Jogo1?2 7.58 0.86 1.27

J08202 8.12 1.1 1.58

RX J1005.3-7749 82 7.75 0.56 0.92 (class IIT)

Marginal detections

1 Cha 3.37 1.86 3.53 class 111

J0841 2.88 0.97 1.69 TO/flat

Upper limits

RECX-3 < 1.65 TO

RECX-4 <3.03 TO

RECX-7 <4.02 class IIT

HD 75505 <7.86 class 11T

RECX-12 <2.01 class III

RECX-16 <404

RECX-17 <9.10

RECX-18 <29.8

2 candidate members from the work of Murphy et al. (2011)

and RECX-8, have been observed with FEROS as part of program 084.A-9003 (PIJ. Setiawan) and 082.A-9008 (PI
V. Roccatagliata).

7.2 Debris disk modeling with DMS

In this section, SEDs of the 1 Cha cluster members were compiled using SIMBAD and include several optical
filters and 2MASS JHKSs data (Sicilia-Aguilar et al., 2009), near-IR data (AKARI-IRC and WISE; Ishihara et al.,
2010; Simon et al., 2012), mid-IR data (Spitzer-MIPS; Sicilia-Aguilar et al., 2009), far-IR data (Herschel-PACS;
Riviere-Marichalar et al., 2015), and new submillimeter photometric points from the APEX/LABOCA survey at
870 um and/or its upper limits (this work) to carry out the modeling of debris disks.
In the following, the basic characteristics of the debris disk model are summarized in brief (see also Table 7.2 & 7.3).
Recent observational results particularly emphasizing disks that have been imaged at a wide range of wavelengths
found that many debris disks are well described as a narrow ring (e.g., Kalas, Graham, and Clampin, 2005; Milli
et al., 2017; Schneider et al., 2018; Sect3.3.1). Furthermore, the dust re-emission in the disk is reproduced by
varying the location of the ring, as well as the total dust mass, quantities that are related in the optically thin case.
Therefore, one considers using the debris disks model of a very narrow ring (with a fixed extent of the narrow ring
20 au; see Fig. 7.1) to constrain the range of possible radial locations and the total dust mass based on an IR-excess
detection and its upper limits. For the considered a range of possible ring locations one considers from 10 to 700 au.
A typical debris disk systems around various stars as provided (see Table 7.3) is considered.

Astrosilicates (with bulk density 3.5 g cm™3; Draine, 2003) is considered as a dust material. A steady-state grain

size distribution that follows the power-law n(a) oc a=3 (Dohnanyi, 1969) from 1 to 1000 pm is assumed.
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TaBLE 7.2: Model stellar parameters for simulation of the debris disk
model and references. As such, the process of finding a well-fitting
model without any reference is always subject to some educated guesses.
This means that, although a well-fitting model may be found, other
solutions might be possible.

Object SpT  Teq R, Distance

[K]  [Re] [pc]
RECX-1 K7T 411507 19! 1002
RECX-3 M3l 33000 0.98! 98.82
RECX-6 K7! 34100 093!  98.12
RECX-8 (RS cha) A7! 7650° 3.04°  100.12
RX J1005.3-7749 MI4 36402 1.09 100.32
2MASS J08014860 - 8058052  M4* 3100 0.72 100.12

! Rugel, Fedele, and Herczeg (2018)

2 Gaia Collaboration et al. (2018)

3 van Leeuwen (2007)

4 Murphy, Lawson, and Bessell (2010)

For the simulation of observables (e.g., the continuum SED) of debris disks, a software tool DMS (Kim et al.,
2018; Kim et al., 2019; see also Sect. 4.1.1), which is optimized for optically thin systems, is used. The optical
properties of the dust grains are computed using the tool miex (Wolf and Voshchinnikov, 2004).

20 au

Flux [a. u.]

Total
emission

Photospheric
emission

Ficure 7.1: Fixed extent of the 20 au narrow ring description with flux (in arbitrary units). Figure credit: Roccatagliata et al.
in preparation.

TaBLE 7.3: Model parameters for simulation of debris disk model.

Parameter

Value

Stellar type

Considered a range of possible ring locations
Extent of the narrow ring

Total disk mass

Dust composition

Size range modeling n(a)

Number of grain size bins

As provided in Table 7.2 with blackbody assumption
[10 au, 700 au]

20 au

[9.0 x 1078M,, 1.6 x 107 M,]

Astrosilicate (Draine, 2003)

[1 um, 1000 um] with n(a) o s73- (Dohnanyi, 1969)
100
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7.3 Results

7.3.1 Well-constrained narrow ring locations

2MASS J08014860 - 8058052 The first case is represented by 2MASS J08014860 - 8058052, which is one of the
M4 sources classified by Murphy, Lawson, and Bessell (2010) as possible halo member of 7 Cha, and maybe a
binary system due to its position in the color-magnitude diagram and the different high-velocity measurements they
carried out in Murphy, Lawson, and Bessell (2010). Their dynamical simulations suggested the system was ejected
from the cluster. This is a very well constrained case because of two data points (at 22.1 and 869 pum) from the dust
emission. If the dust ring is located inside 17 au or outside 20 au, its dust emission will exceed at 22 pm or not
enough, respectively. Consequently, 2MASS J08014860 - 8058052 is the only source with a massive narrow ring of
1.6-1.7 x 107% M, close to the central star (see Fig.7.2).
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Total
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A (um) Location of narrow dust ring (AU)

FiGure 7.2: Left: SED models for the debris disks around 2MASS J08014860. The photometry data are marked by red circles
(red triangles are upper limits). The various disk models are represented by blue and red lines (see Table 7.2 & 7.3 for details
on individual models). Right: Results of the SED modeling of the debris disks around 2MASS J08014860 showing the mass
of the disk as a function of the location the narrow dust ring. Figure credit: Roccatagliata et al. in preparation.

RECX3 The second most well-constrained case is represented by RECX-3, an M3 star, where the infrared
photometry already suggested the presence of cold material around the star. For a similar reason with 2MASS
J08014860 - 8058052 debris disk modeling, the dust ring should be located anywhere between 10-170 au. If the
ring is located outside 170 au, the dust emission will exceed the maximum fluxes around Far-IR ranges. Thus, this
modeling allows us to define a range in distance between 10 and 170 au of a ring with a mass of 1-9 x 10~ M, (see
Fig.7.3).

7.3.2 Ring locations constrained within the considered parameter space

RX J1005.3-7749 8 The M1 object, RX J1005.3-7749 8, was first classified as a candidate member by Covino
et al. (1997) and then Murphy, Lawson, and Bessell (2010) as a possible dynamical member. Basically, dust cannot
be located inside 590 au. Thus, it harbors the most massive ring (1.0-1.5 x 107 Mp) at a location far from the
central star between 590 and 680 au (see Fig. 7.4).

RECX-1 In the case of RECX-1, a K7 star, where two detections in the far-IR lie above the stellar photosphere,
the missing LABOCA observation shows the poor fitting of the SED which led to a poor constraint of the location
ofa0.2-1.2 x 1077 Mg disk. Basically, dust cannot be located inside 50 au, but it can be located out to 500 au and
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FiGure 7.3: Left: SED models for the debris disks around RECX-3. The photometry data are marked by red circles (red
triangles are upper limits). The various disk models are represented by blue and red lines (see Table 7.2 & 7.3 for details on
individual models). Right: Results of the SED modeling of the debris disks around RECX-3 showing the mass of the disk as a
function of the location the narrow dust ring. Figure credit: Roccatagliata et al. in preparation.
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Ficure 7.4: Left: SED models for the debris disks around RX J1005.3-7749 8. The photometry data are marked by red and
blue circles (red triangles are upper limits). The various disk models are represented by blue and red lines (see Table 7.2 & 7.3
for details on individual models). Right: Results of the SED modeling of the debris disks around RX J1005.3-7749 8 showing
the mass of the disk as a function of the location the narrow dust ring. Figure credit: Roccatagliata et al. in preparation.

further out. Based on the considered assumption with the ring-like structure debris disks, it is hardly possible to

further constrain (see Fig. 7.5).

7.3.3 Extreme cases: the tentative interpretation of the SEDs

Here the results of the tentative interpretation of the SEDs of RECX-6 and RECX-8 are shown. Both sources are
well detected with LABOCA at 870 um above 3 o.

RECX-6 There are two upper limits and one real detection around Far-IR. Because of the flux at 870 wm (which
is not the maximum, but the real detection) it is hardly constraining. This modeling allows us to define an expected
range of dust ring outside 1500 au, which is not in the reasonable ranges, of a ring with a mass of above 6 x 107>
Mo (see the left panel of Fig. 7.6).

RECX-8 (RS Cha) It shows the black body radiation of the star even at 70 um probably without dust emission.

In addition, due to the real detection at 870 pm (corresponding to a low temperature), dust would have to be located
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FiGure 7.5: Left: SED models for the debris disks around RECX-1. The photometry data are marked by red circles (red
triangles are upper limits). The various disk models are represented by blue and red lines (see Table 7.2 & 7.3 for details on
individual models). Right: Results of the SED modeling of the debris disks around RECX-1 showing the mass of the disk as a
function of the location the narrow dust ring. Figure credit: Roccatagliata et al. in preparation.
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Ficure 7.6: Left: SED models for the debris disks around RECX-6. The photometry data are marked by red circles (red
triangles are upper limits). The various disk models are represented by blue and red lines. Right: SED models for the debris
disks around RECX-8. The photometry data are marked by red circles (red triangles are upper limits). The various disk models
are represented by blue and red lines (see Table 7.2 & 7.3 for details on individual models). Figure credit: Roccatagliata et al.
in preparation.

outside 5000 au (i.e., already close to the arcminute scale; see the right panel of Fig. 7.6). The underlying debris
disk model does not allow to explain the observations, i.e., the IR-excess flux must have another origin. However,
Sicilia-Aguilar et al. (2009) indicated that RECX-8 is an eclipsing binary object, i.e., a disk around RECX-8 is a
circumbinary ring or disk. Furthermore, they indicated that the low-mass companions are speculative, based on the
X-ray emission from these stars having roughly the properties of a roughly ~ 0.5 Mg T Tauri star (spectral type ~
M1).

7.4 Summary

The disks of 7 Cha are found with characteristics size too small still to be resolved by ALMA. However, thanks to
its proximity, the detection of the sources has been done with APEX/LABOCA. The 12 out of 20 sources of the n
Cha star cluster has been observed to trace the emission from different parts of protoplanetary disks and debris disks.

In particular, four debris disks have been detected for the first time around three M stars and one K7 star. To carry
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out the debris disks modeling, SEDs of the i Cha cluster members were compiled using SIMBAD and includes
several optical filters and 2MASS JHKs data, near-IR, mid-IR, far-IR data, and LABOCA observations and/or its
upper limits of this work. The modeling of debris disks is assumed to be distributed as a ring to constrain the range
of possible radial locations and total dust mass based on an IR-excess detection and its upper limits. The rings are
found to be massive (1.0 x 1077-1.5 x 10~ M) and at a distance from the central star between tens of au and a

few hundreds of au. However, no relation between spectral types and the total dust mass is found.
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Chapter 8

NIKA2 Observations of the debris disk
around HD 107146

This chapter presents the results in Lestrade, J-F., Kim, M., Wolf, S., NIKA2 core team et al. in preparation, which is
a follow-up study of Lestrade et al. (2020). The author of this dissertation performed the simulated observations
and made major contributions to the write-up and interpretation of the results. Major contributions to the write-up
and interpretation of the NIKA2 Observations are done by Jean-Frangois Lestrade. Other parts of this study were

done in collaboration with Sebastian Wolf and NIKA2 core team members.

The debris disk around HD 107146, an ~ 80-200 Myr old (Williams et al., 2004; Roccatagliata et al., 2009, and
references therein) solar analogue G2 V star with 0.993 R and 5820 K (Williams et al., 2004; Watson et al., 2011)
at a distance of 28.5 pc (Perryman et al., 1997; Williams et al., 2004; Ardila et al., 2004) is of particularly great
interest in many respects. For example, the disk is extending from ~ 40 to 140 au and is characterized by a circular
gap (Marino et al., 2018), suggesting that the existence of a planet on a wide circular orbit opening a gap in a disk
through a scattering process (Sect. 2.1.5). To date, this system is the only gas-poor system showing multiple rings of
the mm-sized dust particle distribution (Marino et al., 2018). Furthermore, the coronagraphic observation can be
well applied to this system because of its large inner hole (~ 40 au) without masking large parts of the disk. This
disk system around HD 107146 is well studied (e.g., Ardila et al., 2004; Ertel et al., 2011; Marino et al., 2018). In
particular, Ertel et al. (2011) provided the best fit of the SED with a single power-law for dust grain size distribution
(Eq. 2.11) to the photometric data available extending into the mm wavelength domain with the Australian Telescope
Compact Array (ATCA). The resulting fit of the SED showed large post-fit residuals between their best model and
the data in the long-wavelength domain.

Furthermore, the SCUBA-2 Observations of Nearby Stars (SONS) JCMT legacy survey of debris disks (Panié
et al., 2013; Holland et al., 2017) detected 48 debris disks in the (sub-)mm wavelength range (i.e., 450 um and 850
wm) and found a large range of spectral slopes with 8 within the range of [-2.7, 0] in S, o« A~(24A) where S, is
radiative flux density at given frequency v. This corresponds to an index g4 in the size distribution n (a) « a”, where
v = 2-3qq4 (see Eq. 2.11; Dohnanyi, 1969; Tanaka, Inaba, and Nakazawa, 1996; Wyatt and Dent, 2002), possibly
larger than 2 for the collisional cascade. This result shows opposite trend to the deduced size distribution by SMA
and ALMA observations (Hughes et al., 201 1; MacGregor et al., 2016) at 850 wum and 1.3mm with an index gq
within the range of [1.61, 1.88]. Additionally, debris disks around HD 107146 is one of the systems showing the
largest flux densities at 2mm predicted in extrapolating from these data (Holland et al., 2017), meaning that its
spectral index is shallower, and thus becomes close to the Rayleigh-Jeans regime for mm wavelength region.

Dust emission with IR-excess of photospheric emission can be used to constrain the physical and dynamical

properties of planetesimals through the grain size distribution (see Sect. 3.2.1; Wyatt and Dent, 2002; MacGregor
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et al., 2016). Furthermore, previous numerical studies with the kinetic approach (e.g., Krivov, Léhne, and Sremcevic,
2006; Lohne, Krivov, and Rodmann, 2008; Kim et al., 2018) found that the dust grain size distribution significantly
departs from the classical power-law model (Dohnanyi, 1969). In particular, the stellar radiation pressure perturbs
the collisional cascade in imprinting “a wavy pattern” to the mass and size distribution (Thébault and Augereau,
2003; Thébault and Augereau, 2007; Kim et al., 2018; see Sect.2.1.5 & Chapter5). This is because the mass
and grain size distribution depends strongly on the material strength, which is characterized by the catastrophic
disruption threshold Qf) (Eq. 2.12; Sect.2.1.5). Consequently, constraining the SED observationally is key to
characterize the type of collisional cascade at the root of the dust production in debris disks.

The main aim of this chapter is to discuss the flattening of the SED of HD 107146 debris disks system that
becomes close to the Rayleigh-Jeans regime for mm wavelength region. This chapter is organized as follows: In
Section 8.1 the new NIKA?2 observation at the 30m IRAM telescope in the mm wavelength domain at 1mm and
2mm is introduced and summarized. In Section 8.2 and 8.3 a model based on a planetesimal mass distribution
function that includes the perturbed pattern (Thébault and Augereau, 2007; Krivov, Lohne, and Sremcevié, 2006;
Lohne et al., 2017; Kim et al., 2018) is proposed and discussed. The findings in this work are summarized in Section
8.4.

8.1 NIKA2 Observations

To constrain the SED of their dust emission in the mm wavelength domain, the observation with a new NIKA2
camera at the IRAM 30m radiotelescope was conducted to observe three known debris disks (Lestrade et al., 2020).
They found that two out of three disks, e.g., around the stars HD 107146 and Vega, which are older, the spectral
index between the two NIKA?2 bands (e.g., 1154 um and 2000 um) is consistent with the Rayleigh-Jeans regime
()»‘2), unlike the steeper spectra (?»_3) measured in the (sub-)mm wavelength range. The total flux densities are
129+ 1.3 mJy and 4.1 + 0.3 mJy at 1154 pum and 2000pm, respectively (see Fig. 8.1).
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Ficure 8.1: NIKA2 S/N images of HD 107146 with lower contours 420 at 260GHz (left) and 150GHz (right). The beams
are shown in black. Figure credit: Lestrade et al. (2020) & Lestrade et al. in preparation.

Specifically, the NIKA?2 flux density at 1154um is statistically consistent with the ALMA flux density measured
at 1100 um by Marino et al. (2018) and 1250 um by Ricci et al. (2015b). Furthermore, the two JCMT flux densities
measured at 850 um with SCUBA (20 + 1 mJy) by Najita and Williams (2005) and SCUBA2 (20.6 + 2.1 mJy) by
Holland et al. (2017) agree to better than 1o~ level. However, these are statistically inconsistent with ALMA at 860
pm (34 + 3.5 mJy) in Marino et al. (2018), differing by 3.6 times the quadratically combined uncertainties, and
even by 4.7 times with SMA at 880 um (36 + 1 mJy) in Hughes et al. (2011). These discrepancies are currently not

understood.
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TasLE 8.1: Photometry VERIFIER AVEC HD 107146
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Retaining the two consistent JCMT flux densities of HD 107146 at 850 um (SCUBA and SCUBA2) and the
NIKA?2 and SMA observations at ~ 1200 um rather than the higher ALMA and SMA flux densities around 850

pum leads to the finding of a change in the spectral index of dust emission in a debris disk between the (sub-)mm

and radio wavelength ranges, i.e., the spectral index « in v® change from ~ 3 to ~ 2 (Rayleigh-Jeans) between

the two wavelength domains. This finding leads us to investigate the cause of such a spectral change and model
it in Sect. 8.3.2. However, the more typical SED obtained when the ALMA and SMA flux densities around 850

pum are retained is also discussed in Sect. 8.3.1. In the context of the present work, combined multi-wavelength

SED modeling of the system has been carried out after collecting all photometric data available for HD 107146
(Table 8.1), mostly based on the HST/ACS data in the far-IR domain and up to the ATCA including the data from

the NIKA2 observation.
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8.2 Model parameters of SED analysis

The basic characteristics of the debris disk model are briefly summarized in Table 8.2. Motivated by ALMA
observations of HD 107146 (Marino et al., 2018), the model consists of an inner and an outer belt with a central
radial distance of 42/120 au from the star, respectively, and a radial extent of 20 au each. Although the blow out size
for HD 107146 is ~ 0.5 um (Brunngriber et al., 2017), the minimum grain radius adopted in the model is 2.5 pm
constrained by fitting spatially resolved scattered light images observed with HST/NICMOS image by Ertel et al.
(2011). If one assumes a steep slope of the grain size distribution following an ideal collisional cascade n (a) o a =3,
the contribution of grains with radii larger than 10 cm (assumed maximum grain size) to the considered observables
is negligible. The stellar photospheric emission corresponding to the chosen stellar parameters for HD 107146
(Ter = 5820 K) are taken from the NextGen database (Allard, Homeier, and Freytag, 2012). For the simulation of
the SED, the software tool DMS (Kim et al., 2018; Kim et al., 2019; see also Sect. 4.1.1), which is optimized for
optically thin systems, is used. The dust grains are compact, a homogenous sphere with radius a, purely composed
of astronomical silicate, with a bulk density of 3.5 g m™> (Draine, 2003) are assumed. The optical properties of dust

grains are calculated by the tool miex (Wolf and Voshchinnikov, 2004) using standard Mie theory.

8.3 Results

As discussed in Sect. 8.1, the constraints derived on the dust strongly depend on the selection of observed fluxes. In
the following, two different fitting solutions to the observed SED, corresponding to two different shapes of SED
in the sub-mm/mm wavelength range: with and without the observed local minimum of 850 and 1154 pum are

discussed.

8.3.1 Model 1: SED with a single power-law grain size distribution

To model SED with the least number of parameters, particularly concerning the grain size distribution, first a
classical single power-law grain size distribution 7 (@) o @ =3 (Dohnanyi, 1969; see the light blue line in Fig. 8.2),
which assumes collisionally dominated debris disks with size-independent impact energy (Qy,) in a steady-state
is considered. The Rayleigh-Jeans slope of the SED is a strong function of the dust opacity and thus the grain
size distribution (Gaspdr et al., 2012). As the absorption efficiency Qs is gradually decreasing towards longer
wavelengths, increasing with the grain size of the dust grain, this model is expected to reproduce the SED with the
continuous far-IR/(sub-)mm decrease.

One finds that this simple model provides a good fit to the interferometric total flux densities in the sub-mm/mm
wavelength range, but fails to reproduce the local decrease observed with NIKA2. Moreover, it fails to produce the
far-IR fluxes (~ 60 wm) of the SED. To provide a better fit, either (a) closer and thus warmer dust is required or (b)
the relative amount of warm dust at a given radial location has to be increased (see Fig. 8.2 & 8.3). As the first

solution would be in contradiction to the spatially resolved images, the second one is considered in the following.

8.3.2 Model 2: SED with a broken power-law grain size distribution

Motivated by the finding that a single power-law grain size distribution consisting of compact spherical grain does
neither allow to reproduce far-IR fluxes (~ 60 pm) nor to create the local dip around the 1154 pm (NIKA2), now
the influence of further dust parameters on the resulting SED is investigated. One finds that neither the change of the
chemical composition (e.g., by substituting the composition into water ice/graphite) nor of the dust structure (e.g., by
introducing porosity) allows us to achieve a good fit of the observed spectral inversion of the SED. This is because

these models are still based on the assumption of a continuous distribution of the wavelength-dependent absorption
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Ficure 8.2: Different grain size distributions of the debris disk around HD 107146. As the geometrical cross-section of the
dust grain is a proxy for the emitted and scattered light, it is shown as a function of the grain size. The blue line and the green
line represent that the grain size distributions following the classical single power-law (Model 1, Sect. 8.3.1) and the broken
power-law (Model 2, Sect. 8.3.2), respectively. Figure credit: Lestrade et al. in preparation.

efficiencies Q,ps. Consequently, the remaining solution is a discontinuous grain size distribution. The existence
of such a more complex distribution has been investigated in previous studies by the perturbation of the bottom
of the collisional cascade due to stellar radiation pressure. For example, when smaller grains are removed, the
excess of slightly larger grains develops due to reduced collisional erosion. However this excess, in turn, produces
a deficit of yet larger bodies, which alters excesses and deficits, eventually washing out towards increasing grain
size (Thébault and Augereau, 2007; Lohne et al., 2017; Kim et al., 2018). This translates into a wavy pattern
in the wavelength-dependent dust opacity and thus the corresponding shape of the thermal re-emission SED at
far-IR/(sub- ) mm wavelengths. The goal is to mimic such a discontinuous grain size distribution (e.g., Fig. 1 in
Kim et al., 2018) to achieve following goals: (a) a higher abundance of the small (i.e., warmer) grains and (b) the
depletion of SED around 850 to 1154 um wavelength of JCMT and NIKA?2 observations. In this context, a broken
power-law grain size distribution n (a) o a” with three different exponents vy assigned to three distinct intervals
of grain sizes is considered (see Fig. 8.2 & Table 8.2). The model includes an over-density of smaller grains
(e.g., 2.5 - 100 um) and a strong depletion of the mid-sized grains (e.g., 100 - 600 wm), which is motivated by the
characteristic grain size a. (~ Aobs /2 7; Backman and Paresce, 1993) around a local decrease in the emission at
650 - 3000 pm of the SED. This wavy pattern of the grain size distribution is scaled by the total dust mass M 1 for
each of the three intervals of the grain size distribution separately (see Table 8.2).

One finds that the broken power-law grain size distribution allows us to explain the local minimum of 1154 pm
(see Fig. 8.4). Moreover, the far-IR flux density is also well-fit by the model with the broken power-law grain size
distribution. The observed signature in the SED can be expected to be a more common feature of collisional debris
disks (Thébault and Augereau, 2007). In turn, this type of observation allows constraining not only the modifying
grain size distribution but - based on this - the collisional activity in debris disks.

This model results in an inferred inner belt mass of ~ 1.19 x 1078 Mg, based on the mid-infrared photometry,
which shows a minor discrepancy with the result from the model with the single power-law grain size distribution
(factor of 0.7). One also finds that the inner belt does not affect the spectral inversion of the SED, which is in

agreement with the previous study (e.g., Marino et al., 2018; Ertel et al., 2011).
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FiGure 8.3: Model 1: Observed and modeled SED of HD 107146, its inner, and outer component with the single power-law
grain size distribution in the model. The black dot, thin grey, salmon, and light green line represent the observed data, the
stellar, inner component, and outer disks contribution to the total flux (thick grey line), respectively. See Sect. 8.3.1 for details.
Figure credit: Lestrade et al. in preparation.

8.4 Summary

To constrain the SED of the dust emission of the debris disk around HD 107146 in the mm wavelength domain,
the observation with a new NIKA2 camera at the IRAM 30m radiotelescope was conducted. Retaining the two
consistent JCMT flux densities at 850 pm and the NIKA2 and SMA observations at ~ 1200 um leads to the finding
of a change in the spectral index of SED between the (sub-)mm and radio wavelength ranges, i.e., from ~ 3 to ~ 2
(close to the Rayleigh-Jeans regime). The long-wavelength slope of the SED can be directly related to the grain
size distribution in the disk. Thus, a broken power-law grain size distribution model based on a planetesimal mass
distribution function that includes the perturbed pattern is proposed to explain the spectral index inversion. The
broken power-law grain size distribution model allows us to explain the local minimum of 1154 pm. Furthermore,
the far-IR flux density is also well-fit by this model. Additionally, retaining the ALMA/SMA at 860/880 um leads
to the finding of the SED having a standard grey body shape with a steep spectral index ~ 3. Thus, the more typical

SED obtained with a single power-law grain size distribution is also discussed.
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total flux (thick grey line), respectively. See Sect. 8.3.2 for details.

TaBLE 8.2: Model parameters for the simulation of the debris disk model

Parameter

Value

Stellar type

Radius of the star R,
Effective temperature T o
Distance d

Disk inclination i

Radial density distribution n (r)

G2 V (Williams et al., 2004)

0.993 R (Watson et al., 2011)

5820 K (Watson et al., 2011)

28.5 pc (Ardila et al., 2004)

25° (Ardila et al., 2004)

n(r) o« r~13 (Krivov, Lohne, and Srem&evié, 2006)

Rin 42 au with a width of 20 au
Tnnerbelt  q;,¢ range modeling n (a) with My ® 7 (a) o< a=33 for [2.5 pm, 10 cm] with 1.69 x 1078 M
Size range modeling 7 (@) with Mo ® 72 (a) oc =33 for [2.5 pum, 10 em] with 1.19 x 1078 Mg,
Rout 120 au with a width of 20 au
Size range modeling 7 (a) with Mo @ 7 (@) oc @~ for [2.5 um, 10 cm] with 4.48 x 1076 M,
Outer belt

Size range modeling 7 (@) with M o °

n(a) o« a=33 for [2.5, 100 um] with 1.63 x 1077 My,
n (a) o« a=20 for [100, 600 um] with 0.3 x 10710 M,
n (a) o« a=33 for [600 pum, 10 cm] with 4.6 x 1076 Mg

Dust composition & bulk density

Astrosilicate (Draine, 2003) & 3.5 g m™3

4 with the single power-law
b with the broken power-law






99

Chapter 9

Conclusive Remarks

9.1 Summary & Outlook

In the present work, the observational appearance of debris disks has been studied through detailed modeling
with multi-wavelength/spatially resolved observations. In this context, specialized simulation tools with analyt-
ical/collisional modeling of debris disks have been developed and used to constrain the appearance of the disk
system with physical properties and phenomena. These allow the verification of predictions made concerning the
spatial structure, underlying dynamical processes, and optical dust properties in the debris disk system. In detail, the

results and outlooks of the present dissertation are as follows:

e The basic introduction of stellar/planetary and dust evolutions were discussed in Chapter 1. The comprehensive
physics of dust in debris disks and the general context of debris disks observations were discussed in Chapter

2 and Chapter 3. The simulation tools used in this work were discussed in Chapter 4.

e In Chapter 5, impacts of collisional parameters, for instance, belt eccentricity e, dynamical excitation Aey,
and the material strength Qs, on the observational appearance of eccentric debris disks, were investigated.
Surface brightness asymmetries caused by the combined effects of collisions and radiation pressure were
found. For example, the wavelength-dependent apocenter-to-pericenter flux ratio at short wavelengths was
increased in the case of higher efficiency of destructive collisions, caused by increasing dynamical excitation
of the belt or decreasing material strengths. For very low material strengths, the pericenter glow phenomenon
was reduced and eventually even replaced by the opposite effect, the apocenter glow, at shorter wavelength
regimes, e.g., in the near to mid-IR wavelength range. This effect was less pronounced at sub-mm wavelengths.
Within the considered parameter space, the impact of the material strength Oy on the appearance of the disk
was stronger than that of dynamical excitation of the belt. The SED alone does not provide unique constraints

on the collisional parameters considered.

This study motivates the need to have a closer look at the specific impacts/roles of specific types of dust, e.g.,
crystalline ice, amorphous ice, astrosilicates, PAH, and graphite, with various internal structure type (e.g.,
compact/porous and single component/multi-layer), on the observational appearance. Furthermore, future
observations with a high spatial resolution for collision-dominated debris disks at short wavelength regime
(e.g., optical to mid-infrared wavelengths) are necessary to confirm the apocenter glow phenomenon, and thus

the verify predictions made concerning underlying collisional processes in the debris disk system.

e In Chapter 6, the feasibility of detecting water ice in typical debris disk systems, assuming ice destruction
mechanisms, e.g., sublimation of ice, dust production through planetesimal collisions, and photosputtering
by UV bright central stars, and dust mixtures with various shapes consisting of amorphous ice, crystalline

ice, astrosilicate, and vacuum inclusions, was investigated. The scattered radiation at near-IR to mid-IR
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wavelengths and the thermal radiation at far-IR wavelengths were significantly decreased by the destruction
of ice grains by UV photosputtering or collisions even far beyond the ice survival line, while the effect of
UV photosputtering or collision was weaker at sub-mm wavelengths. Furthermore, UV photosputtering and
collisions determine the strength of the ice features. The optical properties of dust grains depend on size,
shape, and physical states (amorphous vs. crystalline) of the dust grains, which were hardly noticeable in
the surface brightness scale of spatially resolved observations at near-IR observation. However, the abrupt
transition of surface brightness as a consequence of ice sublimation, which depends on the fractional ratio
of ice Fice, was found at 10 pm. Furthermore, the location of the ice survival line as a strong function of
these parameters was estimated and analyzed. Finally, the feasibility of detecting ice in debris disks in
future observations, e.g., approaches to detect water ice/ice-dust aggregates with future observations with

instruments operating in the near- to mid-IR and far-IR, was discussed.

For further study, the effect of water ice on the analysis of debris disk observations and parameters needs
to be investigated (T. Stuber et al. in preparation) to verify the sensitivity of parameter estimations to the
presence of water ice/ice aggregate, as Brunngriber et al. (2017) showed that neglecting porosity leads to a
deviate determination of blow-out size by a factor of ~ 2. Furthermore, future observations (e.g., JWST, ELT,
and SPICA) are necessary to verify the models considered to simulate various ice destruction mechanisms in

debris disks and quantitative estimates from this study.

In Chapter 7, the combined multi-wavelength modeling of debris disks in 7 Chameleontis cluster was
investigated. A continuum sub-millimeter survey of the 7 Chameleontis cluster member had been carried
out with APEX/LABOCA. This had been combined with the photometric data available from the archive to
compile a complete SED. The modeling of debris disks was assumed to be distributed as a ring to constrain
the range of possible radial locations and total dust mass based on multi-wavelength observation. Debris disks
in the 7 Chameleontis cluster were found to be massive (1.0 x 1077-1.5 x 107> M) and at a distance from
the central star between tens of au and a few hundreds of au. However, no relation between spectral types and

the total dust mass was found.

For further study, derived and constrained possible radial locations of the ring and total dust mass should be
verified via spatially resolved observations. Furthermore, these will further constrain extreme cases of debris
disks for SED modeling, e.g., RECX-6 and RECX-8 (RS Cha). Additionally, distinguishing groups of stars
according to their formation and/or disk survival might be helpful to connect the observations and the cluster
structure. This may explain potential differences in star formation and disk evolution between sparse and

dense clusters (e.g., Fang et al., 2013). These all motivate the need for further follow-up observations.

In Chapter 8, the observation with a new NIKA2 camera at the IRAM 30m radiotelescope was conducted to
constrain the SED of the dust emission of the debris disk around HD 107146 in the mm wavelength domain.
The flattening of the SED of HD107146 that becomes close to the Rayleigh-Jeans regime at millimeter
wavelength domain was discussed. In particular, a model based on a grain size distribution model that
includes the perturbed pattern (e.g., a broken power-law grain size distribution model), found theoretically
by Thébault and Augereau (2007) and by simulations with full treatment of planetesimal collisions (Kim
et al., 2018), was proposed. This model explains well the local minimum of 1154 um. Additionally, the
more typical SED by retaining the ALMA/SMA at 860/880 um obtained with a single power-law grain size
distribution was discussed. This model explains the finding of the SED having a standard grey body shape

with a steep spectral index ~ 3.

A more sophisticated collisional modeling of debris disks (e.g., material strength should be an important

parameter) with a more detailed spatial structure will be helpful to verify the proposed model in this chapter,
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and thus understand more natural outcomes of the collisional activity in debris disks. Furthermore, the
discrepancies between the interferometric total flux density (e.g., ALMA or SMA) and single-dish flux
density (e.g., JCMT) found in the debris disk around HD107146, though not the aim of this project, should be
understood with further follow-up observations. Future observations are expected to reveal the complexity of
these systems hidden from previous observations. This will help to confirm the spectral inversion with a local

dip around the ~ mm wavelength NIKA?2 observation as well.
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Appendix A

Current/future observations of debris
disks

Here, the general description of the current and (near) future observations of debris disks, depending on the

wavelength, i.e., from visual to mm, will be briefly summarized.

A.1 Visual and near-IR observation

The dust in a debris disk scatters stellar radiation at visible to near-IR wavelengths, which highlights regions of disks
where small grains dominate. Thus, this is a very useful method for identifying disk structures. Longer exposures
for coronagraphic high-contrast imaging are used to suppress much of the starlight, which overwhelms the light
scattered by the dust in debris disks at these wavelengths (see Sect. 3.1.2), with a possible small inner working angle,
e.g., Hubble Space Telescope/Near-Infrared Camera and Multiobject Spectrometer (Kalas, Graham, and Clampin,
2005); Gemini Planet Imager/Exoplanet Survey (Esposito et al., 2018); Keck/NIRC2 (Esposito et al., 2011); Subaru
Coronagraphic Extreme Adaptive Opticsto (Currie et al., 2017); James Webb Space Telescope/Near-Infrared Camera
(Perrin et al., 2018).

The polarimetric observation at visible to near-IR wavelengths can be used as well to study and constrain the
size distribution and chemical composition of dust (Krivova, Krivov, and Mann, 2000; see Sect. 3.2.2). Although
these were done successfully only for a few of the brightest debris disks, such as 8 Pictoris and AU Mic (e.g.,
Hubble Space Telescope/Advanced Camera for Surveys coronagraph; Graham, Kalas, and Matthews, 2007).

To spatially resolve the hot exozodi from the central star, one promising method is near-IR interferometry at K
band, measuring the visibility with a suitable set of baseline configurations (see also Sect. 3.3.2; Kral et al., 2017;
Ertel et al., 2020), e.g., IOTA/IONIC (Defrere et al., 2011); VLTI/PIONIER (Ertel et al., 2014; Marion et al., 2014);
PTI (Ciardi et al., 2001) at H band and VLTI/VINCI (Absil et al., 2009); CHARA/FLUOR (Absil et al., 2013;
Nuiiez et al., 2017); VLTI/GRAVITY (Defrere et al., 2018); PFN (Mennesson et al., 2011).

A.2 Mid-IR observation

Since various lines are located in the mid-IR regime (e.g., aromatic + aliphatic hydrocarbons at ~ 8-9 um, broad 10-
15 wm astrosilicate features due to the Si-O bond stretch/bend mode, and atomic H and molecular Hp at ~ 10 wm), the
presence and shape of spectral features help to constrain the dust composition and size, e.g., Spitzer/Infrared Array
Camera and Multiband Imaging Photometer and Infrared Spectrograph (Chen, 2006; Beichman et al., 2005; Chen,
Fitzgerald, and Smith, 2008; Morales et al., 2009); Subaru/COoled Mid-Infrared Camera and Spectrometer (Sako
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et al., 2003); AKARI (ASTRO-F1 )/IRC Mid-Infrared All-Sky Survey data (Fujiwara et al., 2012); VLT/SPHERE
(Sissa et al., 2018); JWST/MIRI (Brande et al., 2020).

An alternative way to get meaningful information in the mid-IR regime is to use the (coronagraphic) scattered
light/thermal emission images, e.g., Keck II imaging Mid-Infrared Large-well Imager (Ressler et al., 1994);
Gemini/T-ReCS (Telesco et al., 1998); SPICA/SMI (Kaneda et al., 2016). The mid-IR high-resolution images
extrasolar Kuiper belts and mid-planetary system belts, which reveal features that signal the presence of gravitational
interactions between unseen planetesimals (and/or planets), i.e., dust grains are indicative of the physical processes
occurring by collisions or orbital resonances. Also, these show the dynamical importance of various disk features
with non-axisymmetric, azimuthal asymmetries, and inclination offsets (see also Sect. 3.3.1).

Furthermore, the detection of warm exozodi in the habitable zones (HZ) of Sun-like stars is also of particular
interest at these wavelengths because this can be a potential indicator of (ongoing) terrestrial planet formation. The
temperature ~ 300 K blackbody peaks near 10-15 pum, and thus mid-IR observation is also another proper source for
understanding exozodi around the star (see 3.2). To detect warm dust with mid-IR interferometry at N band, several
observational data, e.g., VLTI/MIDI (Smith, Wyatt, and Haniff, 2012); MMT/BLINC (Liu et al., 2005; Stock et al.,
2010); KIN (Mennesson et al., 2014); LBTI/NOMIC (Defrere et al., 2015), were obtained.

A.3 Far-IR observation

Dust is cold, typically ranging from 50-120K, meaning it peaks at a few tens to a hundred pum of their thermal
re-emission of absorbed stellar radiation, which is much brighter than their host stars at this region. This is the main
reason that most debris disks are easily detected in far-IR observations, e.g., The Infrared Astronomical Satellite
(IRAS; Aumann, 1984); The Infrared Space Observatory (ISO; de Muizon, 2005); Wide-field Infrared Survey
Explorer (WISE; Maldonado et al., 2017); Herschel Space Observatory/PACS and SPIRE (HSO; Morales et al.,
2016); Spitzer/Infrared Spectrograph (Houck et al., 2004); SPICA/SAFARI (Jellema et al., 2017).

In particular, the higher sensitivity and angular resolution of HSO, superior to previous far-infrared telescopes,
can help us measure the actual location of the dust, and thus provide many resolved debris disks. HSO has
two key programs dedicated to searching for debris disks: Disc Emission via a Bias-free Reconnaissance in the
Infrared/Submillimetre (DEBRIS; Matthews et al., 2010; Booth et al., 2013) and DUst around NEarby Stars
(DUNES; Eiroa et al., 2010).

A.4 Sub-mm/mm observation

Observations at longer wavelengths are the proper method for observing the emitting grains large enough to trace
the larger solids. Thus, these observations have revealed a diversity of debris disks, e.g., debris disks with a
narrow/broad ring with/without halos and evidence for interactions with the interstellar medium/planet(s). The
advent of interferometers in the sub-mm/mm (e.g. ALMA Partnership et al., 2015; MacGregor et al., 2017;
Hughes et al., 2017) with the very long baseline, which provide sufficient angular resolution (i.e., 0.03-3.4" ALMA
Partnership et al., 2015), revealed the spatial distribution of large dust grains that are not significantly affected by
radiation pressure. Also, sub-mm/mm wavelength observations with sufficient angular resolution are complementary
to observations at shorter wavelengths that probe the spatial distribution of smaller dust grains. More than a few
dozen debris disks have been spatially resolved using (sub)millimeter interferometry already, and this will be
increasing rapidly, e.g., Submillimeter Array (SMA; Hughes et al., 2011; MacGregor et al., 2015); Atacama Large
Millimeter/sub-millimeter Array (ALMA; Kdspdl et al., 2013; Modr et al., 2013; MacGregor, 2014; Ricci et al.,

I ASTRO-F was launched on 21 February 2006. After its launch, it was named AKARI
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2015a; Modr et al., 2019); Combined Array for Millimeter-wave Astronomy (CARMA; Corder et al., 2009); James
Clerk Maxwell Telescope/SCUBA and SCUBA2 (JCMT; Holland et al., 2017); Caltech Submillimeter Observatory
(CSO; Backman et al., 2009).

In particular, JCMT has a key program dedicated to searching for debris disks: SCUBA-2 Observations of
Nearby Stars (SONS; Holland et al., 2017).
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Appendix B

Spatially resolved disks considering

different collisional parameters

In this section, simulated observations of spatially resolved disks considering different collisional parameters,
e.g., belt eccentricities ey, and the material strength Qg are present. The panels in Fig. B.1 (see Fig. 5.8 for the
radial profile) show simulated observations of spatially resolved disks at different belt eccentricities (e, = 0.2 and
0.4), different levels of dynamical excitation (Aep, = 0.05, 0.1, and 0.2) for the reference material strength Qg at
wavelengths Agps = 2.2 pm, 21 pm, 160 pm, 850 pm, and 3000 pm.
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Ficure B.1: The simulated surface brightness from near-IR to sub-mm wavelengths (Aops = 2.2 pm, 21 pm, 160 um, 850 um,
and 3000 um), for different belt eccentricities (e, = 0.2 and 0.4) and dynamical excitations (Aep, = 0.05, 0.1, and 0.2) for the
reference material strength. Both scattered and thermal re-emission are considered.
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The panels in Fig. B.2 (see Fig. 5.9 for the radial profile) show simulated observations of spatially resolved
disks as a function of the material strength Qg at wavelengths Agps = 2.2 um, 21 wm, 160 pm, 850 pm, and 3000 um
(eb == 0.4).
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Figure B.2: The simulated surface brightness from near-IR to sub-mm wavelengths at Agps = 2.2 pm, 21 pm, 160 pm, 850 pm,
and 3000 um (different material strengths Qs, fixed belt eccentricities ey, = 0.4). Both scattered and thermal re-emission are
considered.
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Appendix C

Spatially resolved disks considering

different ice dust parameters

In this section, simulated observations of spatially resolved disks considering different ice dust parameters are
present. The panels in Fig. C.1 show simulated observations of spatially resolved disks considering different
destructive mechanisms of crystalline and amorphous ice, that is, sublimation, collisions, and UV photosputtering
(see Fig. 6.11 for the radial profile). The panels in Fig. C.2 show simulated observations of spatially resolved disks
considering different fractional ratios of crystalline and amorphous ice Fic. in the icy-astrosilicate dust aggregates
(see Fig. 6.12 for the radial profile). The panels in Fig. C.3 show radial profiles of simulated observations of spatially
resolved disks considering different shapes of dust aggregates, that is, inclusion-matrix particles and core-mantle
particles with spherical shapes, and inclusion-matrix particles with platelet shapes with the same fractional ratio as
ice, that is, Fic. = 0.5 (see Fig. 6.13 for the radial profile).
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Ficure C.1: Simulated surface brightness with debris disks composed of pure ice from near-IR to submm wavelengths at
Aobs = 2.2 um, 3.5 um, 10 um, 44 um, and 1000 um. Different mechanisms of ice destruction are considered (indicated in
each row). Ice (a) and ice (c) indicate amorphous and crystalline ice, respectively.
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Ficure C.2: Simulated surface brightness with debris disks composed of the icy dust mixture from near-IR to submm
wavelengths at Agps = 2.2 pm, 3.5 pm, 10 pm, 44 um, and 1000 pum. Different fractional ratios of ice Fic are considered
(indicated in each row). Ice (a), ice (c), and astrosil indicate amorphous ice, crystalline ice, and astrosilicate, respectively.
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Ficure C.3: Simulated surface brightness with debris disks composed of the icy dust mixture from near-IR to submm
wavelengths at Agps = 2.2 pm, 3.5 pm, 10 pm, 44 um, and 1000 pm. Different shapes of icy dust aggregates with the same
Fice = 0.5 are considered (indicated in each row). Ice (a), ice (c), and astrosil indicate amorphous ice, crystalline ice, and

astrosilicate, respectively.
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