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Kurzfassung

Trümmerscheiben sind optisch dünne, zirkumstellare Scheiben, bestehend aus Körpern
verschiedenster Gröÿen, angefangen von winzigen, (Sub-)Mikrometer groÿen Staubteil-
chen bis hin zu Objekten mit hunderten von Kilometern im Durchmesser. Letztere
werden als Planetesimale bezeichnet. Abrieb und Zerstörung miteinander kollidieren-
der Planetesimale führen zu einer ständigen Nachproduktion des kurzlebigen Trüm-
merscheibenstaubes. Die planetesimalen Reservoirs ähneln dem Asteroiden- und dem
Kuipergürtel in unserem Sonnensystem. Trümmerscheiben können durch die Messung
von Streulicht und thermischer Emission der sich in ihnen be�ndenden Staubteilchen
detektiert werden. Sie werden mit signi�kanter Häu�gkeit um Hauptreihen- und Nach-
hauptreihensterne gefunden und gelten zusammen mit Planeten als Endprodukte der
Stern- und Planetenentstehungsprozesse. Untersuchungen von Trümmerscheiben lie-
fern somit wichtige Informationen über Planetensysteme und über Vorgänge, die sich
in solchen Systemen in der Vergangenheit abgespielt haben.

In dieser Dissertation werden Trümmerscheiben mithilfe der Kollisionsmodellierung un-
tersucht, bei welcher die langzeitige Kollisionsentwicklung von Planetesimalen zu Staub
simuliert wird. Die hiernach berechneten Staubverteilungen werden für den Vergleich
mit Beobachtungsdaten verwendet. Das Verfahren erlaubt Rückschlüsse auf Eigenschaf-
ten der staubproduzierenden Planetesimalgürtel, die nicht direkt durch Beobachtungen
zugänglich sind. Dies steht im Gegensatz zur klassischen Modellierung, welche sich al-
lein auf Untersuchungen des sichtbaren Staubes beschränkt.

Zur Modellierung wird das Programm ACE der Jenaer AIU-Gruppe verwendet. Es si-
muliert die Entwicklung rotationssymmetrischer Trümmerscheiben, basierend auf einer
statistischen Methode zur Berechnung von Kollisionen zwischen Ensembles zirkumstel-
larer Körper. Neben Kollisionen betrachtet ACE auch die Ein�üsse der stellaren Gravi-
tation sowie E�ekte durch radiative und korpuskulare Kräfte, die der Zentralstern auf
die Trümmerscheibenmaterie ausübt. Es werden drei ausgewählte Trümmerscheiben-
systeme betrachtet, HIP 17439, AU Microscopii und q1 Eridani, bei denen jeweils der
äuÿere Teil der Scheibe in mehreren Wellenlängenbereichen räumlich aufgelöst worden
ist.

Alle drei Systeme besitzen Anzeichen für eine Zweikomponentenstruktur aus einer war-
men und einer kalten Staubpopulation. Die in dieser Dissertation präsentierten Model-
lierungen verfolgen die Frage nach dem Ursprung dieser beiden Populationen. Hierzu
werden zwei Szenarien betrachtet. Dies ist zum einen eine sonnensystemähnliche Ar-
chitektur mit einem inneren und einem äuÿeren Planetesimalgürtel als In-situ-Quellen
des Staubes (Szenario I) und zum anderen ein äuÿerer Planetesimalgürtel, von welchem
Staub durch den Poynting-Robertson-E�ekt und durch Sternwinde nach innen, d. h.
Richtung Stern, transportiert wird (Szenario II). Während Szenario I für q1 Eridani am
plausibelsten erscheint, wird Szenario II bei AU Microscopii bevorzugt. Für HIP 17439
kann jedoch keine klare Aussage getro�en werden, da beide Szenarien als Möglich-
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keiten in Betracht kommen. Ferner können hier mehr als zwei Planetesimalgürtel oder
sogar ein radial ausgedehnter bzw. sehr breiter Planetesimalgürtel nicht ausgeschlossen
werden.

Die Beobachtbarkeit der ermittelten Scheibenarchitekturen wird diskutiert und z. T.
modelliert. Kontraststarke Aufnahmen zukünftiger Beobachtungskampagnen bieten ei-
ne potentielle Möglichkeit die inneren Scheibenkomponenten aufzulösen, obwohl dies
durch ihre erwartete geringe Ober�ächenhelligkeit erschwert wird. Prognosen für das
Vorhandensein von bisher unentdeckten Planeten werden anhand der abgeleiteten Ver-
teilungen der Planetesimale und deren dynamischer Anregung getro�en.
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Abstract

Debris discs are optically thin circumstellar discs that comprise solids in a broad range
of sizes, beginning from tiny (sub)micron-sized dust grains up to objects with hundreds
of kilometres in diameter, referred to as planetesimals. The dust component of debris
discs is short-lived and continuously replenished through collisional attrition between
planetesimals in reservoirs analogous to the Solar system's asteroid and Kuiper belts.
Debris discs are detected by observing the scattered light and the thermal emission of
their dust. They have been found around a signi�cant fraction of main- and post-main-
sequence stars, and are believed to be the end product of the star and planet formation
process, together with planets. Thus, analysing debris discs provides important inform-
ation on planetary systems and can shed light on the processes that were operating in
the past.

In this thesis, collisional modelling is employed, which simulates the long-term colli-
sional evolution from planetesimals to dust. The calculated dust distributions are used
for the comparison with observational data. This powerful technique allows one to infer
properties of the underlying dust-producing planetesimal belts which are not directly
discernible by observations. This is opposed to classic modelling approaches that only
focus on investigations of the visible dust portion of debris discs.

The ACE code of the Jena AIU research group is used which predicts the evolution of
rotationally-symmetric debris discs. It is based on a statistical approach to calculate col-
lisions between ensembles of circumstellar objects. Beside collisions, ACE considers the
in�uence of stellar gravity as well as stellar radiative and corpuscular forces working on
the circumstellar material. The code is applied to three selected systems � HIP 17439,
AU Microscopii, and q1 Eridani. In each system, the outer part of a debris disc is
spatially resolved at multiple wavelengths.

All three systems show hints for a two-component structure of warm and cold dust pop-
ulations. The modelling presented in this thesis addresses the question of what might
be the origin of these dust populations. Two scenarios are considered: a Solar system-
like architecture with an inner and an outer planetesimal belt as in-situ sources of dust
(Scenario I), and an outer planetesimal belt from which dust is transported inwards by
Poynting-Robertson and stellar wind drag (Scenario II). While Scenario I seems to be
the most plausible for q1 Eridani, Scenario II is preferred for AU Microscopii. However,
no strict conclusion can be drawn for HIP 17439, where both scenarios are possible.
More than two planetesimal belts or even a radially extended planetesimal belt cannot
be excluded either.

The observability of the proposed disc architectures is discussed and modelled. Future
high-contrast imaging o�ers a potential avenue to resolve the inner disc component
directly, although this is complicated by the relatively low expected surface brightness.
Possibilities for the presence of yet undetected planets in the systems are discussed
from the derived underlying planetesimal distributions and their dynamical excitation.
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1 Introduction

1.1 Debris discs

Since the discovery of the �rst extrasolar planet around a Sun-like star (Mayor &

Queloz, 1995), thousands of such objects have been found with a large diversity of

properties.1) Thus, astronomy has been enriched with an exciting new �eld of research

which is planetary science. However, planets are only one of the two material classes

detectable around mature stars. The other class consists of debris discs that are optic-

ally thin belts of solids, including comets, asteroids, and dust particles, which revolve

around their host stars (Backman & Paresce, 1993; Wyatt, 2008; Krivov, 2010; Mat-

thews et al., 2014). Like planets, debris discs are believed to be generic outcomes of

the planet formation process (Wetherill, 1980; Lissauer, 1987).

The origin of debris discs goes back to the early stages of star formation. A star is

formed at the centre of a collapsing interstellar cloud (Shu et al., 1993) where it is

surrounded by an envelope of primordial material. Owing to rotation, the envelope is

�attened to a gas- and dust-rich protoplanetary disc (Adams & Lin, 1993), in which

planets can form (see, Beckwith et al., 2000; Montmerle et al., 2006; Youdin & Kenyon,

2013, for reviews).

This requires di�erent growth mechanisms. First, sticking collisions between micron-

sized grains at low relative velocities cause an agglomeration to decimetre-sized ag-

gregates (Blum & Wurm, 2008; Güttler et al., 2010). However, the sticking e�ciency

drops with increasing aggregate size because of their larger relative velocities. This

leads to the so-called barriers for bouncing (Blum & Wurm, 2008) and fragmentation

(Zsom et al., 2010), beyond which dust aggregates bounce o� one another or disperse

to fragments rather than accrete. Di�erent models seem to be physically feasible to

overcome or avoid these barriers. Some models suggest that particles grow further in

transient high pressure zones and streaming instabilities (Johansen et al., 2006, 2007).

Other models propose the possibility of growth by mass transfer in high-velocity colli-

sions between large targets and small projectiles (e.g., Wurm et al., 2005; Windmark

et al., 2012; Garaud et al., 2013), or the formation of icy pebbles through direct sticking

(e.g., Kataoka et al., 2013) of water-ice grains with high stickiness (Gundlach & Blum,

1)See exoplanet.eu and exoplanets.org.
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1 Introduction

2015). Outcomes of all these processes are asteroidal or cometary bodies, called plan-

etesimals, ranging in size from of a few kilometres to hundreds of kilometres (Johansen

et al., 2014). After the phases of runaway growth (Greenberg et al., 1978; Wetherill &

Stewart, 1989), where the largest bodies grow the fastest, and the subsequent oligarchic

growth (Ida & Makino, 1993), where the growth rate slows down to a similar rate for

all bodies, the protoplanetary disc is populated with planetary embryos. Interior to the

ice line, i.e. a region of the disc that is too hot for gaseous hydrogen-rich compounds

to condense, further collisional agglomeration of planetary embryos leads to terrestrial

planets (see, Raymond et al., 2014, for review). Outside the ice line the protoplanets

can reach a critical core mass of 10M⊕ where rapid gas accretion onto the planetary

core is triggered, resulting in the formation of gas giants (see, Chabrier et al., 2014, for

review).

The protoplanetary disc phase lasts until the gas is dispersed, possibly through viscous

accretion and photoevaporation although these mechanisms are still debated. The gas

dispersal is generally believed to occur a few Myr after the birth of the protostar (Haisch

et al., 2001; Hillenbrand et al., 2008). This probably happens earlier for protoplanetary

discs around high-mass stars (Ribas et al., 2015, and references therein). However, it

is also possible that the gas remains in many discs signi�cantly longer than a few Myr

(Pfalzner et al., 2014).

After the gas dispersal, the relative velocities are no longer damped but increase by

gravitational perturbations. Therefore, mutual collisions do not lead to growth but to

erosion and fragmentation. Collisions between planetesimals produce smaller fragments,

which in turn collide to produce even smaller fragments. This sets up a collisional

cascade where planetesimals are ground down into smaller bodies, and the disc is

now called a debris disc. The grinding ends with tiny, (sub)micron-sized dust grains.

The size of the smallest grains can be determined by di�erent processes related to

the repelling action of stellar radiation pressure (Burns et al., 1979), the dynamical

properties of planetesimals (Thébault & Wu, 2008), or the microphysics of collisional

dust production (Krijt & Kama, 2014; Pawellek & Krivov, 2015; Thébault, 2016). The

collisional cascade continuously replenishes the dust, which is removed from a debris

disc by radiation pressure on timescales much shorter than the system's age (Backman

& Paresce, 1993). Thus, debris discs are also referred to as second-generation discs.

Debris discs are ubiquitous around main-sequence stars with an incidence rate of about

20 . . . 26% for FGK stars (Eiroa et al., 2013; Montesinos et al., 2016) and 24 . . . 30%

for A stars (Su et al., 2006; Thureau et al., 2014), albeit these numbers are limited by
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1.2 Insights from observations and modelling

the instrument sensitivity and depend on survey strategy. Di�erences in the occurrence

rate between FGK- and A-star samples appear to be largely due to the observed age

ranges (Siegler et al., 2007; Trilling et al., 2008; Hillenbrand et al., 2008) and the

typical disc decay timescales for di�erent spectral types (e.g., Decin et al., 2003; Wyatt

et al., 2007b; Kains et al., 2011). The frequency of debris discs around M stars remains

controversial (Lestrade et al., 2006; Gautier et al., 2007; Forbrich et al., 2008; Plavchan

et al., 2009; Lestrade et al., 2009; Greaves, 2010; Lestrade et al., 2012; Heng & Malik,

2013). Despite the high abundance of M dwarfs in the Galaxy (∼ 80%, Lada, 2006),

only a few discs around them have been detected so far.

Debris discs are known to have long lifetimes that can exceed the duration of the

main-sequence phase. They have been found in very evolved systems, namely around

subgiants (Bonsor et al., 2013, 2014) and white dwarfs (Wyatt et al., 2014). For the

latter, the incidence rate is estimated to be at least 14% (Kilic & Red�eld, 2007), and

might be twice as high, as indicated by the observed fraction of metal-enriched white

dwarf atmospheres (Rocchetto et al., 2015).

Although debris discs are remnants of the planet formation process, there is as yet

no compelling evidence for the co-existence of planets and debris discs (Moro-Martín

et al., 2007, 2015; Kóspál et al., 2009; Bryden et al., 2009; Maldonado et al., 2012;

Wyatt et al., 2012; Matthews et al., 2014; Marshall et al., 2014). However, progress is

made in explaining why correlations between planets, debris, and host star metallicity

possibly do not exist (Fletcher & Nayakshin, 2016).

1.2 Insights from observations and modelling

A debris disc is detected through observations of the light emitted by circumstellar dust

particles with characteristic sizes up to about 1mm. In general, there are two types

of radiation that can be detected by telescopes: scattered light and thermal emission.

While the former refers to the de�ection of stellar light due to the interaction with

dust grains at a given wavelength, the latter is the process where dust particles absorb

stellar light and re-emit it at longer wavelengths. Observations are only sensitive to the

dust portion of a debris disc which forms the biggest radiating surface. Furthermore,

observations are limited to a spectral range where the dust disc appears bright relat-

ive to the host star, which is typically true for the mid-infrared (mid-IR) and longer

wavelengths. At these wavelengths, the dust is most e�ectively traced by its thermal

emission seen on top of the stellar photosphere, which is referred to as IR excess. If

the disc is close enough to be spatially resolved, it can be detected by imaging. This
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1 Introduction

is not only possible at long wavelengths but also in the visible and near-IR, provided

that one uses a coronagraph to block the stellar light, and therefore, to prevent the star

from outshining the disc. In contrast to long-wavelength observations, visible/near-IR

imaging reveals the scattered light emitted by the dust and comes with the advantage

of a better angular resolution.

Over the last more than 30 years, hundreds of debris discs have been discovered by

IR space missions, which are IRAS (Neugebauer et al., 1984), ISO (Kessler et al.,

1996), Spitzer (Werner et al., 2004), AKARI (Murakami et al., 2007), WISE (Wright

et al., 2010), and Herschel (Pilbratt et al., 2010). In addition, data are complemented

by various ground-based submillimetre/millimetre facilities, e.g., IRAM (Guilloteau

et al., 1992), JCMT/SCUBA (Holland et al., 1999, 2006), SEST/SIMBA (Nyman et al.,

2001), CSO/SHARC (Dowell et al., 2003), SMA (Ho et al., 2004), APEX/LABOCA

(Siringo et al., 2009), and ATCA (Wilson et al., 2011). Most recently, the Atacama

Large Millimetre/submillimetre Array (ALMA) started working. It enables debris disc

observations with unprecedented sensitivity and spatial resolution. As for scattered

light, debris discs have been detected by powerful instruments belonging to various

facilities, such as the W. M. Keck Observatory, the Centre for High Angular Resolution

Astronomy (CHARA), the Very Large Telescope (VLT), or the Hubble Space Telescope

(HST ).

Most of the known debris discs are spatially unresolved and have been characterised

by photometric and spectral data, which are measurements of the total �ux density

at a single wavelength or at various wavelengths in a narrow range. Given such a

sparse data set, modelling of the spectral energy distribution (SED) of an unresolved

debris disc does not result in a unique solution owing to the degeneracies between the

optical properties of dust particles and the disc geometry. For example, the observed

temperature, derived from an SED, can in principle be reproduced by large grains close

to the star or small ones located far away (e.g., Pawellek et al., 2014). Thus, a broad

SED could be the result of a broad size distribution or a broad radial distribution of

the dust population. Spatially resolved discs, where the location of the dust is directly

measurable, o�er the best opportunities to break those degeneracies (e.g., Matthews

et al., 2010; Ertel et al., 2011; Eiroa et al., 2011; Lestrade et al., 2012; Booth et al.,

2013).

To date, there are more than 100 resolved debris discs from which about a few dozen

are well resolved at multiple wavelengths (Pawellek, 2016). It is matter of fact that

images at di�erent wavelengths of the same disc are quite di�erent (e.g., images of the
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1.2 Insights from observations and modelling

Fomalhaut system, Kalas et al., 2005; Acke et al., 2012). This is caused by two reas-

ons. First, observations are mostly sensitive to the emission from grains with sizes of

the same order of magnitude as the wavelength. Accordingly, optical and IR observa-

tions trace micron-sized grains, whereas observations in the (sub)millimetre probe the

emission of millimetre-sized dust. Second, there is a segregation of grains according to

their size due to physical mechanisms in�uencing the particle dynamics, such as stel-

lar radiation pressure and Poynting-Robertson drag, which become more e�cient with

decreasing grain size. The disc morphology therefore changes with wavelength (Wyatt,

2006). As a consequence, a set of multi-wavelength images of the same disc provides

vast information about the spatial distribution of dust particles over a wide size range.

While far-IR observations of the past decades typically revealed cold, distant dust

(temperature T ∼ 50 . . . 70K, distance to star r ∼ 50 . . . 100 au) stemming from Kuiper

belt analogues, recent observations and analyses demonstrate that many discs possess a

rich radial structure. Amongst the archetypes, there are the systems of Fomalhaut and

Vega where dust appears to be present all the way through from more than a hundred

au to the sublimation zone at a few stellar radii (e.g., Su et al., 2013; Lebreton et al.,

2013). The presence of material in the cavities of the main, cold discs seems to be a

rule rather than an exception. Indeed, studies of large samples of debris disc systems

conclude that up to two-thirds of them show evidence for an additional warm, inner

component (T ∼ 150 . . . 200K, r ∼ 1 . . . 10 au, e.g., Hillenbrand et al., 2008; Morales

et al., 2009, 2011; Ballering et al., 2013; Booth et al., 2013; Chen et al., 2014; Pawellek

et al., 2014; Thureau et al., 2014; Kennedy & Wyatt, 2014; Jang-Condell et al., 2015).

However, inner and outer components are not necessarily spatially separated in all sys-

tems. If a disc is unresolved, the degeneracy in SED modelling can mimic an additional

dust component (Kennedy & Wyatt, 2014). Most of the reported two-component discs

seem to be real and reminiscent of the Solar system with asteroid- and Kuiper-belt

analogues. However, it is still uncertain whether a Solar system-like architecture is a

common feature of two-component debris discs since the origin of warm dust can dif-

fer from one system to another. Currently, several scenarios providing an explanation

for two-component discs are proposed in the literature and are intensively debated

(Figure 1.1):

Scenario I: an asteroid and a Kuiper belt analogue

This is similar to the Solar system. The warm dust emission is attributed to an inner

planetesimal belt, which implies that the dust observed further in was also produced
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1 Introduction

further in. Such a two-component con�guration could be created by a set of giant plan-

ets. If giant planets succeeded to form in a radially broad protoplanetary disc, they

would carve a hole in the disc by removing neighbouring dust and gas (Dipierro et al.,

2016, and references therein). After the gas dispersal, nascent planets would swiftly

remove planetesimals from their chaotic zones. At the same time, these planets would

dynamically excite planetesimals in the zones bracketing the planetary region, prevent-

ing their further growth to full-size planets. All this can generate a broad gap in the

planetary region, splitting up the disc into two distinct planetesimal belts. Even though

the collisionally produced dust is spread over large distances, because of forces induced

by the host star, the structure of the underlying planetesimal distribution remains that

of a two-component disc. Many systems are believed to have such a two-belt con�gur-

ation since their overall SEDs can be well �tted with two blackbodies (e.g., Matthews

et al., 2010; Donaldson et al., 2013; Broekhoven-Fiene et al., 2013; Su et al., 2013;

Steele et al., 2016; Lebreton et al., 2016, among many others). However, the presumed

inner belt may have been marginally resolved for only two systems so far, ε Eridani

(Greaves et al., 2014) and HD 107146 (Ricci et al., 2015a). Beside the Solar system,

planets between two debris belts have been found in only one system: HR 8799 (Marois

et al., 2008, 2010; Su et al., 2009). Very recently, Morrison & Kratter (2016) analysed

the maximum number of unseen giant planets that can �t dynamically between two

debris belts in systems belonging to the young Scorpius-Centaurus OB association.

They conclude that some systems of their sample can harbour a handful of planets

with several Jupiter masses, which makes them appealing targets for direct imaging

campaigns.

Scenario II: dust transport

Instead of being locally produced in an �asteroid belt�, warm dust may be transported

inward from outer production zones by Poynting-Robertson and stellar wind drag. For

low-density systems, where collisional timescales are longer than the transport times-

cales, the inner disc region is �lled by dust, leading to a nearly uniform density pro�le

(Wyatt, 2005b; Kennedy & Piette, 2015). This scenario is able to explain the observed

emission of discs around late-type stars such as ε Eri (Reidemeister et al., 2011). How-

ever, this may not be a viable alternative for discs around stars with spectral types

earlier than ∼F5 for which no strong coronal winds are expected (Lamers & Cassinelli,

1999).
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1.2 Insights from observations and modelling

Scenario III: very eccentric planetesimal population

As shown by Wyatt et al. (2010), an outer planetesimal swarm with very high orbital

eccentricities can be responsible for warm dust in the inner region of a system. Since the

planetesimals are in highly eccentric orbits, they spend most of the time in apocentric

regions, where collisions are rare. Conversely, the majority of the collisions, and there-

fore, an e�cient dust production takes place during the pericentre passages, because

of an enhanced particle density and higher relative velocities. A system with such a

quasi-cometary planetesimal population can generate a long-lived warm dust compon-

ent. However, explaining the origin of such a high eccentricity population remains chal-

lenging. Planetary migration and scattering are suggested as plausible reasons (Payne

et al., 2009; Bonsor & Wyatt, 2012).

Scenario IV: recent heavy collision

The observed warm dust might be an aftermath of a recent major collision between two

big planetesimals in the inner region (Grigorieva et al., 2007a). Such a major breakup

is a stochastic event and provides a large amount of dust that renders the inner region

atypically bright for a short period of time (∼1Myr, Kral et al., 2015). However, the

frequency of heavy collisions goes down as the number of asteroidal bodies in the inner

system decreases because of collisional depletion. Thus, this scenario only seems to be

feasible for young systems.2)

Figure 1.1: Cartoons of four scenarios explaining the presence of warm (red) and
cold (blue) dust in debris discs. From left to right : asteroid-plus-Kuiper-like belt
con�guration, transport of warm dust from an outer Kuiper-like belt, disc of eccentric
planetesimals, heavy collision between massive bodies in the inner system. Thick lines
depict planetesimal belts, arrows the dust transport.

2)Moreover, in young systems the dust production is not necessarily limited to planetesimals. Colli-
sions between protoplanets during the terrestrial planet formation can also release a large amount of
dust in the inner region (Jackson & Wyatt, 2012; Genda et al., 2015).
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1.3 Collisional versus classic modelling

When it comes to modelling of debris disc observations, a classic approach is often

used that is based on analytic functions to describe the distribution of circumstellar

dust. Usually, a combination of two independent power laws is assumed for the size and

the spatial distribution of the dust (e.g., Ertel et al., 2012a). This choice is motivated

by the shape of the size distribution set by collisional equilibrium (Dohnanyi, 1969;

Tanaka et al., 1996), and the shape of the radial brightness pro�les extracted from

images of resolved debris discs (e.g., Thébault & Wu, 2008). In such models, the most

important parameters are the slopes of the size and the radial distribution, the lower

and upper grain size cuto�, the radial extent of the dust disc, and the dust mass. By

�tting, it is easy to explore a huge parameter space in a relatively short time and to

adapt the model parameters to observables like SEDs and surface brightness pro�les.

Results can be compared to �ndings of many other publications, which use similar

approaches. However, classic models do not consider physical mechanisms that drive

the dynamical and the collisional evolution of dust and planetesimals. In reality, size

and spatial distributions of the circumstellar material signi�cantly depart from power

laws and are coupled to each other in an intricate way (e.g., Campo Bagatin et al.,

1994; Durda & Dermott, 1997; Thébault & Augereau, 2007). Furthermore, there is no

link between the dust distribution and the dust-producing parent bodies. Therefore,

classic models cannot access the parameters of planetesimals (mass, location, orbital

eccentricities, etc.) and only address the two uppermost levels in Figure 1.2.

To overcome the problems of classic methods, an alternative modelling approach is

needed, which can be referred to as debris disc modelling �from the sources�. Here,

the basic idea is to start with an initial distribution of planetesimals and to model

its subsequent collisional evolution by calculating the production and loss of material

in a collisional cascade. The dust distribution as a function of time can be deter-

mined in this way. In the recent years, collisional codes necessary for this purpose

have been developed. They are either based on purely statistical methods (Thébault

et al., 2003; Thébault & Augereau, 2007; Kenyon & Bromley, 2004b; Gáspár et al.,

2012; van Lieshout et al., 2014), or include a combination of N -body simulations and

particle-in-a-box models (Kral et al., 2013; Nesvold et al., 2013) to connect particle

dynamics and collisions (Thébault, 2012). These approaches provide coupled size and

spatial distributions for the whole population of objects in a debris disc, ranging from

planetesimals down to dust grains. In a second step, thermal emission and scattered

light models are applied to compute the resulting dust emission that is compared with
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Figure 1.2: Schematic illustrating the methodology of debris disc studies. The boxes
on the right show the links from the directly observable quantities (the uppermost
level) to the most fundamental properties of planetary systems (the lowermost one).
Image courtesy of A. V. Krivov.

observations. An adaption of the model to observables means to �nd an appropriate

dust distribution, which can only be found by variations of the planetesimal parame-

ters. Thus, collisional modelling allows constraining properties of planetesimals. It goes

at least one level deeper than classic approaches in terms of Figure 1.2. There is also

a chance that even more fundamental properties of planetary systems can be deduced

from the planetesimal distribution computed by collisional modelling. These include,

e.g., the presence of yet undetected planets that work as sculptors of the planetesimal

belts (level 4 in Figure 1.2). Gaps or sharp edges in the radial planetesimal distribution

may hint at the locations where planet formation or migration removed planetesimals

or prevented their formation. Although collisional modelling provides a more complete

picture of debris discs, the price to pay is the numerical complexity so that only a

limited number of parameter combinations can be explored.

1.4 Aims of this work

The main goal of this work is to infer properties of dust and dust-producing plan-

etesimal populations in selected debris disc systems by in-depth collisional modelling.

These properties include the chemical composition and typical sizes of the dust grains,

as well as the location, radial distribution, and dynamical excitation of the planetes-
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imals. Furthermore, the work intends to make predictions of the presence of hidden

perturbers such as alleged planets that dynamically sculpt and stir planetesimal belts.

To this end, a numerical code, named ACE, is used to model the collisional evolution

of debris discs. The code follows a statistical approach to solve the kinetic equation,

which includes the combined e�ects of stellar gravity, mutual non-elastic collisions, and

forces exerted by stellar radiation and stellar winds on circumstellar dust particles.

A �rst description of the kinetic model implemented in ACE is presented by Krivov

et al. (2000). Since then, the numerical implementation has been developed further

and maintained by T. Löhne and A. V. Krivov in Jena. In the recent years, the code

was employed for studies of the Solar system (Vitense et al., 2010, 2012) and several

extrasolar systems (Krivov et al., 2008, 2013; Müller et al., 2010; Reidemeister et al.,

2011; Löhne et al., 2012). These works show that the collisional modelling method is

able to provide valuable information on planetesimals, and allows for constraining the

architecture, formation, and evolution of planetary systems. Furthermore, the studies

revealed very di�erent properties of debris discs, e.g. with respect to their collisional

activity. For instance, the planetesimals in the Vega disc are likely to have a maximum

orbital eccentricity in the order of 0.1, which results in high impact velocities and an

e�ective production of small dust (Müller et al., 2010). In contrast, Herschel 's �cold

discs� show evidence for a low amount of material in grains smaller than 1mm, which

implies eccentricities as low as ∼ 0.001 (Krivov et al., 2013).

Continuing the previous works, this thesis focuses on three further systems: HIP 17439,

AU Microscopii, and q1 Eridani. All three are excellent candidates for in-depth colli-

sional modelling since they have bright, spatially resolved debris discs for which a great

abundance of observational data is available. These include densely-sampled SEDs and

images at optical, IR, and submillimetre/millimetre wavelengths. Furthermore, they

are chosen because they are remarkable in one or another respect, which is explained

in dedicated chapters for each system.

Chapter 2 outlines the basic physical processes working in debris discs and shows the

way how these processes are incorporated in a kinetic model. This chapter also addresses

the interaction between dust grains and stellar light, and presents the numerical tools

used to predict observables. Chapter 3 contains our analysis of the HIP 17439 system

(Schüppler et al., 2014), followed by a work about the AU Mic disc in Chapter 4 (Schüp-

pler et al., 2015). In Chapter 5, a long-term collisional evolution of a two-component

system is described and a speci�c application is made to the disc around q1 Eri (Schüp-

pler et al., 2016). Finally, a summary of conclusions is given in Chapter 6.
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2 Fundamentals

2.1 Keplerian motion and orbital elements

Circumstellar objects revolve around their primary in Keplerian orbits. Given Newton's

law of gravity

~Fg = −G mM?

r3
~r, (2.1)

where G is the gravitational constant and ~r the distance vector from the stellar mass

M? to the mass m of a revolving body, the derivation of the absolute distance between

the two masses yields

r =
p

1 + e cosϕ
. (2.2)

Here, e denotes the eccentricity and ϕ the true anomaly, which is the angle between

the pericentre, i.e. the position of the minimum distance between the two masses, and

the current position of mass m relative to M?. The parameter p is called semi-latus

rectum. Depending on the orbital energy, we can distinguish three types of orbits:

1. ellipses for 0 ≤ e < 1, p = q(1 + e), and q = a(1− e),

2. parabolas for e = 1 and p = 2q,

3. hyperbolas for e > 1, p = q(e− 1), and q = a(1 + e),

where a denotes the semi-major axis and q the pericentric distance.

The orbital elements a, e, and ϕ de�ne the current position of an object in the orbital

plane. To describe a Keplerian orbit in three dimensions, additional orbital elements

are needed. These can be the inclination i, which is the angle between the orbital plane

and a reference plane, the longitude of the ascending node Ω, which is the orientation of

the intersection line of both planes (line of nodes) with respect to a reference direction,

and the argument of pericentre ω, which is the angle between the ascending node and

the pericentre. This set of elements is not the only possible choice, but best suited to

describe the dynamical problems presented in the following sections.
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2 Fundamentals

2.2 Physical processes in debris discs

2.2.1 Collisions

Destructive collisions are an important process operating in debris discs and responsible

for the production of collisional debris. This is in contrast to their progenitors, the

protoplanetary discs, where a large amount of gas (Hildebrand, 1983) damps the relative

velocities in the discs, and collisions therefore result in bouncing or sticking (Blum &

Wurm, 2008). However, the primordial gas is removed within a few Myr after the birth

of the protostar. As a consequence, gas-poor systems remain where damping is not

e�cient. Although this provides the necessary condition for high relative velocities,

destructive collisions only occur if they are ignited by stirring, i.e. a mechanism that

pushes planetesimals on more eccentric and inclined orbits. This can be self-stirring,

where the gravitational perturbation of the largest disc bodies starts to excite the orbits

of the surrounding bodies (Kenyon & Bromley, 2004a, 2008), or planet stirring, where

planets orbiting inside the inner edge of the disc stir it through long-distant, secular

perturbations (Wyatt, 2005a; Mustill & Wyatt, 2009). External events like stellar �ybys

(Kenyon & Bromley, 2002) or a stellar-mass companion in an eccentric or inclined orbit

(Thébault et al., 2010; Thébault, 2012; Nesvold et al., 2016) can also be responsible

for stirring. The stirring marks the beginning of the collisional evolution of the disc

where kilometre-sized planetesimals are ground to dust sizes (< 1mm) in a collisional

cascade.

In a collision of two particles, both colliders are disrupted if their impact velocity, vimp,

exceeds the critical value

v∗ =

√
2

(mp +mt)2

mpmt

Q∗D, (2.3)

where mp and mt being the masses of projectile and target respectively. The quantity

Q∗D is the critical energy for fragmentation and dispersal per total mass, mp + mt.

This speci�c energy is needed to disperse a particle into fragments with the largest

fragment containing at most half the total mass. Numerical experiments show that Q∗D
depends on the particle sizes and the impact velocity (Benz & Asphaug, 1999; Stewart

& Leinhardt, 2009). The material strength is mainly determined by inter-molecular

sticking forces (e.g., van-der-Waals bindings) for objects smaller than ∼ 100m, while
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2.2 Physical processes in debris discs

self-gravity dominates for larger sizes. Thus, Q∗D can be written as the sum of two power

laws

Q∗D =

[
QD,s

( s

1m

)bs
+QD,g

( s

1 km

)bg]( vimp

3 km s−1

)κ
, (2.4)

where (QD,s, bs) and (QD,g, bg) are pairs of constants, which characterise the strength

and gravity regime. The results of this thesis were computed with material parame-

ters which follow the Benz & Asphaug (1999) basalt and which are close to the values

presented by many authors (Farinella et al., 1982; Davis et al., 1985; Housen & Hols-

apple, 1990; Housen et al., 1991; Ryan, 1992; Holsapple, 1994; Melosh & Ryan, 1997;

Love & Ahrens, 1996; Benz, 2000; Leinhardt & Stewart, 2009; Jutzi et al., 2010). More

precisely, we assumed bs = −0.37 and bg = 1.38, while the QD's were varied in the

ranges 5 . . . 10 × 106 erg g−1 for QD,s and 5 . . . 20 × 106 erg g−1 for QD,g. The velocity

exponent κ is a material constant, which was set to 0.5 (Stewart & Leinhardt, 2009).

Laboratory measurements show that the mass of the largest fragment produced in

disruptive collisions is

mx =
1

2
(mp +mt)

(
2

(mp +mt)
2

mpmt

Q∗D
v2
imp

)c
. (2.5)

Fujiwara et al. (1977) measured c ≈ 1.24 for basalt while Arakawa (1999) obtained

c ≈ 0.91 for ice. However, there are some uncertainties since the results from Benz &

Asphaug (1999) indicate lower values for basalt and higher ones for ice. We assumed

c = 1 for the studies shown in this thesis.

If vimp < v∗, the impact energy is not su�cient to destroy the bulk of the colliders.

However, some parts of the material can be excavated, leading to the ejection of frag-

ments, which is called cratering. According to the models of Wyatt & Dent (2002) and

Thébault & Augereau (2007), the ejected mass in such a collisional event reads

mcrat =
1

4

mpmt

mp +mt

v2
imp

Q∗D
. (2.6)

This relation originally considers the production of large craters, comparable with the

size of the targets. Löhne (2015) shows that the excavated mass of small-scale craters

has approximately the same dependence on the impact energy as for large craters if bs
is close to zero.

The outcome of disruptive and cratering collisions can be described with the mass
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distribution of fragments (Krivov et al., 2005) given by

g(m) = (2− η)

(
m

mx

)−η
mfrag

m2
x

, (2.7)

where g(m) dm is the number of fragments within [m,m+ dm] for m ≤ mx, and mfrag

denotes the total mass of all fragments. Depending on the collisional type, we have

mfrag = mp +mt for disruption or mfrag = mcrat for cratering. Equation (2.7) is a sim-

pli�cation since the fragment distribution is assumed to follow a single-exponent power

law, which may not re�ect the complex collisional physics. However, a more realistic

bimodal fragment distribution, supported by experimental and theoretical studies, does

only moderately a�ect the resulting overall size distribution in collisional equilibrium

(Thébault et al., 2003). Thus, the choice of a single power-law fragment distribution is

reasonable.

The mass mx for cratering follows from the assumption that there is only one body

among the ejected fragments which is the largest:∫ ∞
mx

g(m) dm =
2− η
η − 1

mfrag

mx

!
= 1. (2.8)

Equation (2.8) holds for η > 1. In fact, the index of the mass distribution is in the

range η = 1.5 . . . 2 (Fujiwara, 1986, and references therein).

Collisions will end up in sticking and agglomeration at very low impact velocities

(vimp . 10m s−1, Blum & Wurm, 2008). Except for some few peculiar systems (Krivov

et al., 2013), this is not expected for �canonical� debris discs. No sticking collisions are

considered throughout this work.

2.2.2 Pressure forces

Small particles in a debris disc experience pressure forces, which are directed radially

outwards, because of the absorption of stellar photons (in case of radiation pressure)

and charged particles (in case of stellar wind pressure). Since both forces are propor-

tional to r−2, one de�nes distance-independent ratios through

βrp =
|~Frp|
|~Fg|

, βsw =
|~Fsw|
|~Fg|

, (2.9)

where ~Frp and ~Fsw are the direct radiation and stellar wind pressure forces, respectively.

Under the assumtion that the particles are compact spheres with radius s and bulk
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2.2 Physical processes in debris discs

density ρ, the β ratios can be expressed by

βrp =
3

16π

L?
GM? c ρ

Qrp

s
, βsw =

3

16π

Ṁ? vsw
GM? ρ

CD/2

s
, (2.10)

which follows Burns et al. (1979) and Gustafson (1994). Here, L? is the stellar lumin-

osity, c the speed of light, vsw the speed of stellar wind particles, and Ṁ? the stellar

mass-loss rate.3) The quantities Qrp and CD are measures of the momentum transfer

from a photon or a stellar wind particle to a dust grain and also depend on the grain

radius s.

In case of spherical particles, Mie's (1908) calculations provide the analytic solution

Qrp = 〈Qabs + (1− g)Qsca〉, (2.11)

where Qabs and Qsca are the e�ciencies for absorption and scattering. The asymmetry

parameter g indicates whether a particle scatters isotropically (g = 0), or more light

towards the forward (0 < g ≤ 1) or backward (−1 ≤ g < 0) direction. The angle brack-

ets in Equation (2.11) mean averaging over the wavelength of light, weighted by the

stellar �ux.4) If a particle is a perfect absorber, i.e. a blackbody, Qrp = 1. This is also

a good approximation for non-blackbody absorbers as long as the particle size is large

compared to the peak wavelength of the stellar spectrum. To specify CD, we assume

the re�ection of stellar wind particles on the surface of dust grains, resulting in CD = 2

(Mukai & Yamamoto, 1982).

Typical β ratios for stars of di�erent spectral types and with di�erent values of Ṁ?, as

a measure of the stellar wind strength, are depicted in Figure 2.1. The mass-loss rates

are given in terms of multiples of the solar mass-loss rate, Ṁ� = 2× 10−14 M� yr−1

(Feldman et al., 1977). The pressure forces counteract the stellar gravity and e�ectively

reduce ~Fg by a factor of (1 − βrp − βsw). Since β ratios include a 1/s dependence,

the smallest dust grains are mostly a�ected by the pressure forces. In a debris disc,

the orbits of collisionally produced fragments become more and more eccentric with

decreasing fragment size, or equivalently, increasing β ratios (Burns et al., 1979). If

fragments are released from parent bodies on circular orbits, the eccentricities of the

fragments exceed 1 for βrp+βsw > 0.5, and the fragments leave the system on hyperbolic

trajectories. Accordingly, the value βrp + βsw = 0.5 is referred to as the blowout limit

3)Owing to radial variations in the stellar wind speed, βsw is still dependent on r. However, this
dependence was shown to be weak (Augereau & Beust, 2006). Therefore, βsw is treated as a constant
with distance from the star in this work.
4)In formula: 〈Q〉 =

∫
λ
QFλ(T?) dλ /

∫
λ
Fλ(T?) dλ, where Fλ(T?) is the stellar spectrum.
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Figure 2.1: Dependence of βrp + βsw on s for dust around stars of di�erent spectral
types and with di�erent values of the stellar mass-loss rate Ṁ?. There is no stellar
wind pressure for Ṁ? = 0 because it implies βsw = 0. Dust grains were made of pure
astronomical silicate (Draine, 2003). The stellar wind speed was set to 400 km s−1.

and the corresponding particle size is named blowout radius sblow.5)

If the star has a su�ciently high luminosity, a blowout limit will be reached by ra-

diation pressure, as illustrated in the F-star panel of Figure 2.1. This is not the case

for the two later spectral types shown, where radiation pressure is too weak. How-

ever, late-type stars are likely to possess coronal-driven stellar winds (e.g., Lamers &

Cassinelli, 1999; Wood, 2004), which can yet expel micron-sized grains. Even in systems

where no blowout limit exists by radiative or corpuscular forces, the tiniest grains are

eliminated through other mechanisms. These can be additional dynamical e�ects, as

described in Section 2.2.4, or various erosive processes, like photo-sputtering (Grigor-

ieva et al., 2007b) or stellar wind sputtering (Czechowski & Mann, 2010). In addition,

the microphysical surface energy constraint can limit the size of the smallest collisional

fragments (Krijt & Kama, 2014).

2.2.3 Drag forces

Owing to the aberration e�ect, a dust grain orbiting a star �sees� the incoming stellar

radiation and the stellar wind from a slightly forward direction. Accordingly, a part of

the momenta from the stellar photons and wind particles is transferred to the moving

5)If fragments are released from eccentric orbits, the blowout occurs somewhere between
βrp + βsw = (1− e)/2 at the periastron and (1 + e)/2 at the apastron (Burns et al., 1979), where
e is the typical eccentricity of the parent bodies that eject the dust. Throughout this work, parent
planetesimals are not assumed to be on highly eccentric orbits. Thus, βrp+βsw = 0.5 serves as a good
criterion to de�ne the blowout size.
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2.2 Physical processes in debris discs

dust grain that leads to forces against the direction of its orbital motion (�headwind�).

These forces are known as Poynting-Robertson drag (P-R force or P-R e�ect, Poynting,

1904; Robertson, 1937) and stellar wind drag

~FPR = −|~Fg|
βrp
c

(
~r ·~v
r

~r

r
+ ~v

)
, ~Fsw = −|~Fg|

βsw
vsw

(
~r ·~v
r

~r

r
+ ~v

)
, (2.12)

where ~v is the velocity vector of the dust particle.

Like the pressure forces, the drag forces increase with decreasing particle size. The

stellar wind drag can be much stronger than the P-R drag because of vsw < c. The

drag forces cause a particle to gradually lose angular momentum. It thus spirals slowly

towards the star by reducing its semi-major axis and eccentricity (Wyatt & Whipple,

1950). Assuming a particle starts from a circular orbit at distance r, the timescale to

spiral inwards is

Ttransport =
r2

4GM?

c

βrp

(
1 +

βsw
βrp

c

vsw

)−1

. (2.13)

Summing up, the total force, including gravity, pressure and drag e�ects, working on

a circumstellar particle, can be written as

~Ftotal = (1− βrp − βsw)~Fg − |~Fg|
(
βrp
c

+
βsw
vsw

)(
~r ·~v
r

~r

r
+ ~v

)
. (2.14)

2.2.4 Other forces

Circumstellar dust grains can be charged, e.g. due to the emission of photo-electrons,

when they are irradiated by stellar light, or due to the capture of ions from the stellar

wind (Wyatt, 1969; Horanyi, 1996; Kimura & Mann, 1998). The grains therefore ex-

perience the Lorentz force induced by stellar or planetary magnetic �elds. This causes

changes of their orbital elements, which have been intensively investigated for the

Solar system (Mor�ll & Grün, 1979; Consolmagno, 1980; Barge et al., 1982; Wallis

& Hassan, 1985). The Lorentz force mostly a�ects only small grains . 0.1µm in size

(Leinert & Grün, 1990). Furthermore, it plays only a dominant role in close vicinity

of the magnetic �eld sources (Czechowski & Mann, 2010). Thus, close-in, very small

grains � known as hot or exozodiacal dust (Absil et al. 2013; Ertel et al. 2014a; Men-

nesson et al. 2014; Kirchschlager et al., submitted) � can be trapped in stellar magnetic

�elds (Su et al., 2013; Rieke et al., 2016). Beside forces on dust, some additional forces
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exist that in�uence the dynamics of larger objects, e.g. related to their rotation and

anisotropic thermal emission (Yarkovsky e�ect, �rediscovered� by Öpik, 1951). The in-

terstellar medium �ow can also a�ect the dust distribution, which has been identi�ed

for a couple of debris discs (e.g., Artymowicz & Clampin, 1997; Debes et al., 2009;

Maness et al., 2009; Buenzli et al., 2010). However, all these forces seem to have no

generic relevance for the debris discs discussed in this thesis, and we did not take them

into account in the modelling.

2.2.5 Planetary perturbations

Planets, which are the most massive objects in a debris disc, can gravitationally interact

with the disc. One e�ect, induced by such an interaction, is stirring, mentioned in

Section 2.2.1. Other e�ects are the formation of gaps, o�sets between the disc and the

star, or warping and clumping the disc. While warps, which are variations in the disc

inclination with distance from the star, could be due to secular perturbations caused

by planets in inclined orbits (Mouillet et al., 1997; Augereau et al., 2001), clumps

likely arise from the capture of disc objects into mean-motion resonances (Wyatt, 2006;

Krivov et al., 2007). Observations of such features in the dust distribution provide

strong evidence of the presence of unseen planets (e.g., Ertel et al., 2012b). A prominent

example is the β Pic disc, where an observed warp within ≈ 100 au (�rst reported by

Burrows et al. 1995, con�rmed with high-resolution images by Golimowski et al. 2006)

gave reason to the prediction of a planetary companion, which was subsequently found

(Lagrange et al., 2010).

2.3 Kinetic theory

The following sections brie�y summarise the statistical approach of kinetic theory and

its numerical implementation described in Krivov et al. (2000, 2005, 2006, 2013), Löhne

(2008), and Löhne et al. (2008, 2012).

2.3.1 General description

We consider an ensemble of circumstellar objects that is fully characterised by the

distribution function n(m, ~p ), where ~p is a vector of orbital elements. This means that

n(m, ~p ) dm d~p is the number of particles with arguments [m,m + dm] and [~p, ~p + d~p ]

present in a debris disc at certain instant of time t. For brevity, the argument t will

be omitted, but is always implied, also in all quantities derived from the distribution
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function. Changes of n(m, ~p ) are calculated with the master equation (Krivov et al.,

2000):

d

dt
n(m, ~p ) =

(
∂

∂t
n(m, ~p )

)
gain

−
(
∂

∂t
n(m, ~p )

)
loss

− div

(
n(m, ~p )

d

dt
~p

)
. (2.15)

The right-hand side balances the gain and loss of n(m, ~p ) as a result of two-particle

collisions. There is also a divergence term that re�ects the di�usion process through

transport mechanisms (P-R and stellar wind drag).6) The gain and loss terms can be

expressed as follows(
∂

∂t
n(m, ~p )

)
gain

=

∫
mp

∫
mt

∫
~pp

∫
~pt

f(mp, ~pp;mt, ~pt;m, ~p)

× n(mp, ~pp)n(mt, ~pt) vrel(mp, ~pp;mt, ~pt)

× σ(mp,mt) δ(~r(~pp)− ~r(~pt)) dmp dmt d~pp d~pt, (2.16)(
∂

∂t
n(m, ~p )

)
loss

=n(m, ~p)

∫
mp

∫
~pp

n(mp, ~pp) vrel(mp, ~pp;m, ~p )

× σ(mp,m) δ(~r(~pp)− ~r(~p )) dmp d~pp, (2.17)

where one has to integrate over properties of the colliding particles, namely pro-

jectiles (subscript p) and targets (subscript t). The fragment-generating function is

de�ned in such a way that f(mp, ~pp;mt, ~pt;m, ~p ) dm d~p is the number of fragments

with [m,m+ dm] and [~p, ~p+ d~p ], produced through a collision of particles with prop-

erties (mp, ~pp) and (mt, ~pt). The collisional cross-section of both colliders is denoted

with σ(mp,mt), and the relative velocity with vrel(mp, ~pp;mt, ~pt). The integrands are

evaluated at collisions, as indicated by Dirac's δ.

The collisional cross-section is basically composed of the geometrical cross-sections

of projectile and target. This is enhanced for larger objects because of the mutual

gravitational interaction (Safronov's factor), which results in

σ(mp,mt) = π

(
3

4πρ

)2/3 (
m1/3

p +m
1/3
t

)2
(

1 +
v2
esc

v2
rel

)
(2.18)

with v2
esc = 2G (mp +mt)/(sp + st).

6)Without the divergence term, (2.15) is also referred to as Smoluchowski-Boltzmann equation
(Boltzmann, 1896; Smoluchowski, 1916).
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The fragment-generating function is the product of two distributions:

f(mp, ~pp;mt, ~pt;m, ~p ) = g(m)h(mp, ~pp;mt, ~pt;m, ~p ), (2.19)

where g(m) is the fragment mass distribution, de�ned in Equation (2.7), and

h(mp, ~pp;mt, ~pt;m, ~p ) is the distribution of orbital elements of the fragments. The lat-

ter ensures that fragments of mass m, produced by collisions between the particles

(mp, ~pp) and (mt, ~pt), have the orbital elements ~p, or symbolically

h(mp, ~pp;mt, ~pt;m, ~p ) ∝ δ(~p− ~p (mp, ~pp;mt, ~pt;m)). (2.20)

In analogy to the transport timescale (Equation 2.13), a characteristic lifetime of

particles against collisional depletion can be de�ned as follows:

Tcollision = n(m, ~p )

(
∂

∂t
n(m, ~p )

)−1

loss

. (2.21)

2.3.2 Implementation: the ACE code

To model the collisional evolution of a debris disc, Equation (2.15) has to be solved nu-

merically. For this purpose, a C++-based code, named ACE (Analysis of Collisional

Evolution), has been developed (mainly at the AIU Jena) for more than 10 years.

The ACE version used for the work presented in this thesis considers rotationally-

symmetric debris discs. This implies that particles are uniformly distributed with re-

spect to their angular elements Ω, ω, and ϕ. In addition, it is assumed that the distri-

bution of orbital inclinations is uniform within a semi-opening angle ε. The phase-space

density of such idealised discs can be written as

n(m, q, e) =

∫ ε

0

∫ 2π

0

∫ 2π

0

∫ 2π

0

n(m, q, e, i,Ω, ω, ϕ) dϕ dω dΩ di, (2.22)

which should be understood as a distribution function in terms of object mass m, peri-

centric distance q, and orbital eccentricity e averaged over the �unimportant� elements

Ω, ω, ϕ, and i. Averaging over the true anomaly is, in particular, justi�ed by the physical

nature of debris discs, where collisional lifetimes of circumstellar particles are usually

signi�cantly longer than their orbital periods. Collisions are therefore randomised with

respect to ϕ.
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2.3 Kinetic theory

The simpli�cations described above reduce the phase space to three dimensions and

keep simulations at a computationally a�ordable level. However, this comes along with

the restriction that no azimuthal and vertical asymmetries, e.g., caused by planetary

perturbers (see Section 2.2.5), can be modelled.7)

ACE works on a logarithmic grid for m, q, and e. It uses an exponential Euler integrator

to solve Equation (2.15) and considers disruptive and erosive collisions. The latter

include two cases: 1. collisions where the projectile is disruptive and the target is

cratered (denoted as cratering), and 2. collisions where the projectile is cratered and the

target stays intact (denoted as rebounding). Beside collisions, the particles experience

the combined e�ect of gravity, pressure and drag forces as described by Equation (2.14).

Once n(m, q, e) is calculated, ACE transforms it to the spatial number density N(m, r),

which is the number of particles per unit volume in [m,m+dm] at a distance r from the

star ([N(m, r)] = g−1 cm−3). For elliptic orbits and the assumption that the number

of particles per unit time interval passing the pericentre of a common elliptic orbit is

constant (Haug, 1958), this transformation was evaluated by Krivov et al. (2005):

N(m, r) =
1

4π2 r3 sin ε

∫
e

∫
q

n(m, q, e)

(
r

q

)3/2

(1− e)1/2

×
(

2− r

q
(1− e)− q

r
(1 + e)

)−1/2

dq de, (2.23)

where the integration domain is q ≤ r ≤ q(1 + e)/(1− e).

ACE uses N(m, r) and assumes spherical bodies with radius s to infer further quantities.

These are the spatial number density with respect to particle size, also denoted with

the letter N but dependent on s instead of m,

N(s, r) = 4πs2 ρN(m, r), (2.24)

the mass surface density

Σ(r) = 2r sin ε

∫
m

mN(m, r) dm, (2.25)

7)Currently, the Jena group is working on an extension of the existing ACE code to open up the
phase space for more variables (Löhne et al., in preparation). Modelling of azimuthally and vertically
asymmetric discs with a revised ACE code will become feasible in the near future. That work is part
of the Research Unit FOR2285, funded by the DFG.
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the (geometrical) normal optical depth

τ(r) = 2r sin ε

∫
s

πs2N(s, r) ds, (2.26)

and the (geometrical) normal optical depth per unit logarithmic size interval

τlog s(r, s) = 2r sin ε πs3 ln(10)N(s, r). (2.27)

The units are [N(s, r)] = cm−1 cm−3, [Σ(r)] = g cm−2, and [τ(r)] = [τlog s(s, r)] = 1.

Table 2.1 lists the input parameters that have to be speci�ed for each ACE simulation.

It also includes a qualitative remark how well the parameters are constrained by ob-

Table 2.1: Model parameters for ACE simulations

Category Parameter Constraints? Assumed
standard value

Star Luminosity, L? +++ . . .
Mass, M? +++ . . .

Mass-loss rate, Ṁ? + . . .
Stellar wind speed, vsw + 400 km s−1

Planetesimals Initial mass, M0 − . . .

Semi-major axis range, amin...amax + . . .

Initial index of radial distribution, αΣ − . . .

Radius of largest object, smax − . . .

Initial index of size distribution, γ − −7+bs/3
2+bs/3

Eccentricity range, emin...emax − . . .

Maximum orbital inclination, ε − emax/2

Solids Bulk density, ρ − . . .

Radiation pressure to gravity ratio, βrp − . . .

Collisions Slope of fragment mass distribution, η + −11/6
Material strength, QD,s, QD,g, bs, bg − . . .

Notes. Symbols in the third column stand for well known parameters (+++), poorly known param-
eters (+), and unknown parameters (−). The standard assumptions given in the forth column were
widely applied in the modelling of the systems considered in this work and were motivated by the
following: vsw = 400 km s−1 is the averaged solar wind speed around the equatorial plane (Ferreira
et al., 2003); γ = −(7+ bs/3)/(2+ bs/3) agrees with the equilibrium distribution of dust in an in�nite
collisional cascade (O'Brien & Greenberg, 2003); ε = emax/2 results from the energy equipartition
relation (Greenberg et al., 1991); η = −11/6 corresponds to the equilibrium value averaged over many
collisions (Thébault & Augereau, 2007).
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2.4 Interaction between dust and stellar radiation

servations. In addition to stellar and disc properties, the modeller has to de�ne the

resolution of the grid, i.e. the logarithmic bin density for masses, pericentric distances,

and eccentricities. The parallelised code is able to work on a network of multi-core

machines. A simulation, which predicts the collisional evolution of a debris disc over a

time span corresponding to the age of the host star, typically needs a few days up to

several weeks of CPU time, depending on the computational accuracy. ACE outputs the

phase-space distribution, the planetesimals mass (which is essentially equal to the total

mass of the whole disc), the mass of the dust portion, as well as the size and radial

distributions of the disc objects at each calculated timestep, in terms of the quantities

given in Equations (2.24)�(2.27).

2.4 Interaction between dust and stellar radiation

Section 2.3 describes how to compute the dust distribution of a debris disc. In or-

der to compare with observational data, we still have to calculate the thermal and

scattered light emission properties of the modelled circumstellar dust distribution. This

is sketched out below.

2.4.1 Thermal emission

We consider an axisymmetric disc at a distance D from the observer. The disc is

assumed to be optically thin, so that all disc objects are directly illuminated by the

host star. Then, the thermal �ux density of the whole disc at a given wavelength λ,

reads

Fλ =
2π

D2

∫
s

∫
r

2r sin εN(s, r) πs2Qabs(s, λ)Bλ(Td) r dr ds, (2.28)

where Bλ(Td) denotes the Planck function of a dust particle with temperature Td. The

latter depends on grain size and distance to the star.

We can �nd an implicit equation to determine the temperature Td by assuming thermal

equilibrium (i.e., the energy per time a dust grain absorbs from stellar radiation equals

the radiated power the grain re-emits over its surface):

πs2

4πr2

∫ ∞
0

Qabs(s, λ) 4πR2
? Fλ(T?) dλ = 4πs2

∫ ∞
0

Qabs(s, λ) πBλ(Td) dλ (2.29)

with R? being the stellar radius, and Fλ(T?) the �ux density on the stellar surface at

temperature T?.
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The debris discs investigated in this thesis are spatially resolved at multiple wavelengths

and it is possible to measure the surface brightness as a function of distance from the

star. The surface brightness of thermal emission at a given wavelength and in a narrow

annulus can be approximated by

S therm
λ (r) =

2r sin ε

D2

∫
s

N(s, r) πs2Qabs(s, λ)Bλ(Td) ds. (2.30)

In reality, discs are not necessarily seen directly face on, but can be inclined by an

angle θ. If so, the transformation of coordinates from the disc frame ~R = (X, Y ) to the

projected sky frame ~r = (x, y) reads

x = X, y = Y cos θ, (2.31)

where the x direction is assumed to coincide with the line of nodes of the inclined

disc. In this de�nition, θ is measured from pole on, i.e. the disc edge is seen on the

sky for θ = 90◦. Although the disc emission is vertically compressed because of the

inclination, the total energy radiated towards the observer must be conserved and the

surface brightness of the inclined disc is given by

S̃ therm
λ (~r) =

∣∣∣∣∂(X, Y )

∂(x, y)

∣∣∣∣ S therm
λ (R(~r)) =

1

cos θ
S therm
λ (R(~r)). (2.32)

To compare models with measurements, we need to convolve the synthetic images with

an instrument-speci�c point spread function (PSF), which accounts for deformations

through di�raction. The convolution can be expressed as

S̃ therm
λ (~r) ∗ PSFλ(~r) =

1

cos θ

∫ ∞
0

∫ 2π

0

Sλ(R(~r − ~r ′))PSFλ(r′, φ′) r′ dφ′ dr′, (2.33)

where φ is the polar angle and

R(~r − ~r ′) =
√

(r cosφ− r′ cosφ′)2 + (r sinφ− r′ sinφ′)2/ cos2 θ. (2.34)

2.4.2 Scattered light

In contrast to thermal emission, which can be assumed to be radiated uniformly over

the whole surface of dust grains, the intensity of scattered light strongly depends on

the scattering direction ϑ, which is the angle between incident and scattered rays.
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Taking this into account, the surface brightness for scattered light can be written as

S sca
λ (b) =

R2
?

D2
Fλ(T?)

∫
`(b)

∫
s

πs2

4πr2
Qsca(s, λ)S11(s, λ, ϑ)N(s, r) ds d`, (2.35)

where the outer integral is along the line of sight `, and b denotes the impact parameter,

i.e. the distance between the line of sight and the position of the star. The function

S11(s, λ, ϑ) gives the angular distribution of the light intensity scattered by a particle

with radius s at a given wavelength λ. It can be retrieved from the 4 × 4 Mueller

matrix Sij, which describes the relation between the Stokes vectors of the incident and

the scattered electromagnetic �elds (Mueller, 1948; Bohren & Hu�man, 1983).

The scattered light intensity drops rapidly with wavelength since Qsca ∝ λ−4 for λ� s

and a nearly λ-independent refractive index (Rayleigh scattering, Rayleigh, 1897; Boh-

ren & Hu�man, 1983). The smallest grains remaining in debris discs around late-type

stars are typically less than 1µm in size (Section 2.2.2), which implies that scattered

light is only detectable at optical or at most near-IR wavelengths.

observer
br1 r2

ε

observer

b

ℓ

r1

r2
ϑ1

ϑ2

π-ϑ1

π-ϑ2

Figure 2.2: Edge-on disc geometry in side view (left) and top view (right)

Equation (2.35) will be now speci�ed for a disc seen nearly edge-on, which is the only

case considered in this thesis (Section 2.4.2). Figure 2.2 sketches an edge-on disc with

an inner radius r1 and an outer radius r2. We are interested in the surface brightness

pro�le on the midplane (i.e., along the major axis). Using sinϑ = b/r = b/
√
b2 + `2
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and r2 dϑ = −b d`, the midplane brightness pro�le is then calculated according to

S sca
λ (b) =

R2
? Fλ(T?)

4b2D2

∫
s

∫ ϑ1

ϑ2

s2Qsca(s, λ) (S11(s, λ, ϑ) + S11(s, λ, π − ϑ))

×N(s, b/ sinϑ) sinϑ dϑ ds (2.36)

for b < r1, and

S sca
λ (b) =

R2
? Fλ(T?)

4b2D2

∫
s

∫ π−ϑ2

ϑ2

s2Qsca(s, λ)S11(s, λ, ϑ)

×N(s, b/ sinϑ) sinϑ dϑ ds (2.37)

for r2 ≥ b ≥ r1, where ϑi = arcsin(b/ri) for i = 1, 2.

In principle, the synthetic scattered light pro�le has to be convolved with the instru-

mental PSF as described for thermal emission. However, the size of the PSF may be

much smaller at short wavelengths than the typical disc extent, and therefore, it is

justi�ed to neglect the convolution here.8)

Polarimetric analysis of the scattered light provides another characteristic observable:

the degree of polarisation. If a dust particle is illuminated by unpolarised stellar light,

the degree of linear polarisation is de�ned as

Pλ =
I⊥ − I‖
I⊥ + I‖

, (2.38)

where I⊥ and I‖ are the scattered light intensities perpendicular and parallel to the

scattering plane, i.e. the plane containing the star, the dust grain, and the observer. The

degree of polarisation is positive (negative) if the scattered light is partially polarised in

the perpendicular (parallel) direction to the scattering plane. Following the assumptions

for an edge-on disc as described above, we obtain

Pλ(b) = −
∫
s

∫ ϑ1
ϑ2
s2Qsca(s, λ) (S12(s, λ, ϑ) + S12(s, λ, π − ϑ)) N(s, b/ sinϑ) sinϑ dϑ ds∫

s

∫ ϑ1
ϑ2
s2Qsca(s, λ) (S11(s, λ, ϑ) + S11(s, λ, π − ϑ)) N(s, b/ sinϑ) sinϑ dϑ ds

(2.39)

8)E.g., the HST resolution at 600 nm is about 0.06′′ that is two orders of magnitude smaller than the
angular sizes of the debris discs considered in this thesis.
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for b < r1, and

Pλ(b) = −
∫
s

∫ π−ϑ2
ϑ2

s2Qsca(s, λ)S12(s, λ, ϑ)N(s, b/ sinϑ) sinϑ dϑ ds∫
s

∫ π−ϑ2
ϑ2

s2Qsca(s, λ)S11(s, λ, ϑ)N(s, b/ sinϑ) sinϑ dϑ ds
(2.40)

for r2 ≥ b ≥ r1.

2.4.3 Numerical tools

The thermal emission of debris discs can be calculated with the codes SEDUCE

(SED Utility for Circumstellar Environment) and SUBITO (SUrface Brightness

Investigation TOol), written by Sebastian Müller in C++ (Krivov et al., 2008; Müller

et al., 2010; Müller, 2010). SEDUCE generates SEDs while SUBITO determines sur-

face brightnesses at requested wavelengths. Furthermore, the C++ program PHSImage

(PHase Space Image) can be employed for the computation of scattered light prop-

erties. PHSImage was originally developed by Torsten Löhne to produce synthetic disc

images from ACE phase-space distributions. The author of this thesis modi�ed and ex-

tended this code in order to implement a routine for the calculation of polarisation

maps.

As inputs, all programs need information on the star, the dust distribution, and the

material properties. In addition, several computational parameters have to be de�ned.

The tools can read stellar photosphere models from the PHOENIX/Gaia grid (Brott &

Hauschildt, 2005) with the speci�cation of stellar temperature or luminosity. Through

a direct interface to ACE, the codes receive the information about the dust distri-

bution for the timestep considered. Disc properties can be computed for the overall

disc or parts of the disc by the de�nition of minimum/maximum values of integrals

(smin, smax, rmin, rmax). Tabulated data of refractive indices and β values as functions of

wavelength and particle radius serve as input for the characterisation of the dust ma-

terial. Such tables are delivered by standard Mie routines (e.g., Wolf & Voshchinnikov,

2004).
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3 HIP 17439

This chapter presents our results published in Schüppler et al. (2014). I performed

the collisional modelling and made major contributions to the interpretation of the

simulations. Other parts of this study were done in collaboration with Torsten Löhne,

Alexander V. Krivov, Steve Ertel, Jonathan P. Marshall, and Carlos Eiroa. Schüppler

et al. (2014) is a follow-up study of Ertel et al. (2014b) where I contributed as co-author.

3.1 System description and previous work

Koerner et al. (2010) �rst detected a debris disc around the nearby star HIP 17439

(HD 23484) using MIPS (Multiband Infrared Photometer for Spitzer, Werner et al.,

2004). Later on, the system was observed as part of the Herschel Open Time Key

Programme DUst around NEarby Stars (DUNES, Eiroa et al., 2010, 2013). The Her-

schel instruments PACS (Photodetector Array Camera and Spectrometer, Poglitsch

et al., 2010) and SPIRE (Spectral and Photometric Imaging REceiver, Gri�n et al.,

2010; Swinyard et al., 2010) spatially resolved the disc in the far-IR. Together with

HD 202628 (Krist et al., 2012), HD 207129 (Krist et al., 2010; Marshall et al., 2011;

Löhne et al., 2012), and HD 107146 (Ertel et al., 2011), HIP 17439 harbours one of the

most extended discs around Sun-like stars identi�ed to date.

Observational data of the HIP 17439 system, including the SED and the radial surface

brightness pro�les from the Herschel/PACS 70, 100, and 160µm images, were analysed

by Ertel et al. (2014b) for the �rst time. They used a classic modelling approach (see

Section 1.3) with a dust surface number density proportional to sγ rατ , where γ and

ατ being the slopes of the size and radial distributions respectively.9) The model was

�tted to the data by a multi-dimensional χ2 minimisation. A one- or a two-component

model can reproduce the observations (Table 3.1).

Ertel et al.'s (2014b) best-�t one-component model is a broad disc of dust with a radial

extent of several hundreds of au and a nearly constant number density with distance

(ατ = −0.1). Contrary, the two-component model consists of two dust belts with steep

radial distributions. Thus, most of the dust is located near the inner edges of the belts

around 29 and 91 au, and the two components are spatially separated by a wide gap.

9)The corresponding spatial number density is N(s, r) ∝ sγ rατ−1 (see also Section 2.3.2).
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3.2 Observational data

Table 3.1: Best-�t results obtained by �tting power-law models to observations of the
HIP 17439 disc, originally published in Ertel et al. (2014b).

Parameter Best �t [3σ]

One-component model Two-component model
Inner comp. Outer comp.

r1 [au] 8.3+5.6
−0.8 29.2+6.6

−27.5 90.9+79.9
−74.9

r2 [au] 394.0+106.0
−267.4 500.0 (�xed value)

ατ −0.1+1.0
−1.5 −4.0+3.6

−1.0 −1.6+2.6
−3.4

smin [µm] 8.1+2.6
−1.9 5.2+10.8

−1.7 12.4+17.5
−12.3

γ −4.0+1.0
−0.9 −5.5+1.8

−0.0 −4.3+1.3
−1.2

θ [◦] 63.9+18.1
−46.1 60.0+10.0

−10.0

Md [M⊕] 1.3× 10−2 2.1× 10−4 1.1× 10−2

Dust material Astron. silicate (Draine, 2003) Astron. silicate (Draine, 2003)

Parameters. Inner (outer) edge of the radial dust distribution r1 (r2), radial distribution index ατ ,

minimum grain size smin, size distribution index γ, disc inclination from face on θ, dust mass for

particles up to 1mm in radius Md.

We continued the study by Ertel et al. (2014b) with an in-depth collisional modelling

analysis of the HIP 17439 system. The goal was to check whether the proposed one-

and two-component solutions are physically plausible in the light of the more realistic

collisional modelling, which takes the actual physical processes operating in a debris

disc into account.

3.2 Observational data

HIP 17439 is a K2 V star (Torres et al., 2006; Gray et al., 2006) at a distance of 16 pc

(van Leeuwen, 2007) with an age of 0.8 . . . 3.7Gyr (Mamajek & Hillenbrand, 2008;

Garcés et al., 2010; Fernandes et al., 2011). We adopted the stellar atmosphere model

from Ertel et al. (2014b), taken from the PHOENIX/Gaia grid (Brott & Hauschildt,

2005) and scaled to WISE and near-IR �uxes. Relevant stellar parameters for our

modelling were the mass M? = 0.82M�, the luminosity L? = 0.4L�, and the e�ective

temperature T? = 5 166 K.

Photometric data were adopted from table 3 of Ertel et al. (2014b). The SED is densely

sampled between 12 and 500µm by measurements of IRAS, Spitzer, and Herschel. The

PACS images show an elliptic disc with increasing extent from 131 au at 70µm to

253 au at 160µm in the direction of the major axis. We used the radial pro�les derived
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by Ertel et al. from the PACS images at 70, 100, and 160µm, but not from the SPIRE

images, since the disc appears only marginally resolved at SPIRE wavelengths, and the

source brightness pro�le is sparsely sampled, which causes larger uncertainties in the

radial pro�les.

3.3 Modelling

We performed the ACE runs with input parameters listed in Table 3.2. The simulations

were initialised with bodies from 0.01µm up to 10m in radius. Since all bodies were

small enough to be outside the gravity-dominated range of the fragmentation energy, we

considered only the tensile binding energy for which we assumed QD,s = 107 erg g−1 and

bs = −0.37. The initial dust and parent body populations were uniformly distributed

(αΣ = 0) over the radial ranges given in the third column of Table 3.2.

We assumed the solids in the disc to be composed of a 50:50 mixture of water ice

and astronomical silicate (Li & Greenberg, 1998; Draine, 2003, ρ = 2.35 g cm−3). The

optical constants of this homogeneous mixture were determined via e�ective medium

theory given by the Bruggeman (1935) mixing rule. Optical parameters to determine

the radiation pressure e�ciency (Equation 2.11) were calculated by means of Mie theory

(Bohren & Hu�man, 1983).

For all simulations, we �xed the disc inclination to θ = 65◦, which is consistent with

the lower limits inferred from observations and the values found by power-law �tting

(Ertel et al., 2014b). We convolved the synthetic images from the ACE models at 70,

100, and 160µm with PSFs of α Boo, which was taken as representative of a pure point

source. The PSFs were rotated by −103.4◦ (103.4◦ clockwise) to align the maps with

the telescope pupil orientation on the sky during the HIP 17439 observations.

In the course of the collisional evolution, the simulations reach a quasi-equilibrium

state (Löhne et al., 2008) in which the relative numbers of particles with di�erent

sizes in di�erent orbits do not change with time anymore. In other words, collisional

equilibrium is reached once the shape of the size distributions stopped changing at a

given distance from the star. Strictly speaking, this is only true for the main belts,

which are the narrow rings where we initially placed the planetesimal distributions,

and the outer disc regions, which are beyond the main belts. The situation is di�erent

for the inner regions, which get �lled by small grains because of the inward transport

of dust from the main belts as time elapses. As long as the inner regions are dominated

by transport and not by collisions, larger and larger dust grains drift inward, and the
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size distribution shapes of the inner disc particles are not constant with time. We

therefore consider the model discs in collisional equilibrium when the main belts meet

the criterion mentioned above.

The simulation results will not depend on the upper size cut-o� smax if the largest

bodies are su�ciently large to be not involved in the collisional cascade by the time

when the dust population reaches the collisional equilibrium. This was ensured for

the value chosen in our runs, smax = 10m. A larger smax would only slow down the

simulations.

Once the equilibrium state is reached, the dust mass in the systems decreases continu-

ally with time because of two main e�ects: i) particles are ground down to fragments

with masses smaller than the minimum mass in the ACE grid (quasi vapourisation),

and ii) particles are transported close to the star so that their pericentric distances are

shorter than the minimum pericentric distance in the ACE grid (quasi sublimation). We

stopped the simulations as soon as the thermal emission of the dust had reduced to

the observed excess strength, given by the photometric data. Since the simulation time

tsim depends strongly on the choice of the initial conditions, tsim does not necessarily

correspond to the system's actual physical age tphys. For instance, if we start with a

Table 3.2: Descriptions of ACE simulations for the HIP 17439 disc

Model Disc amin. . . amax emax Ṁ? Md fd
identi�er component [au] [Ṁ�] [10−3 M⊕] [10−5]

One planetesimal belt (1PB)

1PB_FG Outer belt 120...150 0.04 0 6.3 8.1
1PB_SW1 Outer belt 120...150 0.04 15 7.0 10.6
1PB_SW2 Outer belt 120...150 0.04 30 7.2 10.2
1PB_r+ Outer belt 150...180 0.04 15 9.5 9.5

Two planetesimal belts (2PBs)

2PB_I
Inner belt 30...40 0.04 0 0.9 8.5
Outer belt 100...130 0.001 0 5.7 2.0

2PB_II
Inner belt 30...40 0.04 0 0.4 4.6
Outer belt 150...180 0.04 0 8.7 4.8

Notes.Md is the dust mass (mass of all particles with radii < 1mm) and fd is the fractional luminosity
(IR luminosity of the dust disc divided by the stellar luminosity). The bin densities of the (m, q, e)
grid used were as follows. All simulations were initialised with 1.3 bins per mass decade and 7.3 bins
per eccentricity decade. The resolution of the pericentre grid di�ered. Here, the number of bins per
distance decade was 14.5 in the 1PB runs, but 10.5 for the inner and 16.1 for the outer belts in the
2PB runs.
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very massive planetesimal belt, much dust will be produced and it will take a long time

for the thermal emission to reach a rather low level, which can result in tsim � tphys.

We assumed initial planetesimal belt masses of ≈ 1M⊕ for all simulations. The longest

simulation time turned out to be tsim ≈ 8Gyr which is longer than tphys ' 1...4Gyr.

3.4 Models with one planetesimal belt

3.4.1 First-guess model

In a �rst-guess (FG) run we placed planetesimals into a narrow belt between 120 and

150 au (semi-major axis range of planetesimals). This location was motivated by the

lower 3-σ limit of r2 in the Ertel et al. (2014b) one-component model (Table 3.1).

Results of this �rst-guess model (1PB_FG) are depicted in Figure 3.1.

The modelled SED reproduces the far-IR observations quite well, but underestimates

the mid-IR �ux probed by the spectrum from Spitzer/IRS (Infrared Spectrograph,

Houck et al., 2004). Although the radial pro�les are almost within the 1-σ uncertainties

of the observational data at 160µm, they are too shallow for distances < 100 au at 70

and 100µm. This clearly illustrates a de�cit of warm dust emission.

A relocation of the planetesimal belt as a whole would not lead to signi�cant im-

provements. If the belt is shifted inwards, the emission at longer wavelengths will be

depressed since the dust grains in the main belt become warmer. That would have

a detrimental e�ect because the model even now underestimates the 160µm point.

Conversely, shifting the belt outwards would hamper the collisional depletion of lar-

ger particles and thus the production of smaller ones, which are needed for the warm

emission. In the following, we therefore aimed at increasing the warm emission without

changing the position of the planetesimal belt. This can be achieved by strengthening

the inward transport of small dust grains.

3.4.2 Adding stellar winds

As outlined in Section 2.2.3, the presence of stellar winds induces a signi�cant angu-

lar momentum loss of circumstellar dust. Accordingly, the timescale for the inward

transport is shortened by a factor of [1 + (βsw/βrp) (c/vsw)]−1 compared to the P-R

drag-dominated case (see Equation 2.13).

Many cool, late-type stars on the main sequence are known to possess strong stellar

winds (Wood et al., 2002, 2005) that can have signi�cant impact on the dynamics of
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3.4 Models with one planetesimal belt

circumstellar dust (e.g., Plavchan et al., 2005, 2009; Strubbe & Chiang, 2006; Reide-

meister et al., 2011). Wood et al. (2005) �nd a correlation between the stellar X-ray

�ux density, FX, and the stellar mass-loss rate for moderately rotating K main-sequence

stars: Ṁ?/R
2
? ∝ F 1.34±0.18

X for FX . 8 × 105 erg s−1 cm−2. Given HIP 17439's X-ray lu-

minosity log(LX/L?) = −4.9 (ROSAT all-sky survey bright source catalogue, Voges

et al., 1999) and R? = 0.8R�, this yields a mass-loss rate of Ṁ? = 24.6+15.6
−9.5 Ṁ�. How-

ever, the stellar mass-loss rate may not increase so strongly with the coronal X-ray
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Figure 3.1: Top panels : excess radiation of HIP 17439's debris disc. Data points with
a signal-to-noise ratio < 3 were excluded from the available Spitzer/IRS spectrum.
Bottom panels : surface brightness pro�les at 70 (blue), 100 (green), and 160µm
(red). Colour-shaded areas depict the Herschel/PACS measurements with 1-σ un-
certainties. Cuts along the major (minor) axis are given in the left (right) parts of
the panels. Lines in all diagrams show the 1PB models listed in Table 3.2.
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�ux density (Holzwarth & Jardine, 2007), which would result in a much lower Ṁ?. The

model by Cranmer & Saar (2011) also predicts a signi�cantly lower value, Ṁ? ≈ 5 Ṁ�,

for HIP 17439's mean rotation period of 11 days (see �gure 13 in Cranmer & Saar,

2011). There are also no clear observational indicators that HIP 17439 is active enough

to emit strong stellar winds (J. Sanz-Forcada, private communication). Therefore, the

assumption that HIP 17439 emits strong stellar winds should be treated with caution.

The following simulations test whether the model can be actually improved by adding

stellar winds.

We performed two stellar wind runs, 1PB_SW1 and 1PB_SW2, with Ṁ? = 15 Ṁ� and

Ṁ? = 30 Ṁ�, respectively. The 1PB_SW1 mass-loss rate corresponds to the lower limit

of the Wood et al. criterion mentioned above. The 1PB_SW2 rate is equal to what has

been proposed for ε Eri � a star similar to HIP 17439 in mass, radius, and X-ray lumin-

osity (Wood et al., 2002). Although there is still a lack of observations, cool K dwarfs

are expected to have hot coronae and stellar winds driven by gas pressure similar to

the solar wind (e.g., Lamers & Cassinelli, 1999; Wood, 2004). We therefore assumed

the averaged solar wind speed, vsw = 400 km s−1, for 1PB_SW1 and 1PB_SW2.

Figure 3.1 demonstrates that the SEDs of both stellar wind runs predict more emission

between 20 and 70µm than our �rst-guess model. The new models also overcome the

lack of central surface brightness emission and can reproduce the Herschel pro�les signi-

�cantly better. Furthermore, as can be seen by comparing 1PB_SW1 and 1PB_SW2,

the brightness pro�les become steeper with increasing stellar wind strength.

To better understand the reason for these modi�cations, we analysed how the dynamics

of the dust is a�ected by the stellar wind activity. For this purpose, we calculated the

transport and collisional lifetimes of dust particles with Equations (2.13) and (2.21).

The transport timescale given by (2.13) only holds for particles launched from circular

orbits. To ensure a consistent comparison with the collisional lifetimes, we also calcu-

lated Tcollision only for the grains in lowly eccentric orbits. To this end, we considered

the particles that populated the lowest eccentricity bin in our setups with eccentricities

. 0.02. The particles are mostly a�ected by transport for Tcollision � Ttransport, whereas

collisions play the dominant role for Tcollision � Ttransport. As illustrated by the timescale

ratios in Figure 3.2, small particles are more e�ectively transported towards the star

than destroyed by collisions in model 1PB_SW1, where the grains interact with the

stellar wind.
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Figure 3.2: In�uence of collisions and transport on dust for a model with (right) and
one without (left) stellar wind activity. Model parameters are speci�ed in Table 3.2.
Di�erent line styles depict the timescale ratios Tcollision/Ttransport inside (10 au, solid),
within (130 au, dashed dotted), and outside (200 au, double dotted) the assumed
planetesimal belt. Only particles with eccentricities e . 0.02 are included in the
calculation of Tcollision.

Changes in the Tcollision-to-Ttransport ratio also a�ect the dust distributions as shown in

Figure 3.3. For a description, we consider the 1PB_FG model without stellar wind

activity �rst. For r < 130 au, the number of particles continuously increases with de-

creasing grain size apart from an underabundance around s = 0.3µm (Figure 3.3, top

left). Although the smallest grains in the range of a few hundredths of microns are the

most frequent, they barely a�ect the SED, because their thermal emission is negligible

in the IR.10) Thus, the e�ective minimum grain size is given by the maximum of the

size distribution at around 10µm. A large minimum grain size is characteristic of discs

with low dynamical excitation of the planetesimals, which is parameterised by emax

(Thébault & Wu, 2008; Löhne et al., 2012; Krivov et al., 2013). In our model, emax was

set to low values (Table 3.2) that imply low collisional velocities between the largest

disc bodies and inhibit the production of small dust. On the other hand, the destruc-

tion rate of dust grains is high because they have large eccentricities and collisional

10)The reason for that are spectroscopic properties of submicron-sized grains, namely a low absorption
in the visible and a steeply decreasing emission e�ciency at longer wavelengths (see �gure 2 in Krivov
et al., 2008).
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Figure 3.3: Dust distributions with (right column) and without (left column) stellar
wind activity. Top: size distributions in terms of the normal optical depth per size
decade, τlog s(r, s), for di�erent distances from the star. The straight line in the right
panel shows the theoretically predicted equilibrium slope for an in�nite collisional
cascade (O'Brien & Greenberg, 2003). Bottom: radial distributions in terms of the
normal optical depth, τ(r), integrated over all grain sizes. The straight line in the
right panel depicts the slope of the halo region predicted for collisionally active debris
discs (Krivov et al., 2006; Strubbe & Chiang, 2006; Thébault & Wu, 2008). Shaded
areas indicate the contributions from di�erent size ranges.

velocities induced by radiation pressure. This imbalance cleans out the disc of small

particles and leads to an increase in the typical grain size (Thébault & Wu, 2008).

The size distribution minima at around s = 0.3µm correspond to the size where βrp has

a maximum (cf., Figure 2.1, middle panel). These grains are pushed to eccentric orbits

by pressure forces after their collisional production, and therefore contribute little to

the dust density at a given distance from the star.
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The submicron-sized grains moving in eccentric orbits produce a dust halo beyond the

planetesimal belt (Figure 3.3, bottom left). These grains have pericentres within the

planetesimal zone and apocentres outside. Because of the low dynamical excitation, the

halo is tenuous and exhibits a radial pro�le with an outer slope that is steeper than the

−1.5 predicted for collisionally very active debris discs (Krivov et al., 2006; Strubbe &

Chiang, 2006; Thébault & Wu, 2008). The inner region is also tenuously �lled by dust

because of P-R drag.

Turning to the stellar wind simulation 1PB_SW1, we notice more particles > 0.1µm

interior to the planetesimal belt, e.g. visible by the reduced depth of the minimum

around 0.3µm (Figure 3.3, top right). The size distributions are nearly �at for the

smallest grains but become signi�cantly steeper at sizes between 10 and 100µm. This

behaviour is caused by the enhanced inward transport due to stellar wind drag, which

quickly removes small grains from the planetesimal belt (e.g., Vitense et al., 2010;

Reidemeister et al., 2011; Wyatt et al., 2011; Krivov et al., 2013). As a further con-

sequence, the inner region is �lled more strongly by dust and has an almost constant

optical depth pro�le (Figure 3.3, bottom right). It is this amount of warm dust in the

inner region that produces more excess in the mid-IR and that strengthens the central

emission resulting in steeper surface brightness pro�les.

3.4.3 Shifting the planetesimal belt

As illustrated in Figure 3.1, stellar winds can improve the model signi�cantly. The mod-

erate wind strength with Ṁ? = 15 Ṁ� provides a better agreement than Ṁ? = 30 Ṁ�.

However, the major-axis pro�les at 100 and 160µm are below the observed emis-

sion outside the planetesimal belt (r > 200 au) while they tend to overestimate it for

r < 100 au. To reduce the surface �ux close to the star and simultaneously enhancing

it farther out, we shifted the planetesimal belt by 30 au outwards (run 1PB_r+). This

�attens the 100 and 160µm pro�les and further minimises the deviations from the

observational data (Figure 3.1, right column).

We refrained from further re�nements of the model because of the long simulation

times (run 1PB_r+ took about 72 CPU days). The results presented are su�cient

for illustrating that a scenario including one narrow, outer planetesimal belt is only

feasible with strong inward transport of dust.
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3.5 Models with two planetesimal belts

The one-component model found by Ertel et al. (2014b) �ts the observational data

with reasonably low χ2. However, their �gure 3 shows that the major-axis pro�le at

100µm is not extended enough, leading to deviations > 1σ. Ertel et al. note that all

modi�cations helping to obtain a broader emission at 100µm would also result in a

substantially broader emission at 70µm, which is not observed. To adjust the pro�les

at 70 and 100µm independently, Ertel et al. propose a two-component model where

the inner component mostly contributes to 70µm but marginally to 100µm, and vice

versa for the outer component (Table 3.1).

To checked the hypothesis of a two-component disc, we assumed two narrow, well-

separated planetesimal belts and simulated the evolution of the collisionally produced

dust in each belt by two di�erent ACE runs. The dust distributions for the inner and the

outer component were stored as a function of the simulation time tsim. After the runs

had �nished, we manually determined the timesteps tsim where the sum of the thermal

emissions from both components matches the observational data the best. Since the

initial conditions of the planetesimal belts were not coupled in any way, we chose the

appropriate timesteps independently, i.e. tsim of inner and outer component were not

to be necessarily equal.

We tested two di�erent combinations of inner and outer planetesimal belts, denoted

as 2PB_I and 2PB_II (Table 3.2). Although the two planetesimal belts are widely

separated in each model, there is some overlap of the local dust densities, because of

both the grains transported inwards by P-R drag from the outer belt and the halo

grains pushed to eccentric orbits by radiation pressure from the inner belt. However,

the optical depth of the outer component is more than one order of magnitude lower at

the location of the inner planetesimal belt, and the optical depth of the inner compon-

ent is several orders of magnitude lower at the position of the outer planetesimal belt.

Figure 3.4 depicts this situation for 2PB_II. Thus, the inner and the outer dust distri-

bution can be seen as nearly collisionally decoupled, which justi�es their independent

treatment.

In model 2PB_I, we placed the planetesimal belts close to the inne edge positions

of the two components found by Ertel et al. (2014b). The outer component has to

dominate the �ux density at 160µm, but at the same time, must contribute little to

the �ux density at shorter wavelengths. Consequently, the typical grain size of the

dust has to be large in order to suppress the warm emission, which requires a low
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Figure 3.4: Radial pro�le of the optical depth in model 2PB_II. Shaded regions in-
dicate the extent of the inner and the outer planetesimal belt.

dynamical excitation of the planetesimal population (see explanations in Section 3.4.2).

We assumed emax = 0.001 for the outer belt, which is quite a low value inspired by

the modelling of Herschel 's cold disc candidates (Krivov et al., 2013), and distinctly

lower than emax = 0.04 for the inner belt. This seems also consistent with the stirring

mechanisms of debris discs (e.g., Kenyon & Bromley, 2008). Since the biggest stirrers

are smaller farther out from the star, because their formation takes longer there, the

dynamical excitation of planetesimals may be lower in outer regions.

The left column of Figure 3.5 presents the results for model 2PB_I. The SEDs of

both components are rather separated, because the one of the outer belt peaks beyond

160µm and has a minor contribution to 70 and 100µm. The overall SED clearly shows

emission that is too low at 100 and 160µm, whereas it tends to overestimate the SPIRE

photometry by ≈1σ. Putting more weight on the outer component SED by taking the

dust mass from an earlier timestep, consequently improves the agreement with the

100 and 160µm points, but has the opposite e�ect at longer wavelengths. The radial

pro�les have a steep fall-o� that contradicts the observations. This is because they are

mostly a�ected by the inner component, which is only marginally resolved.

A signi�cant improvement in the model requires the radial pro�les at 100 and 160µm to

be broadened without simultaneously increasing the �ux density at SPIRE wavelengths,
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equivalent to a higher contribution of the outer, colder component. To this end, we

departed from the Ertel et al. (2014b) setup, since it is di�cult to translate their

�ndings directly into a consistent collisional model. The components found by Ertel

et al. have steep size distributions (γ < −4, Table 3.1), which cannot be explained by

modelling with standard collisional prescriptions. The resulting size distributions from

statistical codes such as ACE are typically broader, leading to broader SEDs as well.

The entanglement in terms of resolvable emission from the two components in model

2PB_I is thus greater than in Ertel et al. (2014b), reducing the ability to adjust the

radial pro�les at 70µm and 100/160µm independently.
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Figure 3.5: Same as Figure 3.1, but for the two-component models 2PB_I (left
column) and 2PB_II (right column). Model parameters are speci�ed in Table 3.2.
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In the second two-component model 2PB_II, we therefore shifted the outer planetes-

imal belt farther away from the star and increased emax up to 0.04. Compared to 2PB_I,

the outer belt now largely determines the overall SED at wavelengths > 100µm (Fig-

ure 3.5, right column). Model 2PB_II �ts the PACS photometric points well, but still

shows the trend of overestimating the SPIRE data. Thanks to the stronger contribution

of the outer belt, all brightness pro�les are su�ciently broadened.

3.6 Possibility of an extended planetesimal belt

The broad radial distribution of the dust revealed by the Ertel et al. (2014b) modelling

suggests a further interpretation of the system architecture, which is a radially extended

planetesimal belt. It implies that dust is produced everywhere in the whole disc. This

is similar to a multi-component con�guration where several narrow planetesimal rings

reside close to each other. We used the results of our two-component model to discuss

the possibility of an extended planetesimal belt.

Adding a third planetesimal ring between the two existing ones in model 2PB_II

would result in a structure that is close to an extended planetesimal belt con�guration.

Surely, such an additional ring would imply that all three planetesimal populations,

namely the inner, the outer, and the intermediate belt, are no longer collisionally

decoupled. Thébault & Augereau (2007) consider a comparable situation. They divided

an extended debris disc into several annuli and studied their collisional evolution. Inter-

annuli interactions were incorporated through the orbit deformation of small grains due

to radiation pressure. Particles within a certain annulus can collide with high-β grains

produced in another annulus closer in. Because the impact velocities in such events are

higher than the ones between locally produced particles of the same size, the number of

destructive collisions increases. The same e�ect appears in ACE simulations for a setup

of closely adjacent planetesimal rings and is further analysed in Chapter 5. At the

moment, this e�ect is rather unimportant for a qualitative discussion of an extended

planetesimal belt around HIP 17439.

Figure 3.4 shows that the peak values of the optical depth for the inner and the outer

belt are roughly the same, ∼ 10−3. A third intermediate planetesimal ring will help

to �ll the �hole� in the τ pro�le between the two components. Such a quasi-extended

planetesimal distribution might result in a nearly constant dust density similar to what

is predicted by the stellar wind simulations (Section 3.4.2).

An extended planetesimal belt could naturally be expected, for instance, if planetesim-
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als succeeded to form at a wide range of distances from the star but, for some reasons,

have not grown further to gas giants. Such a belt would undergo a long-term collisional

erosion which is faster closer to the star. This leads to a mass density pro�le Σ(r)

rising outwards with a slope of about 7/3 (e.g., Kennedy & Wyatt, 2010; Wyatt et al.,

2012), although the exact value can be di�erent under di�erent assumptions, e.g., for

the initial radial pro�le of solids in the disc by the time of gas dispersal or for the

critical fragmentation energy of planetesimals. We checked the radial slope αΣ of the

mass surface density in our simulations by evaluating

αΣ =
∆ log Σ(r)

∆ log r
=

log Σ(ro)− log Σ(ri)

log ro − log ri
, (3.1)

where ri and ro are the mean distances of the inner and outer planetesimal belts,

respectively. We found αΣ ≈ 1.1 for 2PB_I and αΣ ≈ 0.7 for 2PB_II. These values are

close to one and clearly con�rm a solid density pro�le rising from the inside out. Thus,

the HIP 17439 disc can also be consistent, at least qualitatively, with an inside-out

collisional erosion of an extended planetesimal belt.

3.7 Prospects for observations

As demonstrated in the previous sections, several disc morphologies are able to ex-

plaining observations of the HIP 17439 system. The following addresses the question

whether present-day observational facilities can reveal the actual disc architecture.

We predicted how our best one- and two-belt model would be seen by the 50-metre

Large Millimetre Telescope (LMT) Alfonso Serrano, situated on the summit of Volcán

Sierra Negra (Mexico, Hughes et al., 2010). The LMT is expected to operate in a

50-metre diameter aperture con�guration in 2017. Then, it will be the most powerful

single-dish telescope with respect to high-resolution imaging of HIP 17439's disc at

millimetre wavelengths, although it is located in the northern hemisphere (latitude

≈+19◦), and HIP 17439 (declination ≈−38◦) is di�cult to observe from this position.

Inspired by the resolution of the AzTEC camera (Wilson et al., 2008) for the LMT �nal

50-metre con�guration, we convolved images of 1PB_r+ and 2PB_II at 1.1mm with

a Gaussian pro�le that has a full width half maximum (FWHM) of 6′′. We assumed the

signal-to-noise ratio S/N = 6 and estimated the standard deviation σ of the background

�uctuation as the peak �ux in the simulated observations divided by the given S/N.

The synthetic AzTEC image of model 2PB_II shows an inner emission above the 5-σ

level (Figure 3.6, bottom left) and gives direct evidence for the presence of an inner
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3.7 Prospects for observations

planetesimal belt. However, the di�erence in the central emission between the one- and

the two-component disc is small, ≈1σ, and is not enough to clearly distinguish between

the two models. To reach a signi�cant detection of the inner belt, its emission should

di�er by at least 3σ compared to the inner surface brightness dip of the one-belt model.

This requires an S/N that is three times higher than assumed. Unfortunately, this
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Figure 3.6: Discs with one component (1PB_r+, top) and two components (2PB_II,
bottom) around HIP 17439 seen by two di�erent telescopes. The discs have been
rotated by the observed position angle. Left column: simulated LMT/AzTEC images
generated by convolving the models at 1.1mm with a Gaussian (FWHM = 6′′).
White circles in lower right corners illustrate the beam size. Contour lines show
the iso-�ux levels at 2σ, 3σ, 4σ, and 5σ. Right column: simulated ALMA images in
Band 7 (central wavelength 870µm). Antenna con�guration alma.out01 (beam size
1.1′′× 0.9′′) and a water vapour overburden of 0.1mm were used. A sensitivity of
≈10µJy beam−1 was achieved with an on-source integration time of 15 hours.
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cannot be achieved since the AzTEC Photometry Mode Calculator11) already predicts

a very long observing time of six days (including all overheads) to reach S/N = 6.

In a second attempt, we simulated interferometric ALMA observations with the ALMA

image generator CASA 4.1.012) (Common Astronomy Software Applications, McMullin

et al., 2007), using the procedure simalma. We assumed observations in Band 7 under

good weather conditions (0.1mm precipitable water vapour) and applied a long integ-

ration time of 15 hours. Despite these excellent conditions, the inner component of the

two-belt model is barely detectable (Figure 3.6, bottom right).

Our tests suggest that it would be di�cult to distinguish between the one-belt and two-

belt models considered within a reasonable observing time. It is important to note that

other two-belt con�gurations, which reproduce the observations to a similar quality

as the ones found, may mitigate the challenge of this work. For instance, if the inner

planetesimal belt lies slightly farther away from the star as in our model 2PB_II,

the produced dust will become colder and brighter at long wavelengths, favouring

its detectability with LMT or ALMA. In any way, such long-wavelength observations

have high enough resolution to assess whether there is emission interior to the outer

planetesimal belt. This at least helps to constrain general properties of the disc (and

also of the host star) as recently demonstrated for HIP 17439's sibling ε Eri (Chavez-

Dagostino et al., 2016).

3.8 Conclusions and discussion

The astrophysical plausibility of the di�erent models proposed for HIP 17439's debris

disc are discussed below.

We found a one-component model including a narrow planetesimal belt that requires

the presence of stellar winds, which transport the particles from their birth region to the

inner part of the system. This model equals Scenario II (Section 1.2). In our best run

(1PB_r+), the planetesimals reside between 150 and 180 au. Thus, they are much closer

to the star than the outer edge of the disc predicted by the analytic one-component

model of Ertel et al. (2014b). There, the outer edge was found at about 400 au, but

could also be located much further inside because of large uncertainties. In general,

planetesimals and dust production at very large distances from the host star seem to be

unlikely because of the increasingly long growth and stirring timescales of planetesimals

(e.g., Kenyon & Bromley, 2008). The moderate radial range of planetesimals in the

11)http://www.lmtgtm.org/aztec-photometry-mode-calculator/
12)http://casa.nrao.edu/
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one-belt model presented in this study therefore �ts better in the debris disc formation

theory.

Without stellar winds of su�cient strength, the data are consistent with a two-com-

ponent disc, with a warm inner and a cold outer planetesimal belt, according to Scen-

ario I (Section 1.2). In our best two-belt model (2PB_II), the distance ratio of the

planetesimal belt centre positions is ro/ri = 165 au/35 au ≈ 5. To compare this with

other studies, we remind that surveys of two-component discs around stars of di�erent

spectral types reveal the median temperatures of ≈ 190 K for the inner and ≈ 60 K

for the outer component (e.g., Morales et al., 2011; Ballering et al., 2013). Applying

blackbody assumptions gives a distance ratio of ro/ri = (190 K/60 K)2 ≈ 10. Thus, our

result is close to what was found for many other systems.

We discovered that both components must have similar dynamical excitation of

emax ≈ 0.04 to be in good agreement with the brightness pro�le data. One problem

is that this level, especially in the inner belt, is lower than what is expected for the

stirring by a planet (e.g., Mustill & Wyatt, 2009), suggesting that the gap between the

two belts may not be populated by planets. In that case, however, it would be di�cult

to explain what else, if not planets, has cleared up the wide gap between the two belts.

Nevertheless, the problem can be mitigated by the assumption that possible planets in

the gap are in nearly circular orbits and/or have low masses.

An alternative explanation is that HIP 17439's disc has no gap, but is composed of

a single radially extended planetesimal belt. This can be understood as a generalisa-

tion of a two-component con�guration (Scenario I) because an extended belt can be

approximated by several narrow belts adjacent to each other (multi-component disc).

In principle, this could be the best model consistent with planet(esimal) formation

theories.
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This chapter is based on the work published in Schüppler et al. (2015). I made major

contributions to the collisional modelling, including the calculations of the thermal and

scattered light emission of the dust. The reduction and description of the ALMA data

and other observational data (Sections 4.2.2 and 4.2.3) as well as the parametric mod-

elling (Section 4.6) was done by Steve Ertel. Other parts of this study were elaborated

in collaboration with Torsten Löhne, Alexander V. Krivov, Jonathan P. Marshall, Se-

bastian Wolf, Mark C. Wyatt, Jean-Charles Augereau, and Stanimir A. Metchev.

4.1 System description

The debris disc around AU Mic (GJ 803, HD 197481) is one of a few that have been

found around M-type stars so far. Such discs seem to be rare for which there could be

several reasons:

• The low luminosities of M-type stars imply colder circumstellar dust compared

to grains in the same orbit around earlier-type stars. The M-dwarf discs there-

fore exhibit faint long-wavelength emission meaning a possible survey bias (e.g.,

Matthews et al., 2007).

• The blowout of dust around M stars may be favoured since they are likely to

possess strong stellar winds (e.g., Johnstone et al., 2015a,b).

• The low stellar mass of M dwarfs makes it easy to strip planetesimals from their

discs during close encounters with massive objects (e.g., in dense stellar clusters).

• If the generic temperatures for warm and cold disc components found for debris

discs around earlier-type stars (see Section 1.2) also hold for M stars, the M-type

discs will be close to their hosts, meaning a faster dynamic timescale and a quick

depletion of the dust reservoir. This is also favoured by the fact that M dwarfs

are older on average than other stars.

Around a dozen non-resolved M-star discs have been detected in the recent years (For-

brich et al., 2008; Plavchan et al., 2009; Chen et al., 2014). Theissen & West (2014) �nd

a much larger number of M dwarfs showing mid-IR excesses, which can be interpreted

as circumstellar dust emission. However, there are some hints that this is more likely

attributed to giant impacts of terrestrial planetary bodies (Scenario IV, Section 1.2)
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4.1 System description

than to asteroid belt-like debris discs (Weinberger et al., 2011; Theissen & West, 2014).

The discs around the M stars GJ 581 (Lestrade et al., 2012), TWA 7, TWA 25 (Cho-

quet et al., 2016), and AU Mic are the only ones that have been spatially resolved thus

far.

Since the discovery of AU Mic's disc (Kalas et al., 2004; Liu et al., 2004), it remains

remarkable among the sample of resolved debris discs in many respects. The disc is

resolved from the optical to near-IR (Krist et al., 2005; Metchev et al., 2005; Fitzgerald

et al., 2007), where it appears blue relative to the star. The disc is seen edge-on with an

impressive radial extent of about 150 au. The surface brightness pro�les show shallow

inner slopes at small projected distances but steepen substantially beyond 35 au. In

addition, asymmetries on small and large scales with several local brightness maxima

and minima have been detected beyond 20 au (Liu, 2004; Krist et al., 2005; Fitzgerald

et al., 2007). In the latest high-resolution image of HST/STIS (Space Telescope Imaging

Spectrograph), Schneider et al. (2014) have found a distinct brightness enhancement

above the disc midplane on the south-eastern (SE) side at about 13 au from the star.

Furthermore, a disc warp is discernible on the north-western (NW) side between 13

and 45 au, opposite the SE brightness bump. There is also an NW-SE asymmetry, with

the NW side brighter than the SE inside 20 au. These disc inhomogeneities hint at the

existence of planetary perturbers, causing radially localised structures such as rings,

clumps, and gaps through planet-disc interactions (e.g., Ertel et al., 2012b; Nesvold &

Kuchner, 2015). However, there is no con�rmation of planets in the AU Mic system to

date (Neuhäuser et al., 2003; Masciadri et al., 2005; Metchev et al., 2005; Hebb et al.,

2007; Biller et al., 2013). Alternatively, clumpy disc structures may also be due to recent

breakups of large planetesimals (e.g., Kral et al., 2015). Recently, �ve features on the SE

side monitored over several years have been found to move away from the star, two of

them with velocities even larger than the local escape velocity (Boccaletti et al., 2015).

This movement on unbound trajectories, together with the appearance of such features

on only one side of the disc, indicates that the observed structures are necessarily

recent. A physical interpretation of these observational facts with di�erent scenarios

considering gas-dust interactions, spiral density waves, resonances with planetary-mass

objects, out�ows from planets, or stellar activity remains challenging.

The AU Mic disc is 60% brighter in B band than in I band (Krist et al., 2005). A

potential explanation is that there are many small grains down to ∼ 0.1µm that scat-

ter more light at shorter wavelengths (Augereau & Beust, 2006). Graham et al. (2007)

obtained polarisation maps in V band using the HST Advanced Camera for Surveys

(ACS, Clampin et al., 2000). They measured the degree of linear polarisation to be

49



4 AU Microscopii

steeply rising from 5 to 40% within a distance of 80 au. The light has a perpendicu-

lar polarisation with respect to the disc plane, which again agrees with the expected

scattering behaviour by small grains.

The disc has also been resolved at 1.3mm with SMA (Wilner et al., 2012) and ALMA

(MacGregor et al., 2013). Two distinct emission components have been identi�ed from

the ALMA observations: a dust belt that extends up to 40 au and a central emission

peak that remains unresolved. The dust belt shows an emission pro�le that rises with

the distance from the star, indicating a steep mass surface density slope. The central

emission peak is about six times brighter than the stellar photosphere. MacGregor

et al. (2013) surmise that this emission stems from an inner planetesimal belt, located

at distances . 3 au. Cranmer et al. (2013) propose that it comes solely or partly from

an active stellar corona.

Some studies also searched for circumstellar gas in the AU Mic disc. Liu et al. (2004)

inferred an H2 mass of ≤ 1.3M⊕ from a non-detection of submillimetre CO emis-

sion. Roberge et al. (2005) reduced the H2 mass limit to 0.07M⊕ since far-ultraviolet

(far-UV) H2 absorption was not detected. France et al. (2007) analysed �uorescent H2

emission and obtained a total gas mass between 4× 10−4 M⊕ and 6× 10−6 M⊕. How-

ever, they state that this detection might also come from a cloud that extends beyond

the disc. From X-ray spectroscopy, Schneider & Schmitt (2010) report a maximum H

column density of ∼ 1019 cm−2, which is about �ve times higher than the interstellar

value. Thus, the AU Mic disc belongs to about a dozen known gas-containing debris

disc systems, e.g., HD 172555 (Riviere-Marichalar et al., 2012), HD 21997 (Kóspál

et al., 2013), HD 32297 (Donaldson et al., 2013), HD 181296 (Riviere-Marichalar et al.,

2014), 49 Ceti (Roberge et al., 2014), β Pic (Dent et al., 2014; Brandeker et al., 2016),

HD 141569 (Flaherty et al., 2016), HD 181327 (Marino et al., 2016), and several debris

disc targets in the Scorpius-Centaurus OB association (Lieman-Sifry et al., 2016). These

gas detections are not all as tenuous as in the AU Mic disc. Circumstellar gas has to

be recently produced because of rapid dissociation times (Visser et al., 2009). Several

reasons are proposed for the presence of gas in debris discs, including vaporisation

of colliding dust particles (Liseau & Artymowicz, 1998; Czechowski & Mann, 2007),

photodesorption of dust grains (Chen et al., 2007; Grigorieva et al., 2007b), collisions

between volatile-rich comets in massive planetesimal belts (Zuckerman & Song, 2012),

and evaporation of infalling comets (Beust et al., 1990).

Much work has been done in the past to characterise and model the AU Mic system.

Augereau & Beust (2006) performed a direct inversion of the visible and near-IR surface
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brightness pro�les to calculate the circumstellar dust density. A density peak was found

at around 35 au. This is close to the location of the observed break in the brightness

pro�les and hints at a dust-producing planetesimal belt around that distance. Strubbe

& Chiang (2006) included the dynamics of grains for the �rst time and reproduced the

scattered light pro�les and the SED with a narrow birth ring of planetesimals at about

40 au. They note that the dynamics of the disc particles is dominated by destructive

inter-particle collisions rather than transport processes. Their model predicts an inner

disc region devoid of submicron-sized grains, which is consistent with conclusions from

Graham et al. (2007) and Fitzgerald et al. (2007). In contrast, small grains mainly

populate the outer part of the disc and cause the blue colour of the scattered light.

To model the V -band scattered light intensity and the degree of polarisation, Graham

et al. (2007) assumed uniformly distributed dust between two distances from the star

and adopted the empirical Henyey & Greenstein (1941) phase function in combination

with a parameterised polarisation function. In their best-�t model, the particles exhibit

strong forward scattering and the innermost 40 au of the disc are devoid of grains.

Later on, Shen et al. (2009) showed that Graham et al.'s (2007) best-�t phase and

polarisation functions can be reproduced by a distribution of sphere cluster aggregates

with volume-equivalent radii between 0.1 and 0.4µm, a size distribution index of −3.5,

and a porosity of 60%. Fitzgerald et al. (2007) explained many observations with a

two-zone disc model in which they used power-law descriptions for the radial and the

size distribution of the dust. A �rst zone (35 . . . 40 au) of large particles represents a

planetesimal belt and mainly accounts for the long-wavelength thermal emission, while

a second halo-like zone (40 . . . 300 au) is composed of small particles and reproduces

the scattered light measurements. Matthews et al. (2015) also detected a dust halo

in far-IR resolved Herschel and JCMT images. Their best �t supports the narrow

birth-ring model of Strubbe & Chiang (2006), but is also consistent with an extended

planetesimal belt from 8 to 40 au, according to the model explored in Wilner et al.

(2012) and MacGregor et al. (2013).

In our study, we aimed at a comprehensive understanding of the dust production as

well as of the dust and planetesimal dynamics in the AU Mic system. We combined

constraints from scattered light and millimetre-wavelength observations and searched

for a self-consistent collisional model that explains all these data. Our modelling as-

sumed an axisymmetric disc and therefore did not account for the formation of the

substructures and the asymmetries mentioned above. Furthermore, the in�uence of gas

on disc particles was neglected because observational data point towards a very low

gas content.
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4.2 Data used

4.2.1 Stellar parameters

AU Mic is an M1 V dwarf at a distance of 9.9 pc (Perryman et al., 1997; van Leeuwen,

2007). The star shows strong �aring activity at X-ray and UV wavelengths (Robin-

son et al., 2001; Mitra-Kraev et al., 2005; Schneider & Schmitt, 2010). We used the

Augereau & Beust (2006) photosphere model with an e�ective temperature of 3 700K,

a luminosity of 0.09 L�, and a surface gravity of log(g) = 4.5, where g is in cgs units.

We assumed the stellar mass M? = 0.5M�, which re�ects the mean of the mass range

given in the literature (0.3 . . . 0.6M�, Plavchan et al., 2009; Houdebine & Doyle, 1994)

and which is roughly consistent with the photosphere model used.

AU Mic belongs to the β Pic moving group (BPMG), whose members share common

space motions and are believed to have a coeval origin. This implies that AU Mic's

age coincides with the BPMG age. Through the identi�cation of the lithium deple-

tion boundary, Binks & Je�ries (2014) and Malo et al. (2014) �nd BPMG ages of

(21± 4)Myr and (26 ± 3)Myr respectively. This agrees with traceback ages from

Makarov (2007) and Mamajek & Bell (2014). The latter used revised Hipparcos as-

trometry data and also derived an isochronal age of (22± 3)Myr.

4.2.2 ALMA observations

ALMA observations of AU Mic in Band 6 (1.3mm) have been carried out as part of

the cycle 0 early science observations in the context of the projects 2011.0.00142.S

(PI: D. Wilner) and 2011.0.00274.S (PI: S. Ertel). The data considered for our model-

ling were taken on 16 June 2012 and are in agreement with the MacGregor et al. (2013)

SB-4 observations. A total of 20 operational 12-metre antennae were used, spanning

baselines of 21 to 402m with an e�ective angular resolution (FWHM of the reconstruc-

ted dirty beam) of 0.69′′ × 0.79′′ and an e�ective �eld of view of λ/d ≈ 22′′, where

d is the single-dish diameter. MacGregor et al. (2013) present a detailed description

of the observations and data reduction. Our re-reduction of the data was carried out

with CASA. We followed the approach used by MacGregor et al. (2013) and came to

consistent conclusions.

The edge-on disc has a radial extent of about 4′′ (≈ 40 au) and a position angle of

(128.41 ± 0.13)◦ (MacGregor et al., 2013). It is unresolved in its vertical direction.13)

13)Our ALMA image does not provide information beyond what is shown in �gure 1 of MacGregor
et al. (2013) and is therefore not presented here.
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To prepare the data for our modelling, we extracted a radial pro�le along the ma-

jor axis of the disc. To this end, we largely adopted the approach used for Herschel

data obtained in the context of the DUNES programme (Löhne et al., 2012; Eiroa

et al., 2013; Ertel et al., 2014b). We �rst converted the �ux units in the image from

Jy beam−1 to Jy pixel−1 by multiplying them with a factor of 0.0185 derived by in-

tegrating the core of the reconstructed dirty beam. Then, we rebinned the image with

an original pixel scale of 0.1′′ pixel−1 to a 10 times smaller pixel scale using a cubic

spline interpolation. The disc was rotated by an angle of 38.41◦ clockwise in order to

align its major axis with the image x-axis. We measured the radial surface brightness

pro�le along the major axis by integrating over 11 × 11 subpixel-wide boxes centred

on the disc midplane and spaced by 74 subpixels (0.74′′, about the FWHM of the

reconstructed dirty beam, i.e. the resolution element of the image) left and right of

the star, assumed to be located at the brightest subpixel. We averaged the SE and

NW sides of the pro�le to �t an axisymmetric model to the data. Uncertainties were

derived as a quadratic sum of the di�erence between the two sides of the pro�le and

the background �uctuation measured in regions of the image where no �ux is expec-

ted but where the sensitivity is comparable to the image centre. Since we were only

interested in the dust distribution in the outer disc, we ignored the pro�le point at

the image centre, which is a�ected by the inner, unresolved component. By extrapol-

ating the disc pro�le from the outer points to the disc centre and assuming that the

�ux measured above the extrapolated value stems from the inner component (star and

additional emission), we �nd a �ux density for this component of (0.29 ± 0.05)mJy,

which is consistent with (0.36 ± 0.07)mJy in MacGregor et al. (2013). We estimated

the uncertainty of this measurement by adding in quadrature a typical uncertainty in

the outer points (∼ 15%) and an absolute photometric calibration uncertainty of 10%

(MacGregor et al., 2013). The stellar contribution to this �ux density is 0.04mJy, ob-

tained from the stellar photosphere spectrum (Augereau & Beust, 2006) extrapolated

to the ALMA wavelength using the Rayleigh-Jeans (R-J) law. However, this might sig-

ni�cantly underestimate the stellar �ux and the whole central component might come

from stellar emission (Cranmer et al., 2013).

Deviating from the complex �tting approach used by MacGregor et al. (2013) to derive

the disc parameters (including the total �ux density), we performed photometry of

the disc by integrating the �ux in the rotated image in a box of 101 × 21 native

image pixels. The uncertainty was estimated from the scatter of the �ux measured on

eight positions above and below the disc, where no emission is expected. An additional

calibration uncertainty of 10%, consistent with MacGregor et al. (2013), was added in
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quadrature. We �nd a total �ux density of (8.75± 0.98)mJy, which is consistent with

(7.46 ± 0.76)mJy from MacGregor et al. (2013), by summing both disc components

and including calibration uncertainty. For the modelling, we subtracted the �ux of the

inner component estimated above, so that we are only left with the �ux of the disc and

the star as estimated using our photosphere spectrum.

The exact �ux of the inner component has no signi�cant impact on our pro�le or �ux

measurement, since we ignore the inner pro�le point a�ected by this component and

because its contribution to the total �ux density is only 0.2σ.

4.2.3 Auxiliary thermal emission data

In addition to the ALMA data, we considered a variety of photometric data from earlier

work. Furthermore, we included archival Herschel/PACS and /SPIRE data, taken dur-

ing Guaranteed Time Observations as part of the Disc Evolution Key Programme (PI:

G. Olofsson). These data were treated following the Herschel/DUNES data reduction

strategy (Eiroa et al., 2013). HIPE (Herschel Interactive Processing Environment, Ott

2010) version 11 and the calibration plan versions v56 and v11 for PACS and SPIRE,

respectively, were used. PACS �ux densities at 70 and 160µm were measured with an

aperture of 20′′ and annuli for the noise measurement of 30′′ . . . 40′′ and 40′′ . . . 60′′,

respectively. The SPIRE �ux density at 250µm was measured with an aperture of 30′′,

and the noise was estimated in a region of the image where no emission from the disc

is expected. A nearby source is visible in all Herschel images, peaking at 250µm. It

is separated from the disc well at wavelengths up to 250µm and easily removed by a

point-source subtraction. The two sources are not well separated at longer wavelengths.

SPIRE �ux densities at 350 and 500µm were measured using SExtractor (Bertin &

Arnouts, 1996) and a point-source approximation (PSF photometry), since the source

is unresolved at these wavelengths. Aperture corrections were applied to the measured

�uxes. Instrument calibration uncertainties of 7% for PACS and 6% for SPIRE were

added in quadrature to the measured uncertainty. A more detailed reduction of the

Herschel data is given in Matthews et al. (2015), which was published after our paper

Schüppler et al. (2015). Minor di�erences to our data exist, but all within 2σ. These

have no impact on our modelling results.

We did not consider the spatially resolved information from the Herschel images since

the resolution is much lower than that of our ALMA image (e.g., FWHM = 5.8′′ for

Herschel/PACS at 70µm versus FWHM = 0.74′′ for ALMA Band 6). However, we

inspected the PACS data for signs of bright, warm central emission in the form of a
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signi�cantly increasing extent of the disc from 70 to 160µm (Ertel et al., 2014b). Such

behaviour is not visible, suggesting that the inner component seen in the ALMA im-

ages indeed makes no or only a minor contribution to the �uxes at shorter wavelengths.

Doering et al. (2005) report detecting the innermost disc region up to ≈ 16 au in dia-

meter via N -band imaging with the Gemini South telescope. However, the disc extent

along the major axis was found to be only marginally broader than the PSF and we did

not take this into account in our study. Furthermore, we did not consider Spitzer/MIPS

images because of the low angular resolution (e.g., the resolution of Spitzer at 24µm is

nearly as low as that of Herschel at 70µm). Any confusion, such as from a background

galaxy, would be di�cult here to disentangle from the source.

Assuming the �ux density to be proportional to λ−δ at long wavelengths, the mean

spectral index beyond 250µm amounts to δ = 1.7, close to the R-J slope of a blackbody

radiator (δRJ = 2). We �tted a blackbody curve to the far-IR excess in order to derive

spectral slopes at all wavelengths. A temperature of 50K �ts the data very well, which

is consistent with Rebull et al. (2008) and Plavchan et al. (2009). Interestingly, this

is in the range of generic temperatures found for the outer cold belts in many two-

component systems (see Section 1.2). The temperatures that were obtained for the

inner belts, 150 . . . 200K, correspond to very small distances of ∼ 0.6 . . . 1.1 au for a

putative warm component in the AU Mic system. This is well below the resolution limit

and leaves room for further speculations about the presence of an inner unresolved disc

component.

We took the nearest tabulated values for the colour corrections listed in the literature

for the instruments used and the spectral slopes of the source (star and disc) derived

from this �t. The resulting colour-corrected �ux densities and references for both the

measurement and the colour correction are listed in Table 4.1.

4.2.4 Scattered light observations

We adopted the optical and near-IR surface brightness pro�les from Fitzgerald et al.

(2007) and Schneider et al. (2014) as well as the measured degree of polarisation from

Graham et al. (2007). We averaged all pro�les over the SE and NW disc sides to atten-

uate the observed spatial brightness anomalies, and thus, to alleviate the comparison

with our axisymmetric disc models.
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Table 4.1: Photometry of the AU Mic disc

Wavelength Flux density Telescope/ Reference for Reference for
[µm] [mJy] instrument �ux density colour correction

11.6 543± 60 WISE C12 W10
12 517± 30 IRAS M90 B88
18 246± 36 Akari I10 IH
22.1 183± 21 WISE C12 W10
24 158± 3 Spitzer/MIPS P09 IH
25 244± 63 IRAS M90 B88
60 269± 46 IRAS M90 B88
70 227± 27 Spitzer/MIPS P09 IH
70 231± 16 Herschel/PACS HSA IH

100 680± 149 IRAS M90 B88
160 172± 21 Spitzer/MIPS R08 IH
160 243± 17 Herschel/PACS HSA IH
250 134± 8 Herschel/SPIRE HSA IH
350 72± 21 CSO/SHARCII C05 . . .
350 84.4± 5.4 Herschel/SPIRE HSA IH
450 85± 42 JCMT/SCUBA L04 . . .
500 47.6± 3.8 Herschel/SPIRE HSA IH
850 14.4± 1.8 JCMT/SCUBA L04 . . .

1300 8.5± 2.0 SMA W12 . . .
1300 8.75± 0.98 ALMA M13 . . .

References. B88: Beichman et al. (1988), C05: Chen et al. (2005), C12: Cutri et al. (2012), HSA:
Herschel Science Archive (Matthews et al., 2015). IH: corresponding instrument hand book. I10:
Ishihara et al. (2010), L04: Liu et al. (2004), M90: Moshir et al. (1990), M13: MacGregor et al. (2013),
P09: Plavchan et al. (2009), R08: Rebull et al. (2008), W10: Wright et al. (2010), W12: Wilner et al.
(2012). ALMA and Herschel data were re-analysed as described in Sections 4.2.2 and 4.2.3.

4.3 Modelling parameters

4.3.1 Stellar winds and mass-loss rate

Previous studies propose various stellar wind strengths for the AU Mic system. Strubbe

& Chiang (2006) �nd Ṁ? < 10 Ṁ�, for which their model is in good agreement with the

observed SED and the V −H colour pro�le of the disc. Plavchan et al. (2009) estimate

Ṁ? < 50 Ṁ� from Spitzer/IRS observations. Augereau & Beust (2006) took the active

nature of AU Mic into account. They �nd Ṁ? ≈ 50 Ṁ� during quiescent states and

Ṁ? ≈ 2 500 Ṁ� during �ares. AU Mic spends about 10% of the time in �are phases

with a typical �are duration of several minutes (Pagano et al., 2000). Averaging over

quiescent and �are phases yields the mean value Ṁ? = 300 Ṁ�.

56



4.3 Modelling parameters

For our modelling, we considered both moderate and strong wind strengths by assuming

50 Ṁ� and 300 Ṁ�. According to Augereau & Beust (2006), the former is a typical

model where the �ares are ignored while the latter is an attempt to account for the

impact of the episodic stellar activity.

4.3.2 Material properties

Graham et al. (2007) and Fitzgerald et al. (2007) �nd evidence that the AU Mic

dust is composed of porous aggregates containing silicate, carbon, and ice. Guided

by these results, we used porous grains composed of astronomical silicate (Draine,

2003), amorphous carbon (ACH2, Zubko et al., 1996), and water ice (Li & Greenberg,

1998). The table of the ACH2 refractive index data in Zubko et al. (1996) terminates

at λ ≈ 1mm. To model photometric measurements at longer wavelengths (SMA and

ALMA points), we extrapolated the refractive index data up to λ = 2mm by the func-

tion f(λ) = c1 (λ/1 mm)c2 with c1 and c2 being �tting parameters. This extrapolation

resulted in (c1, c2) = (16.2, 0.27) for the real part and in (c1, c2) = (5.6,−0.26) for the

imaginary part of the refractive index.

We generated di�erent porous silicate-carbon-ice mixtures, given in Table 4.2, and

calculated their optical constants by applying the Bruggeman (1935) mixing rule. For

brevity, we use the identi�ers M1 to M5 when referring to the di�erent compositions.

The sum βrp+βsw follows a similar dependence on grain size as shown in the right panel

of Figure 2.1 for all the materials listed in Table 4.2. In case of 50 Ṁ� and 300 Ṁ�, the

stellar winds are su�ciently strong to induce a blowout limit that terminates the lower

end of the size distribution. The blowout sizes are given in Table 4.2.

Table 4.2: Materials used for modelling of the AU Mic disc

Identi�er Composition ρ [g cm−3] sblow [µm]

Ṁ? = 50 Ṁ� Ṁ? = 300 Ṁ�
M1 sil33+car33+vac33 1.78 0.07 0.48
M2 sil50+car50 2.68 0.04 0.35
M3 sil25+car25+ice25+vac25 1.64 0.07 0.51
M4 sil10+car10+ice40+vac40 1.02 0.11 0.71
M5 sil15+car15+vac70 0.80 0.16 0.93

Notes. Numbers after material names denote their volume fraction in per cent, e.g.,

sil25+car25+ice25+vac25 = 25% astron. silicate+ 25% amorphous carbon+ 25% water ice+ 25% va-

cuum. The bulk densities of the composites were calculated by ρ =
∑
ρi fi, where fi is the volume

fraction of the species, and ρi their densities (ρsil = 3.5 g cm−3, ρcar = 1.85 g cm−3, ρice = 1.2 g cm−3).
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4.3.3 Setups

Table 4.3 lists the ACE simulations discussed in the following sections. We used models

for an outer and an inner disc component in order to explain observations for the outer

resolved disc and the central emission seen by ALMA. In all simulations, we assumed

the discs to be composed of planetesimals up to at least 10m in radius with an initial

radial distribution index αΣ for the mass surface density. For the reason mentioned

in Section 3.3, the simulation time, tsim, does not necessarily coincide with AU Mic's

physical age, tphys ≈ 20 . . . 30Myr. In all models, except the one with planetesimals

between 1 and 45 au, tsim was two to four times shorter than tphys, which is more than

enough to bring the model discs to collisional equilibrium. The initial conditions of

our model discs are, however, �ducial. Di�erent combinations of total initial mass and

initial size distribution can lead to the same observed dust con�guration, though after

di�erent times.

During the reviewing process of our AU Mic paper, we realised that it would be of

Table 4.3: Description of ACE simulations for the AU Mic disc

Com- amin. . . amax αΣ Ṁ? emax Solids Md s′max M(s ≤ s′max) See

ponent [au] [Ṁ�] [10−3 M⊕] [km] [M⊕] Sect.

Outer

37.5. . . 42.5 0 0 0.03 M1 1.5 0.02 0.02

4.4.137.5. . . 42.5 0 50 0.03 M1 1.7 0.1 0.05

37.5. . . 42.5 0 300 0.03 M1 2.1 0.25 0.1

37.5. . . 42.5 0 50 0.03 M2 2.4 0.1 0.06

4.4.237.5. . . 42.5 0 50 0.03 M3 1.5 0.1 0.05

37.5. . . 42.5 0 50 0.03 M4 1.4 0.2 0.05

37.5. . . 42.5 0 50 0.01 M1 1.7 0.03 0.05
4.4.3

37.5. . . 42.5 0 50 0.1 M1 0.6 0.1 0.03

1. . . 45 −1.5 50 0.03 M1 2.1 0.1 0.2 4.4.4

Inner

2.8. . . 3.2 0 50 0.03 M1 0.006 100 0.02

4.52.8. . . 3.2 0 50 0.03 M3 0.005 400 0.02

2.8. . . 3.2 0 50 0.03 M5 0.005 400 0.02

Notes. Further simulation parameters: QD,s = QD,g = 5× 106 erg g−1, bs = −0.37, bg = 1.38, vsw =

400 km s−1 (Strubbe & Chiang, 2006), and θ = 89.5◦ (Krist et al., 2005). The (m, e, q) grid was

speci�ed with 1.3 bins per mass decade, 6.7 bins per eccentricity decade, 16.9 and 10.8 bins per

pericentre decade for outer and inner component runs, respectively. The model marked in bold is also

denoted as reference model.
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4.4 Probing the resolved outer disc

particular interest for the readers to quote the initial disc masses of our simulations

that are needed to match the observations after the proper age tphys of the system.

To estimate these initial masses, we assumed that the collisional lifetime Tcollision of

the largest bodies equals tphys, enabling them to sustain su�cient dust production over

that time. However, the required sizes for the largest bodies, s′max, typically exceed

those assumed in our simulations. We therefore extrapolated the size distributions

and collisional lifetimes to derive s′max such that Tcollision(s′max) ≈ tphys. The power-

law shapes of the distributions in the metre-to-kilometre size range facilitated that

extrapolation. We then determined M(s ≤ s′max), i.e. the total mass for all particles

smaller than s′max. Results are listed in Table 4.3. The values for M(s ≤ s′max) re�ect

theminimum disc masses needed to achieve simulation times that would approach tphys.

Larger planetesimals and potential exo-Plutos cannot be assessed this way because their

direct contributions to the collisional cascade are negligible.

4.4 Probing the resolved outer disc

First, we searched for a model to explain the available observational data on the re-

solved outer AU Mic disc, including the SED, the ALMA radial brightness pro�le, and

the scattered light measurements. The following illustrates the in�uence of di�erent

parameters and their compatibility on the data.

4.4.1 Stellar wind strength

We performed two stellar wind runs with Ṁ∗ = 50 Ṁ� and Ṁ∗ = 300 Ṁ�, referred to

as moderate and extreme stellar wind models, respectively. In addition, we started a

control run without any wind activity (Ṁ? = 0). Inspired by the work of Strubbe & Chi-

ang (2006), we assumed a radially narrow planetesimal belt (PB) centred at a distance

rPB = 40 au with a 5 au width. The maximum eccentricity of the planetesimals was set

to emax = 0.03. For the solids, we chose the mixture M1 with volume �lled in equal

parts by astronomical silicate, amorphous carbon, and cavities (�vacuum inclusions�).

Impact on thermal emission

Figure 4.1 shows SEDs and optical depths for the three models with di�erent Ṁ∗.

The vertical height of each SED was adapted by searching for the timestep in the ACE

simulations where the dust mass has an appropriate value to reproduce the observed

level of thermal emission. For the SEDs, we evaluated the di�erences between models
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and measurements by

χ2
SED =

1

N

N∑
i=1

(
F obs
λi
− Fmod

λi

σi

)2

, (4.1)

where F obs
λi

and Fmod
λi

are the observed and modelled �ux densities at wavelength λi, and

σi is the corresponding error of the measurements. To calculate χ2
SED, we considered all
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Figure 4.1: Disc models with di�erent assumptions for the stellar wind strength (from
left to right Ṁ? = 0, 50, 300 Ṁ�). Top row: SEDs. Crosses show photometric data
and squares star-subtracted photometric data. Dashed lines depict the stellar photo-
sphere, dash-dotted lines the disc emission, and solid lines the star+ disc emission.
The χ2's were obtained using the N = 20 photometric points visible in the plotted
range. Middle row: size distributions. Di�erent line styles indicate di�erent distances
from the star. The solid curves (r = 39 au) show the particle distribution within
the planetesimal belts. Shaded regions depict the contribution of grains in unbound
orbits at r = 39 au. Bottom row: radial distributions. Shaded regions indicate the
contributions from di�erent size ranges.
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measurements for λ > 10µm, which are N = 20 photometric points (Table 4.1). The

χ2
SED metric merely serves as a better inter-comparison of the di�erent SED models.

It should not be understood as a sign that the models were obtained by an automatic

�tting process that �nds the best values for the initial disc parameters.

All models show good �delity with the photometry between 160 and 850µm. They

markedly underestimate or tend to underestimate the 1.3mm data. At shorter wave-

lengths, moderate winds (Ṁ∗ = 50 Ṁ�) provide a good match to the data, whereas

no winds (Ṁ∗ = 0) signi�cantly underestimate the mid-IR points and extreme winds

(Ṁ∗ = 300 Ṁ�) the 70µm points.

The behaviour of the dust distributions follows the basic trends already explained

in Section 3.4.2. What is new here is the occurrence of unbound grains. The size

distributions for the moderate and extreme wind models show maxima near 0.07µm

and 0.5µm, respectively (Figure 4.1e,f). These values are close to sblow (Table 4.2).

Most of the smaller grains move in unbound orbits and leave the system on short

timescales. The rates of mass loss caused by blowout grains are ≈ 1 × 10−9 M⊕ yr−1

for moderate winds and ≈ 3× 10−9 M⊕ yr−1 for extreme winds. These values roughly

equal the mass-loss rates due to P-R and stellar wind drag across the grid boundaries

in both simulations.

For all three runs, the mass surface density is rising with distance up to rPB. Averaged

over r = 1 . . . 30 au, we measured Σ ∝ r2.0 for Ṁ? = 0, and Σ ∝ r2.7 for Ṁ? = 50 Ṁ�
and 300 Ṁ�. The latter is close to r2.8, derived by MacGregor et al. (2013). The dust

mass Md is about 2×10−3 M⊕, consistent with previous estimates (Augereau & Beust,

2006). The three models have a fractional luminosity of 4 . . . 5× 10−4, which is not far

from the 6× 10−4 obtained by a modi�ed blackbody �t (Liu et al., 2004).

Figure 4.2 shows the surface brightness pro�le extracted from the ALMA 1.3mm im-

age. The pro�le increases with distance up to ≈ 30 au and drops steeply beyond. Since

measurements in the radio range reveal the locations of millimetre-sized particles, tra-

cing the underlying parent bodies (e.g., Greaves et al., 2012), this break indicates the

outer edge of a dust-producing planetesimal zone. For modelling the ALMA pro�le, we

assumed the disc inclination θ = 89.5◦ (Krist et al., 2005) and convolved our synthetic

1.3mm images with the ALMA reconstructed dirty beam as produced by CASA after

proper rotation. We extracted the radial pro�les from these images by integrating over

a 0.1′′ central strip along the disc major axis.

We allowed for vertical scaling of the gathered synthetic pro�les to compensate for

the imperfect reproduction of the total �ux density at 1.3mm. Signi�cant scaling
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Figure 4.2: Brightness pro�les along the major axis at 1.3mm. Dots are measurements
by ALMA, lines depict models with di�erent Ṁ? assumptions. Synthetic pro�les
have been multiplied by the factors given next to the curves to compensate for
imperfections in the models and the data (see text).

factors . 2 were necessary to approach the ALMA pro�le � a problem already vis-

ible in the SED, where the millimetre observations lie or tend to lie above the models

(Figure 4.1a�c). Several di�erent reasons might explain why the observed �uxes appear

higher than predicted. First, there are issues concerning the data. This can be �ux con-

tamination by background objects. Indeed, nearby sources have been identi�ed (Krist

et al., 2005; Schneider et al., 2014), which are less easily disentangled from the actual

disc at longer wavelengths. Further problems with respect to instrument calibration

or data reduction can be rather excluded since measurements with two di�erent in-

struments, SMA and ALMA, provide consistent results. Second, deviations may derive

from an inability of our models to reproduce the millimetre �ux densities. This can be

due to an underprediction of the amount of dust in big particles, uncertainties in the

optical properties of the dust grains (Löhne et al., 2012), or an underprediction of the

stellar emission at long wavelengths by the R-J extrapolation of the PHOENIX/Gaia

model (see also, Section 4.5).

Impact on scattered light

We employed the formulas given in Section 2.4.2 to calculate the pro�les for the

scattered light and the degree of polarisation along the projected distance, b, in the

disc midplane. To compare with observations from Fitzgerald et al. (2007) and Graham

et al. (2007), we averaged Ssca
λ (b) and Pλ(b) over the V - and H-band �lter transmission
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4.4 Probing the resolved outer disc

curves. We used the HST/ACS V -band �lter function F606W (central wavelength

λc = 0.59µm, width ∆λ = 0.23µm) and the Keck/NIRC2 (Near-Infrared Camera 2,

van Dam et al., 2004) H-band pro�le (λc = 1.63µm, ∆λ = 0.30µm).14) We expressed

the surface brightness pro�les relative to the star for which our photosphere model

gives 8.55mag in V band and 4.84mag in H band. The �ux was integrated up to

r = 150 au for each line of sight to ensure the inclusion of the extended halo. We also

compared with the radial pro�les extracted from the high-resolution HST/STIS image

by Schneider et al. (2014). Their �gure 39 shows the surface brightness pro�les on both

sides of the disc, along with exponentional �ts. We averaged the �ts and converted the

�ux from mJy arcsec−2 to mag arcsec−2 using a zero-point magnitude �ux density of

3671 Jy. We then subtracted a stellar V -band brightness of 8.837mag, inferred from B

and B − V values given in Schneider et al. (2014). The resulting V -band pro�le was

found to be in good agreement with the Fitzgerald et al. (2007) data.

Figure 4.3 depicts the modelled and observed V - andH-band pro�les, as well as the disc

colour V −H. All models show signi�cant deviations from the surface brightness data

in both bands. Although roughly reproducing the observed slopes for b < 40 au, the

synthetic pro�les are steeper beyond (halo zone). The pro�les get shallower in the halo

zone with increasing stellar wind strength. In terms of V −H, the model disc appears

slightly blueish (V −H < 0) for Ṁ? = 0 and 50 Ṁ�, whereas it is red (V −H > 0) for

300 Ṁ�. These e�ects are mainly due to the distribution of small grains in the disc.

Increasing the stellar wind strength pushes more small particles into the halo zone, and

helps to enhance the scattered light �ux beyond 40 au, thus approaching the observed

level. However, the blowout size also increases and the whole disc is more and more

populated by larger particles, which are stronger scatterers at longer wavelengths. The

disc colour V − H therefore switches to red for winds that are too strong, clearly

con�icting with the observations.

The observed increase in the degree of polarisation with distance from the star is

roughly reproduced by the models with no or moderate winds (Figure 4.4). This is not

seen in the extreme wind model where the polarisation is generally low. The reason

for that are larger grains with radii around 0.5µm that dominate the size distributions

(Figure 4.1f). The polarisation of such particles strongly oscillates with the scattering

angle (Figure 4.5). Since we integrated the single particle polarisation function over a

broad range of scattering angles along the line of sights, the integral tends to average

to low values, hence Pλ(b) does not signi�cantly rise with distance.

14)Filter functions were retrieved from the SVO Filter Pro�le Service,
http://svo2.cab.inta-csic.es/svo/theory/fps3/
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Figure 4.3: Modelled and measured scattered light pro�les. Models are the same as
in Figure 4.1. Top: synthetic midplane pro�les relative to the stellar brightness for V
band (blue lines) and H band (red lines). Lines labelled with �Mie� were calculated
with scattering phase functions from Mie theory. The double-dotted blue line in
panel b) depicts the V -band pro�le generated with the best-�t Henyey-Greenstein
(HG) phase function model of Graham et al. (2007). Dots represent measurements
with 1-σ errors from Fitzgerald et al. (2007, F07), averaged over the SE and NW
wings (circles for V band, squares for H band). Black dashed lines show the wing-
averaged V -band �t, based on the Schneider et al. (2014, S14) results. Bottom: colour
pro�les V − H obtained with the F07 data and the Mie pro�les shown in the top
panels.

Although the moderate winds �t the measured degree of polarisation best, the data are

markedly overestimated by this model for b < 40 au. This is caused by particles dragged

from the planetesimal belt to the inner region. Graham et al. (2007) and Fitzgerald

et al. (2007) conclude that the inner region has to be relatively free of scattering grains,

resulting in a low normal optical depth to scattering, de�ned as

τ scaλ (r) =

∫
s

πs2Qsca(s, λ)N(r, s) ds. (4.2)

In V band, our moderate wind model has an inner optical depth to scattering

τ scaλ (r < rPB) ≥ 0.1 τ scaλ (r = rPB), which is at least two orders of magnitude greater

than the limit found by Graham et al. (2007) and Fitzgerald et al. (2007).
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The inward transport of a signi�cant amount of dust is a natural outcome in the

dynamical evolution of the outer planetesimal belt. Even if planets exist at r < rPB,

small particles come through, because only slower, bigger particles can be e�ciently

scattered by planets or get trapped into mean-motion resonances (e.g., Reidemeister

et al., 2011; Shannon et al., 2015). Thus, there must be another reason for the deviation

between our model and the data. It might be caused by the assumption of spherical

dust grains. The shapes of real circumstellar particles signi�cantly deviate from spheres

because they underwent a rich accretional and collisional history. Irregular grain shapes

are well known for the Solar system's interplanetary dust particles, which have been

collected in Earth's stratosphere (e.g., Flynn, 1994) or cometary tails (e.g., Brown-

lee et al., 2006). Similar particles were also produced in laboratory experiments that

simulated space conditions (e.g., Wurm & Blum, 2000). Optical properties of such non-

spherical grains cannot be accurately predicted by Mie theory (e.g., Pollack & Cuzzi,

1980). Although e�ective medium Mie spheres provide a good approximation to the

total scattering cross-sections of irregular particles, they poorly �t the scattering phase

function and polarisation of such grains (Shen et al., 2008, 2009). As a result, Mie

theory has problems to reproduce the scattered light observations of debris discs. This

was shown for HR 4796 A (Milli et al., 2015; Perrin et al., 2015) and HD 181327 disc
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(Stark et al., 2014). Stark et al. (2014) also derived an empirical phase function that

indicates strongly forward scattering grains. Similarly, with data taken by the Cas-

sini spacecraft, Hedman & Stark (2015) �nd that Saturn's rings, which are reasonable

analogues to debris discs, exhibit extremely strong forward scattering. Although this

can indeed be �tted by Mie theory-based calculations, it is only possible with �at size

distributions and large minimum grain sizes of a few tens of microns which seem to be

dubious. Hedman & Stark (2015) therefore recommend irregularly shaped particles for

debris disc modelling.

In an additional test, we aimed at illustrating the e�ect when deviating from the simple

Mie sphere dust model. To this end, we used the Graham et al. (2007) best �ts for

S11 and S12, essentially inferred by applying the empirical Henyey & Greenstein (1941)

model, and recomputed the V -band brightness pro�le and the degree of linear polar-

isation for Ṁ? = 50 Ṁ� (double-dotted lines in Figures 4.3b and 4.4). The functions

S11 and S12 of the Henyey-Greenstein (HG) model are independent of grain size, and

thus all particles have the same scattering properties.

The new synthetic V -band pro�le �ts the absolute values of the surface brightness �ux

better for b < 40 au. The reason for this behaviour can be identi�ed by comparing the

phase functions predicted by Mie theory and the HG model (Figure 4.5, top). The HG

phase function is distinctly broader than for Mie spheres with s > 0.5µm. That is why

bigger particles scatter more light towards the observer. This leads to the V -band �ux

enhancement for b < 40 au and helps to approach the measurements (Figure 4.3b).

The degree of polarisation of the HG model rises too steeply for b < 40 au. This is

attributable to the form of the polarisation curve as a function of scattering angle

(Figure 4.5, bottom). The maximum of the polarisation occurs at ϑmax = 90◦, so that

the main contribution to the polarised light comes from particles with distances from

the star nearly equal to their projected distances (r ≈ b). This overestimates Pλ(b) in

the inner region. In contrast, ϑmax of the Mie sphere polarisation functions strongly

varies with grain size, which also agrees with the trends found for irregularly shaped

particles (Shen et al., 2009). With such shifts in ϑmax, the polarised light at a certain b

mainly stems from particles at r > b. Furthermore, irregular grains smaller than 0.1µm

tend to be weaker polarisers than Mie spheres in the same size range. Both may help

to generate a shallower increase in Pλ(b). Thus, the consideration of irregular particles

in the scattered light analysis seems to be an attractive possibility for mitigating the

deviations between the observed and modelled degree of polarisation.
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In summary, all our models predict a larger amount of material in small grains interior

to the planetesimal belt than previous studies and none of our models provides a good

�t to the scattered light data. There are two ways to interpret this result: (1) Our

models may predict the actual dust distribution in the disc well, but Mie theory is not

valid for simulating the scattering properties of the grains. Then, our analysis shows

a preference for a scattered light model where the grains are weaker polarisers than

Mie spheres with ϑmax 6= 90◦. (2) Mie theory is an appropriate technique for scattered

light analysis, but there are shortcomings with respect to the dust density derived

in the collisional modelling. The truth may also be a combination of (1) and (2). A

consideration of point (1) goes along with simulating the optical properties of irregular

particles � a great amount of work that was clearly beyond the scope of our study.

We therefore focused on point (2) in more detail. Since the run with Ṁ∗ = 50Ṁ� was

found to be in best agreement with the data, we considered it a reference model and a

starting point for further parameter variations in�uencing the dust distribution.
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4.4.2 Chemical composition of solids

The chemical composition of the AU Mic disc might be similar to discs around other

BPMG stars because they have formed in the same molecular cloud from the same

material and are coeval. However, circumstellar objects are heavily processed during the

debris disc and preceding protoplanetary disc phases. Thus, the solid composition can

be changed in the course of the evolution of each individual system, depending on mass

and luminosity of the host star, and may now di�er from one system to another. Dust

compositions have been analysed for some BPMG discs previously. Smith et al. (2009)

and Churcher et al. (2011) considered grains with a silicate core and a mantle of organic

refractories for SED modelling of the η Tel and HD 191089 systems. Particles with a

porosity of 20% for η Tel and 60% for HD 191089 provide good �ts to the observed

excesses. A similar model with porous core-mantle silicate grains, additionally covered

by ice when orbiting in the outer disc region, also reproduces the β Pic observations

(Pantin et al., 1997; Li & Greenberg, 1998; Augereau et al., 2001). Lebreton et al.

(2012) tested various chemical compositions for the debris around HD 181327. They

�nd the SED to be mostly consistent with grains consisting of amorphous silicate and

carbonaceous material with a dominant fraction of ice. In addition, the particles have

to have a porosity of 65%.

We departed from the mixture M1, which was used in our reference run, to assess

whether other materials can be viable for the AU Mic system. We repeated the ACE

simulation with the compositions M2, M3, and M4 explained in Table 4.2. The material

M2 represents compact particles, composed of silicate and carbon, whereas M3 and M4

also include water ice. All constituents are present in equal volume fractions in M3. The

porosity and ice fraction are increased in M4 in order to bring the solid composition

more in line with the highly porous and icy grains proposed for other BPMG discs.

The material composition a�ects the dust distribution and the SED by changing the

β values and the dust temperature (e.g., Kirchschlager & Wolf 2013, for the in�uence

of porosity). Modi�cations to observables induced by the new materials are depicted

in Figure 4.6.

Using M2 shifts the SED towards shorter wavelengths that deteriorates the �t in the

submillimetre to radio range. The SED generated with M3 is in fairly good agreement

with the observed photometry. The icier and more porous M4 produces an SED whose

peak position remains rather unchanged but increases and decreases more steeply. This

narrower SED distinctly deviates from the mid-IR and submillimetre measurements.
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Figure 4.6: In�uence of the dust composition on the SED (left) and the degree of
linear polarisation (right). Material names are explained in Table 4.2.

No large di�erences in terms of the degree of polarisation are noticeable for M1�M3,

whereas M4 markedly underestimates the data. The latter excludes too porous and

icy dust materials. Since modelling of the degree of polarisation is possibly a�ected

by limitations in Mie theory (Section 4.4.1), we cannot put strong constraints on the

upper limit of porosity and ice content.

We noticed little changes in the radial pro�le at 1.3mm for all materials considered (not

shown here). This is caused by two characteristics of large grains, dominating the long-

wavelength emission. First, large grains are weakly a�ected by stellar radiation and

stellar winds, and their spatial distribution is equal for di�erent materials. Second, the

dust temperature approaches the blackbody temperature with increasing particle size

at a given distance (e.g., �gure 5 of Pawellek et al., 2014). Therefore, the temperatures

of large grains are nearly independent from their chemical composition.

4.4.3 Eccentricity of planetesimal orbits

As explained in Section 3.4.2, the eccentricity of the planetesimal orbits controls the

dynamical excitation of the disc and the number of small grains produced in colli-

sions. In addition to the reference model with emax = 0.03, we probed the lower value

emax = 0.01, re�ecting the expected maximum level of pre-stirred discs (Matthews et al.,

2014, and references therein), and the higher value emax = 0.1, representing the dynam-

ical excitation in the Kuiper belt (e.g., Vitense et al., 2010). Corresponding SEDs are

shown in Figure 4.7.
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Increasing emax favours the production of small particles and shifts the SED maximum

to shorter wavelengths. Thus, the high-emax model agrees well with the excess �uxes

at λ < 70µm, but completely fails to reproduce the ones at longer wavelengths. In

contrast, emax = 0.01 provides a good match to the photometry beyond 100µm, but

strongly deviates from the measurements at λ ≤ 70µm.

Improvements may be possible by additional variations of other parameters. For in-

stance, shifting the planetesimal belt inwards (outwards) increases (decreases) the dust

temperature and helps to �nd a better SED model for emax = 0.01 (emax = 0.1). How-

ever, any signi�cant rPB-shift would result in stronger deviations from the ALMA

1.3mm pro�le, which constrains the location of a narrow planetesimal belt at around

40 au. Another possibility would be broadening the SED towards shorter wavelengths

for emax = 0.01. This can be achieved by stronger stellar winds as depicted in Fig-

ure 4.1. However, stronger winds also lead to an increase in the blowout size, and

therefore, make it more di�cult to reproduce the observed V −H (Section 4.4.1). Fur-

thermore, other dust materials can be used, but none of the materials investigated in

Section 4.4.2 strengthens the submillimetre �ux density, as required to improve the SED

for emax = 0.1. Only one composition, the non-porous M2, predicts a stronger mid-IR

emission from which the low-emax model would bene�t, but this material less agrees

with the scattered light measurements. In summary, the reference run with emax = 0.03

matches the entire SED the best. Although values higher or lower than 0.03 seem to

be unlikely, they cannot be ruled out completely.
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4.4 Probing the resolved outer disc

An observational constraint on the dynamical excitation can be put by the vertical

thickness of the disc. Measuring the semi-opening angle of the disc at long wavelengths

puts constraints on the maximum eccentricity of the planetesimals through the equi-

librium condition ε = emax/2 (Greenberg et al., 1991). However, the AU Mic disc is

vertically unresolved in the SMA and ALMA images (Wilner et al., 2012; MacGregor

et al., 2013), which gives only upper limits for the disc extent in this direction. We

generated synthetic vertical pro�les for emax = 0.1 and compared them to the ones ex-

tracted from the ALMA image. The modelled pro�les are marginally consistent with

the ALMA data, which constrains the semi-opening angle to ε . 0.05. Interestingly,

Krist et al. (2005) and Metchev et al. (2005) derived ε = 0.04 . . . 0.07 from visible and

near-IR images. Reading o� the vertical scale height from the Schneider et al. (2014)

high-resolution image (their �gure 38) gives ε = 0.03. Thus, the observations yield

emax = 0.06 . . . 0.14 that is excluded by our modelling. Resolving this contradiction

may be possible if the vertical disc thickness seen in short-wavelength images does not

necessarily point towards the dynamical state of the planetesimals. Thébault (2009)

proposes a model that generates a relatively high vertical disc thickness close to the

observed value in the visible and near-IR, although the AU Mic disc is dynamically

cold. In that model, the smallest grains have high in-plane velocities because of radi-

ation and stellar wind pressure, and these velocities are partially converted into vertical

ones in collisions with other particles. As a consequence, the disc becomes naturally

thicker even without the gravitational perturbation of massive bodies, embedded in

the disc. In equilibrium, the disc has a large vertical dispersion of the smallest grains,

whereas big particles remain close to the midplane. Thus, a low emax, as preferred in

our modelling, can still be consistent with the observed vertical disc thickness at short

wavelengths.

4.4.4 Planetesimal belt width

The outer edge of the planetesimal belt is well constrained by the ALMA pro�le. How-

ever, the edge-on orientation of the disc and the limited information on the innermost

region, a�ected by the bright central source of unknown nature, make the position of

the inner edge, hence the planetesimal belt width, very uncertain. In a further simula-

tion, we therefore addressed the possibility that planetesimals are spread over a wide

range of distances. Henceforth, we also use the notation �planetesimal disc� to re�ect

the broad extent of such a planetesimal distribution.

The inside-out collisional erosion of a planetesimal disc gradually clears the inner re-

gion. The disc can therefore look like a narrow belt in long-wavelength observations
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(Thébault & Augereau, 2007). This has the potential to readily explain the observed

1.3mm pro�le rising with distance up to ≈ 30 au. The signi�cant fall observed bey-

ond 30 au may indicate the region where planetesimals have not formed at all or have

not yet been su�ciently stirred. A truncation of the disc by external events is also a

conceivable reason.

We assumed a broad radial distribution of planetesimals between 1 and 45 au. Instead

of αΣ = 0, as assumed in our previous models with narrow planetesimal belts, we chose

αΣ = −1.5, which re�ects the mass surface density slope of the standard MinimumMass

Solar Nebula (MMSN) model (Weidenschilling, 1977; Hayashi, 1981). Furthermore, we

considered bodies up to smax = 100m and assumed emax = 0.03 (Section 4.4.3).

Figure 4.8 depicts the evolution of the mass surface density and the 1.3mm pro�le. The

mass surface density quickly drops close to the star because of particle erosion, and the

initially negative slope (−1.5) switches to a positive slope in a few ten thousand years.

The collisional lifetimes of the particles are shorter than their orbital periods at the

beginning of the simulation because of the high particle density at that phase. Thus,

two consecutive collisions of one object are correlated, and the orbit averaging method,

implemented in ACE , is a crude approximation for determining the phase-space density.

The results for the �rst one hundred thousand years of simulation time should therefore

be treated with caution.

Owing to the progressive inside-out depletion of the planetesimals, the maximum of the

1.3mm pro�le moves towards longer distances as time elapses. After 3Myr, we noticed

that the pro�le peak reached a maximum distance of about 30 au, which is in good

agreement with the ALMA data. The simulation has been continued until the model

reproduces the observed absolute �ux level. This was reached after further 26Myr that

can be understood as a settling time needed to su�ciently reduce the overall dust mass.

The total simulation time therefore amounted to tsim = 29Myr. We checked that the

�nal run �ts the SED, the scattered light pro�les, and the degree of polarisation with

nearly the same �delity as achieved with the reference run (Section 4.4.1).

The collisional evolution of the disc was arti�cially shortened since the largest bodies in

the disc had small sizes of 100m. If there are larger bodies, the inside-out planetesimal

depletion will be slower. As a result, it takes longer than 3Myr to reach the observed

maximum position of the 1.3mm pro�le. This way, scaling the model to the proper age

of the system is possible.15) However, we refrained from further simulations, because

15)A long-term collisional evolution model including larger planetesimal sizes is presented in Chapter 5.
That model is in particular designed to reproduce observational data for tsim = tphys.

72



4.5 Probing the unresolved central emission
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Figure 4.8: Left : mass surface density of an initially extended planetesimal distribu-
tion between 1 and 45 au at di�erent time instants after the onset of the collisional
evolution. Wavy structures of the curves are numerical artefacts. The dash-dotted line
shows the slope derived by MacGregor et al. (2013) for the sake of comparison with
the model. Right: time evolution of the 1.3mm pro�le along with the ALMA data.
The 0.01Myr brightness pro�le was scaled by a factor of 0.05 for better visibility.

of the numerical complexity of the extended planetesimal-disc simulation.16) The run

presented illustrates the possibility of an extended planetesimal disc su�ciently well.

It also implies that the inner edge of the planetesimal distribution cannot be tightly

constrained.

4.5 Probing the unresolved central emission

In Section 4.4, we did not care about the nature of the inner unresolved component

detected by ALMA, and assumed that it negligibly contributes to other wavelengths.

However, this might not be true if the unresolved central emission originates in an inner

dust belt. Such warm dust would emit signi�cantly at short wavelengths while adding

little �ux in the millimetre range. In order to test this, we considered the possibility of

an additional inner planetesimal belt.

The putative inner dust belt has to emit six times more �ux than the stellar photosphere

at 1.3mm (MacGregor et al., 2013, Section 4.2.2 of this thesis). Simultaneously, it has

to be faint in the mid-IR in order not to contradict the measured excess there. On

the other hand, the inner belt cannot be too far from the star to be compatible with

16)It took about 150 CPU days to evolve the planetesimal disc over 29Myr.
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remaining unresolved by ALMA. The ALMA resolution of ≈ 0.6′′ (≈ 6 au) constrains

the inner belt location to r . 3 au. We therefore placed a narrow planetesimal belt at

3 au to simulate the putative inner dust component. Almost all model parameters were

the same as in our reference model for the outer disc. Only the chemical composition

of the solids has been varied.

Figure 4.9 shows SEDs for several inner components. The simulations were evolved as

long as needed to match the excess �uxes at λ ≤ 24µm. We assumed two inner rings

with solids made of M1 and M3 � materials we found suitable for the outer component

(Section 4.4.2). The belts are not bright enough to completely reproduce the central

emission at 1.3mm. Although M3 enhances the SED maximum, the long-wavelength

slope is steeper and the model has the same �ux density at 1.3mm as for M1.

In another attempt, we considered highly porous grains (M5), motivated by the fol-

lowing. The assumed inner planetesimal belt is close to, but still beyond the ice line.

Blackbody assumptions yield the ice-line distance rice = (L?/L�)0.5 (Tsubl/277 K)−2 au.

The typical ice sublimation temperature for debris discs Tsubl = 100K (Kobayashi et al.,

2008) results in rice ≈ 2 au. Thus, the inner belt at 3 au can produce icy dust grains that

subsequently drift towards the star by drag forces. Accordingly, the grains get heated
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4.6 Comparison with classic modelling

and cross the ice line. Then, their sublimated ice fractions are replaced by vacuum

inclusions, meaning an increase in porosity.

The material M5 emits slightly more than M1 and M3 in the millimetre regime, but

reproduces only about 60% of the observed central �ux density. This constrains the

maximum percentage of the central emission that can be explained by pure dust emis-

sion. Thus, the central emission must originate either totally or partially in another

source. The star itself can contribute to the central emission, for instance, because of

an active stellar corona (Cranmer et al., 2013). Furthermore, stars may emit more �ux

at long wavelengths than predicted by the purely photospheric models for their spec-

tral class. ALMA observations of the G- and K-type stars α Cen A and B show a �ux

enhancement by 20 . . . 30% in Band 7 and an almost doubling of the �ux in Band 3

(Liseau et al., 2015, 2016). Provided such a trend continues to an M dwarf like AU Mic,

we do expect a signi�cant stellar contribution to the observed central emission.

To generate the total SED, we simply added an appropriate model for the outer disc.

In doing so, we did not account for the collisional interaction between inner and outer

component. This is justi�ed because there is only a weak mutual overlap of the local

densities from both components (see also explanations in Section 3.5). Combining the

M3 outer belt (Section 4.4.2) and the M5 inner belt provides a good match to the whole

SED (Figure 4.9, dotted orange line). This combination of an iceless inner component,

which contains highly porous grains, and an icy outer component is also reasonable

because of the position of the ice line, as explained above. The outer disc SED was

adopted from the model described in Section 4.4.2 without any adjustments (e.g.,

vertical scaling). Thus, the inner emission barely a�ect the SED modelling of the outer

disc.

4.6 Comparison with classic modelling

Finally, we checked the compatibility between results from collisional and classic mod-

elling (cf. Section 1.3). For classic modelling, we applied the multi-dimensional �tting

approach already described in Section 3.1. In this approach, we �xed smax to 2mm and

θ to 90◦. For the dust composition, we assumed compact, spherical grains composed of

pure astronomical silicate. This makes a total of eight free parameters: r1, r2, ατ , smin,

γ, Md, the dust composition (sampled by only one value, namely 100% astronomical

silicate), and the vertical scaling of the ALMA pro�le. For the �tting of the SED and

the ALMA pro�le, we used the SAnD code (Ertel et al., 2012a; Löhne et al., 2012),

which was originally developed for �tting simultaneously SED data and spatially re-
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solved Herschel data as part of the Herschel/DUNES modelling tool box. We did not

include the scattered light data for this classic modelling.

In a �rst approach, we �tted the model to the data neglecting the contribution of the

central component. The best-�t model (Table 4.4) reveals features we already found,

at least qualitatively, by collisional modelling: an outward-increasing dust density with

ατ = 2.8, a well-constrained outer disc radius at about 40 au, a small lower grain

size smin < 1µm consistent with a moderate level of stellar winds, and a relatively

shallow slope of the size distribution, γ = −3.3, indicating that small particles are more

a�ected by transport than collisions. Furthermore, the results are widely consistent with

previous studies (Augereau & Beust, 2006; MacGregor et al., 2013).

In a second approach, we assumed that the inner component is an additional ring of

dust. The ring was placed at 2 au with an extent of 0.2 au. For this inner component,

we assumed a constant surface density, and explored the lower grain size, smin,i, and

the size distribution index, γi, by hand. The model was scaled to the �ux density of the

central component seen in the ALMA data. A very large lower grain size, smin,i = 5µm,

as well as a very �at grain size distribution, γi = −3, is necessary in order to keep the

dust cold enough (the grains large enough) not to produce too much excess at mid-

Table 4.4: Power-law �tting results for the (outer) AU Mic disc

Parameter Range explored # values Distr. Best �t [3σ] + inner

r1 [au] 2 . . . 60 187 temp 3.1† [2.0†, 24.8] 14.5

r2 [au] 3 . . . 100 155 temp 41.9 [37.3, 45.5] 41.9

ατ −5 . . . 5 101 lin 2.8 [1.8, 4.8] 3.5

smin [µm] 0.2 . . . 20 494 log 0.2† [0.2†, 0.5] 1.8

smax [µm] 2 000 1 �xed . . . . . .

γ −5. . .−3 21 lin −3.3 [−3.4, −3.3] −3.3
θ 90◦ 1 �xed . . . . . .

Md [M⊕] . . . . . . cont 4.7× 10−3 5.7× 10−3

Notes. Distributions of the values considered in the parameter space are: temp � by equal steps in
temperature of the grain size with the steepest radial temperature gradient, lin � linear, log � linear in
the logarithm of the parameter, �xed � �xed value (no distribution at all), cont � continuous (scaling
of the disc mass to minimise the χ2 for given values of all other parameters). Values marked with †
are at (or very close to) the boundaries of the parameter space explored and cannot be considered as
reliable. The real values may lie outside the parameter space explored. The column �+ inner� shows
best-�t values of the outer disc after subtracting a model of the inner, unresolved component, assuming
it to be a debris disc. These values illustrate the uncertainties of the model parameters due to the
unknown nature of the inner component.
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to far-IR wavelengths. The �tting result, even the large lower smin,i, does not strictly

speak against a debris disc nature of the unknown inner component. A large lower

grain size is naturally expected if the grains experience a very low blowout limit as is

the case for AU Mic. Then, the dominant grain size, sc, is the one where collisional and

transport lifetimes are equal, which can be reached at much larger sizes. Including the

e�ect of stellar wind drag in equation (6) of Kuchner & Stark (2010) and assuming an

optical depth of 10−3 at 3 au, which is consistent with our M5 inner-belt model, yields

a critical size sc ≈ 3 µm that is not far from smin,i = 5µm.

In a �nal step, we subtracted the contribution of the inner ring from the SED data

and re-�tted the remaining �ux by the model used for our �rst approach (Table 4.4,

last column). The values are almost all within the 3-σ interval of the �rst �t. This

demonstrates that the inner component marginally in�uences the modelling of the

resolved outer disc, as already found by collisional modelling.

4.7 Conclusions and discussion

Our modelling shows good consistency with Scenario II (Section 1.2). We can explain

most of the data with a single planetesimal belt with an outer edge around 40 au and

subsequent inward transport of dust by moderate stellar winds. Although being narrow,

the planetesimal belt may originate in an initially extended planetesimal disc whose

inner region has been eroded collisionally, as demonstrated in Section 4.4.4.

The outer belt may coexist with an inner unresolved debris belt, which is suggested by

the central emission component in the ALMA 1.3mm images. As noted in MacGregor

et al. (2013), future ALMA observations at higher resolution should be able to detect

an inner planetesimal belt. If con�rmed, this might argue against the possibility of a

very extended planetesimal disc under the assumption that the innermost planetesimals

cannot survive the inside-out collisional erosion of such a disc. However, this assumption

remains controversial because some models would explain the presence of an inner belt

even after the collisional depletion of an extended planetesimal disc. For example, the

innermost bodies could have a higher mechanical strength, since they are likely to be

less icy, and thus, they would resist the collisional grinding more strongly.

To test the hypothesis of an inner component, we added an inner belt at≈ 3 au, which is

below the ALMA resolution limit. Our inner belt models are not able to fully explain the

observed central emission at 1.3mm. Instead, it should at least partly derive from other

mechanisms. A cometary population or stochastic collisional events, corresponding to
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Scenarios III and IV (Section 1.2), may deliver warm inner dust, detectable at long

wavelengths. The latter is supported by the recently con�rmed transient nature of

some AU Mic disc features (Boccaletti et al., 2015). Furthermore, the star itself may

be an additional source of emission (e.g., coronal emission, Cranmer et al., 2013).

Most recently, MacGregor et al. (2016) puplished Very Large Array observations of the

AU Mic system at 9mm. They �nd a highly variable emission with an increase up to

150% compared to continuum brightness. A stellar activity model �ts this relative �ux

enhancement and simultaneously matches the observed X-ray �are amplitudes. Thus,

MacGregor et al. (2016) conclude that there is no need for an asteroid belt analogue

to consistently explain the observational data.

If future observations detect planets in the AU Mic disc, this will imply an outer plan-

etesimal distribution that is rather narrow than extended since planets at distances

< 40 au are likely to clear the inner region. Indeed, the disc can harbour several yet

undetected planets. To make predictions of AU Mic's planetary system, we assume

that there is an inner and an outer planetesimal belt separated by a gap. Although

an inner belt is not the only explanation for the observed central emission component,

its presence cannot be ruled out completely. We estimate the minimum mass and the

number of planets between the both components needed to open a gap with equations

(4) and (5) recently published by Shannon et al. (2016). Assuming a stellar age of

25Myr, an inner disc at a1 = 3 au, and an outer one at a2 = 37 au gives a minimum

planetary system that consists of three super-Neptunes having ≈ 25M⊕ each. Since our

modelling shows an uncertainty for the position of the inner edge of the outer planetes-

imal belt, it is reasonable to assume smaller values for a2, which reduces the required

minimum planetary masses. Thus, even Earth-like planets are consistent. In all cases,

the planet masses are much higher than the inferred minimum mass of the planetes-

imal disc (Section 4.3.3). Thus, planetesimals do not cause migration of planets and

Shannon et al.'s (2016) formulas are truly applicable. The present-day observational

facilities allow us to detect planets down to one Jupiter mass (≈ 300M⊕) in the AU Mic

disc (Metchev et al., 2005; Fitzgerald et al., 2007), which provides an upper mass limit.

Thus, we can expect planets between a few and few hundreds of Earth masses. Putative

planets are also likely to be in lowly eccentric orbits since our modelling shows a clear

preference for a low dynamical excitation of planetesimals. This also agrees with con-

clusions of MacGregor et al. (2013). In their ALMA image, they �nd a small centroid

o�set between the outer planetesimal belt and the stellar position of ∼ 1 au that might

be imposed by secular perturbations of a wide-orbit planet with an eccentricity of 0.05.
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This chapter shows the work published in Schüppler et al. (2016). I performed the colli-

sional modelling. Results and implications were discussed in conjunction with Alexan-

der V. Krivov, Torsten Löhne, Mark Booth, Florian Kirchschlager, and Sebastian Wolf.

5.1 System description

Among the debris discs observed with Spitzer and Herschel, the one around the nearby

Gyr-old F8V star q1 Eri (HD 10647, HIP 7978) is outstanding for having a strong IR

excess with a fractional luminosity of about 2 . . . 3 × 10−4 (Trilling et al., 2008; Eiroa

et al., 2013). The disc has been spatially resolved in the far-IR (Liseau et al., 2008, 2010)

and in the scattered light (K. Stapelfeldt, private communication). The images reveal

a bright disc with a radius of ∼ 100 au. The mid-IR Spitzer/IRS spectrum between

20 and 30µm (Chen et al., 2006) clearly hints at the presence of an additional warm

debris component, which is unresolved in the images. The fractional luminosity of the

warm component is ∼ 10−4, which is only a factor of several lower than that of the main

disc. Attempts to reproduce the data with a two-component model require the warm

dust to be located at several au from the star (Tanner et al., 2009; Pawellek & Krivov,

2015). Apart from the two-component disc, a Jupiter-mass planet with apl = 2 au and

epl = 0.15 has been detected by radial-velocity (RV) measurements (Butler et al., 2006;

Marmier et al., 2013). The region inside the planetary orbit seems to be largely free

of dust as there is no detection of near-IR excess, associated with the presence of hot

exozodiacal dust (Ertel et al., 2014a).

Explaining the architecture of the q1 Eri disc is a challenge. Since q1 Eri is an F star,

we do not expect stellar winds on a su�ciently high level to deliver the amount of

material needed to explain the observed warm dust emission (Scenario II, Section 1.2).

Little impact of stellar winds on circumstellar debris around F stars is also sugges-

ted by Mizusawa et al. (2012). In their investigated sample, they �nd no di�erence in

excess detection rate between early-type F stars, which have radiative envelopes and

probably no winds, and late-type F stars, which have convective surfaces and coronal-

driven winds. Therefore, q1 Eri might have a Solar system-like architecture with two

planetesimal belts and invisible planets in between (Scenario I). However, this explana-
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tion is questionable, too. It is well known that the fractional luminosity of a debris belt

collisionally evolving in a steady-state regime cannot exceed a certain value for a given

age of the system and distance from the star (Wyatt et al., 2007a; Löhne et al., 2008).

That limit is more stringent for older systems and for belts closer to the star where

the collisional decay is faster. Assuming plausible parameters, the model by Wyatt

et al. (2007a) suggests that the warm dust in the q1 Eri disc may be indeed too bright,

and the system too old, to be compatible with a steady-state collisional cascade in an

asteroid-like belt. However, other mechanisms providing warm dust like a recent major

collision between two big planetesimals (Scenario IV) come with the caveat that such

events in Gyr-old systems may not be likely either.

The following presents a collisional evolution model to explain the formation of the

q1 Eri disc components self-consistently. The goal was to see whether a su�cient amount

of material can survive in the inner region of the system against collisional depletion

to reproduce the available observational data.

5.2 Long-term collisional evolution model

5.2.1 Extended planetesimal disc

We �rst considered the long-term collisional evolution of an initially extended plan-

etesimal disc, which we assumed to be a likely remnant of the planetesimal formation

process. In this section, the focus lies on understanding of the general features predicted

by our collisional evolution model. We therefore generated a representative setup by

using a set of standard assumptions that are not yet adjusted to the q1 Eri system.

We assumed a planetesimal distribution between 1 and 100 au around a star with

L? = 1.5L�. The planetesimal distribution had an MMSN-like solid surface density

Σ = 1 M⊕ au−2 (r/au)−1.5 (Weidenschilling, 1977; Hayashi, 1981). In contrast to our

previous works (Chapters 3 and 4), the disc was �lled with large planetesimals up to

100 km in radius. We set the orbital eccentricities of the planetesimals to a mean value of

0.05, in agreement with values expected for discs around solar-type stars (e.g., Pawellek

& Krivov, 2015). We assumed the material parameters QD,s = QD,g = 5× 106 erg g−1,

bs = −0.37, and bg = 1.38. Beside planetesimals, also smaller bodies were already

present within the disc at the beginning of the simulation. The initial size distribution

index was γ = −3.7, which is the equilibrium value for an in�nite collisional cascade

with the dust parameter bs (O'Brien & Greenberg, 2003). The equilibrium index for

large objects is di�erent since bg 6= bs. However, the particular choice of γ does not
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really matter, since the simulation promptly drives the system to an equilibrium size

distribution that does not depend much on the one assumed initially. This comes with

the caveat that the kilometre-sized and larger planetesimals in the outer disc do not

reach a collisional equilibrium by the end of the simulation and may retain their prim-

ordial distribution, set by their formation process (which is poorly known anyway). The

smallest particles considered in the simulation had radii of ≈ 0.5µm that corresponds

to sblow of silicate grains around an F-type star (see, Figure 2.1, left panel). Since we

aimed at explaining the q1 Eri disc, for which the dust transport is assumed to play a

minor role, no drag forces were taken into account.

Top panels in Figure 5.1 depict the evolution of the mass surface density (Σ) and the

normal optical depth (τ), as functions of distance from the star. While Σ re�ects the

distribution of kilometre-sized, massive bodies, τ traces the distribution of micron-

sized dust grains that dominate the cross-section. This di�erence is best illustrated by

considering the region beyond 100 au. In this zone, Σ is negligible, whereas τ shows a

halo that contains small grains with radii slightly above sblow.

Bottom panels in Figure 5.1 depict the size distributions close to the inner (4 au)

and outer (94 au) edge of the planetesimal disc. The size distributions exhibit a wavy

pattern which is more pronounced towards the dust size range (s < 1mm), since there

are no grains below sblow that could work as destructive projectiles (Campo Bagatin

et al., 1994; Krivov et al., 2006; Thébault & Augereau, 2007; Wyatt et al., 2011).

Both the radial pro�les and the size distributions change with time. This evolution is

described and discussed in detail below, and we start with the initial stage. The top

right panel of Figure 5.1 reveals an extremely high initial optical depth (> 10 at 1 au),

in the innermost region of the disc. It arises because ACE takes the initial slope of the

Σ pro�le and populates the disc initially by small, micron-sized grains in accord with

the power-law size distribution s−3.7. However, as explained above, that power law

tacitly assumes that the system has an equilibrium distribution of an idealised, in�nite

collisional cascade from the very beginning. Obviously, this assumption is not valid for

a debris disc right after its birth. Instead, the initial distribution of dust in a young

debris disc must be the one set by physical processes that operated in the preceding

protoplanetary disc by the time of the gas dispersal. On any account, ACE gets rid of

the �unphysically� overabundant dust particles swiftly and the optical depth drops to

the equilibrium values after a few thousand years. Already at 1Myr, the τ curve in

Figure 5.1 is �at, regardless of the pro�le assumed initially.

The subsequent disc evolution depends on the collisional lifetimes of the particles
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Figure 5.1: Radially extended planetesimal belt at di�erent time instants after the
beginning of the collisional evolution. Thick black lines are ACE results, thin blue lines
represent the model of Wyatt et al. (2007a). Top: radial pro�les of the mass surface
density (left) and the normal optical depth (right). The blue dots on the straight
lines indicate the distances where the collisional lifetime of the largest planetesimals
equals the current system age. Beyond these distances the lines turn into the initial
pro�les. Bottom: size distributions in terms of optical depths at 4 au (left) and 94 au
(right). At 94 au, the lines of the Wyatt et al. (2007a) model are the same at all time
instants, since the collisional depletion of the largest planetesimals at that distance
has not yet started by 1Gyr.

and can be understood as follows. Since collisional lifetimes get longer with increas-

ing particle size and distance from the star, modi�cations of the size distributions go

from small to large objects and from inner to outer disc regions. The small dust that

dominates the optical depth depletes and reaches collisional equilibrium �rst, larger

objects follow. As a result, at times shorter than the collisional lifetime of the largest

objects at a given distance, τ decreases faster than Σ does. It is this gradual inside-out,

bottom-up transition of the size distribution from the initial to the quasi-equilibrium

state combined with the initial radial distribution that explains why the radial pro�les

of τ are almost �at, even though the Σ pro�les are not.
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Once the lifetimes of the biggest objects are reached at a given distance, the local size

distribution keeps its shape, while Σ and τ both deplete with their mutual ratio staying

constant. After tens of Myr, material is su�ciently eroded to generate positive slopes

of both Σ and τ in the inner regions.

After 1Gyr, almost all material is reprocessed and only the largest planetesimals in

the outer disc have not yet started to deplete collisionally and follow their primordial

size distribution. This is seen for objects larger than 10 km at 94 au.

For the sake of comparison, the analytic steady-state evolution model of Wyatt et al.

(2007a) is overplotted in Figure 5.1. Their model was designed to describe the evolution

of a narrow debris ring, but can readily be applied to an extended debris disc, assuming

it to consist of non-interacting concentric annuli (Kennedy & Wyatt, 2010). To enable

direct comparison, we converted the maximum disc mass Mmax and the maximum

fractional luminosity of the dust fmax of Wyatt et al. (2007a) to the surface density

and the normal optical depth:

Σ =
Mmax

2π r∆r
, τ = 2

r

∆r
fmax, (5.1)

where ∆r is the planetesimal belt width. We also calculated the evolution of the size

distributions with equations (1), (13), and (14) of Wyatt et al. (2007a).

The parameters of the Wyatt et al. (2007a) model were chosen in such a way that it

matches the ACE run as closely as possible. Accordingly, all parameters that are shared

by the analytic model and the ACE simulation were set to the same values. These

include the stellar mass and luminosity, the initial disc mass, the eccentricity of the

planetesimal orbits, and the diameter Dc of the largest planetesimals in the collisional

cascade.

There are two important parameters, however, for which the best choice is less obvious.

One is the slope (2− 3q) of the size distribution, which varies with particle size in the

ACE simulation (wavy pattern of the size distribution). We assumed q = 11/6, or

2−3q = −7/2. Another parameter is the speci�c disruption energy Q∗D, which must be

independent of size in the Wyatt et al. (2007a) model. We chose Q∗D = 10 000 J kg−1,

which is representative for two di�erent particle populations. Indeed, since Q∗D used in

ACE has a V-like shape in a log-log scale with a minimum at around 100m, any constant

value above this minimum intersects the two branches in the small and large particle

size range. The assumed value of 10 000 J kg−1 corresponds to the material strength

of planetesimals with a few tens of kilometres in radius as well as of millimetre-sized
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grains. The latter are important sources for the production of yet smaller dust that

mainly determines the optical depth. Thus, our choice of Q∗D ensures that particles

from the lower and upper end of the wide size range are taken into account.

As can be seen in Figure 5.1, the ACE simulation predicts a signi�cantly higher mass

surface density at later times than the analytic model of Wyatt et al. (2007a). This

is a consequence of a slower depletion of the planetesimals best visible in the size

distributions at 4 au. In contrast to the analytic reference, the ACE simulation involves

a size-dependent Q∗D. The lifetimes of the largest planetesimals are longer, because their

Q∗D's exceed the value of 10 000 J kg−1 adopted in the analytic model by a factor of

several. Furthermore, the Q∗D's of the planetesimals increase with object size as a result

of self-gravity. The latter e�ect enhances the abundance of larger planetesimals relative

to their disruptive projectiles. The slope of the resulting steady-state size distribution of

the largest planetesimals �attens with respect to that in the strength regime (O'Brien

& Greenberg, 2003). Thus, at later times, the ACE simulation retains a reservoir of large

planetesimals that is more massive and is able to sustain a given optical depth or dust

mass for a longer period of time than the analytic model.

5.2.2 Two narrow planetesimal belts

In a second step, we considered the evolution of a disc whose radial structure was

additionally sculpted by the formation of planets. The primary e�ect of giant planet

formation, which we only take into account here, is the opening of a planetary gap that

splits up the disc. Since such a gap is already produced before the debris disc phase, it

can be incorporated in our model by a suitable choice of the initial density pro�le.

Accordingly, we generated a debris disc with an inner and an outer planetesimal belt

that are spatially separated. To this end, we cut out two regions of the extended

planetesimal disc presented in the previous section. The inner disc was assumed to

lie between 3 and 10 au, the outer disc between 70 and 100 au (ranges for the semi-

major axes of planetesimals). Other initial parameters were the same as explained for

the extended disc. In particular, the initial surface density of both belts followed the

MMSN description. The two belts were then evolved with two independent ACE runs.

Figure 5.2 compares the two-component system with the extended disc. At any given

age, the surface densities in the two models are very close (Figure 5.2, top left). There

are, however, some deviations between the shape of the size distributions in the two

models, especially in the outer zone (Figure 5.2, bottom right). These deviations are
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Figure 5.2: Evolution of a two-component disc in comparison with that of an exten-
ded one. Thin black lines correspond to the radially extended planetesimal model
presented in Figure 5.1. Thick red lines show two narrow planetesimal belts between
3 . . . 10 au and 70 . . . 100 au.

related to the collisional interaction of di�erent disc regions. In the extended disc model,

the dust grains with sizes just above the blowout size, produced at a certain distance,

are sent by radiation pressure to eccentric orbits, and therefore, enter the outer disc

zones where they collide with the local material. This causes an overabundance of grains

just above the blowout limit, which enhances the depletion of larger grains. This e�ect

favours the formation of distinct dips in the size distributions, as seen around 5µm at

94 au. Since the two-component model simulates the two belts independently, such a

collisional interaction is neglected, and so, the dips are absent. As a consequence, the

planetesimal belts of the two-component model tend to have somewhat higher optical

depths than in the extended disc simulation (Figure 5.2, top right).

We emphasise that our model treats the evolution of the inner and outer planetesimal

belts self-consistently since both originate in a common initial surface density pro�le.

Possible interactions with one or more planets within the gap, which separates the
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two components, are not directly included. However, such interactions can be taken

into account through the choice of initial disc parameters. For instance, the gap width

re�ects the number and mass of planets.

5.3 Application to q1 Eri

5.3.1 Stellar parameters

q1 Eri is at a distance of 17.4 pc (van Leeuwen, 2007). We took the following stellar pa-

rameters from the Herschel/DUNES �nal archive17) (Eiroa et al., 2013): L∗ = 1.5L�,

T∗ = 6 155K, M∗ = 1.12M�, [Fe/H] = −0.04 (metallicity), log(g) = 4.48 (cgs units).

We adopted the photosphere model from Eiroa et al. (2013), obtained by an interpola-

tion in the PHOENIX/Gaia model grid (Brott & Hauschildt, 2005) with a normalisa-

tion to optical and WISE �uxes. Age estimations of q1 Eri span a wide range, from 0.3

to 4.8Gyr (Liseau et al., 2008, and references therein). The strength of chromospheric

activity and the luminosity in X-rays suggest that the star is & 1Gyr old.

5.3.2 Observational data

Photometric data were collected from the Herschel/DUNES archive and the literature.

From the set of available data, we used the measurements that are at least 1σ above

the stellar photosphere model, thus indicating the IR excess (Table 5.1). A Spitzer/IRS

spectrum, reduced by the c2d Spitzer Legacy Team Pipeline (Young et al., 2005), was

also taken from the DUNES archive.

In addition, we extracted radial brightness pro�les from the Herschel/PACS images

provided in the DUNES archive. At 70, 100, and 160µm, cuts were performed along

the minor and major axes of the observed disc, with position angles of 144◦ and 54◦ east

of north, respectively. The stellar position was assumed to coincide with the intensity-

weighted centroid of the disc. Pro�les of the minor and major axes were obtained

by averaging the two sides of the disc. Uncertainties in intensity are dominated by

di�erences between opposing branches of both axes, added in quadrature to a minor

contribution from background noise that was estimated from an annular aperture. The

resulting pro�les and error bars are depicted in Figure 5.3. Horizontal error bars re�ect

the bin widths in the underlying images: 1′′ at 70 and 100µm, 2′′ at 160µm.

17)http://sdc.cab.inta-csic.es/dunes/jsp/homepage.jsp
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Table 5.1: Photometry of the q1 Eri disc

Wavelength Flux density Telescope/ Reference
[µm] [mJy] instrument

18 315.3± 39.7 AKARI (1)
22 218.1± 4.0 WISE (1)
24 184.8± 3.8 Spitzer/MIPS (1)
25 201.1± 26.1 IRAS (1)
60 617.4± 80.3 IRAS (1)
70 896.2± 26.9 Herschel/PACS (1)
90 904± 60 AKARI (4)
100 897.1± 26.9 Herschel/PACS (1)
160 635.9± 31.8 Herschel/PACS (1)
250 312.3± 25.6 Herschel/SPIRE (1)
350 179.9± 14.6 Herschel/SPIRE (1)
500 78.4± 9.8 Herschel/SPIRE (1)
850 30.3± 4.1 JCMT/SCUBA-2 (6)
870 39.4± 4.1 APEX/LABOCA (3)
1200 < 17 SIMBA/SEST (2)
6800 0.093± 0.017 ATCA (5)

References. (1) Based on data from the DUNES Archive at Centro de Astrobiología (Eiroa et al.,
2013). (2) Schütz et al. (2005). (3) Liseau et al. (2008). (4) Yamamura et al. (2010). (5) Ricci et al.
(2015b). (6) Holland et al., in preparation.

5.3.3 Modelling results

As mentioned before, the q1 Eri system shows strong indications for harbouring a two-

component debris disc. We performed additional tests to con�rm that the presence of a

warm component is certain. One test was to vary the e�ective temperature of the star

by ±100K, which is the scatter in the literature values (Nordström et al., 2004; Chen

et al., 2006). For each stellar temperature, we generated a photospheric model and

then �tted two-component disc models to the SED, assuming the dust distributions

to follow power laws (see model description in Section 3.1). The warm components we

inferred were moderately di�erent. However, in all the cases a warm component was

clearly needed to explain the data. Another test was to overplot the q1 Eri system in

�gure 5 of Kennedy & Wyatt (2014) that presents a χ2 map, which has been calculated

from �tting a single-temperature blackbody (i.e., a one-component disc) to �ducial

two-temperature (i.e., two-component) discs. We �nd q1 Eri to lie close to the contour
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line χ2
red ≈ 20, meaning that this system is highly inconsistent with a one-component

structure. Finally, we estimated an uncertainty in the normalisation of the photospheric

model to the optical andWISE �uxes to be about 2%. A two-component �tting similar

to that described above, but with the photospheric model made by 2% brighter, also

showed that the warm component was needed to reproduce the SED.

Given these results, we applied the ACE -based two-component model presented in Sec-

tion 5.2.2 to explain the SED and the Herschel surface brightness pro�les of the q1 Eri

system. We assumed the stellar properties as described in Section 5.3.1 and simulated

a set of several two-component models where we varied the following parameters: the

location, width, and initial mass (in terms of the MMSN multiples) of the inner and

outer components, the eccentricities of the planetesimal orbits, the size of the largest

planetesimals, and the chemical composition of the disc particles. For the purpose of

surface pro�le modelling, we generated synthetic images from the ACE models at 70,

100, and 160µm with a position angle of 54◦ (east of north). We convolved the syn-

thetic images with α Boo PSFs, which were rotated by 83◦ counter-clockwise to align

them with the telescope position angle during the observations.

We aimed at �nding one plausible model that agrees with the observations reasonably

well. We probed various maximum orbital eccentricities of planetesimals (0.03, 0.05,

and 0.1) and their largest radii (50 and 100 km). Inner and outer edges of the inner

planetesimal belt were varied between 3 and 20 au, and those of the outer belt between

65 and 135 au. We assumed dust particles to be a mixture of astronomical silicate and

water ice and chose the volume fraction of ice to be a free parameter. Ice fractions of

0, 50, 70, and 90% were explored.

We �nally achieved the model presented in Figure 5.3. The corresponding parameters

are summarised in Table 5.2. The model pro�les overpredict the 160µm emission in

the central region by ≈ 20%. This can re�ect some inaccuracy of the collisional model.

Also, the modelled SED predicts (sub)millimetre �ux densities to be by a factor of two

to three lower than those measured by LABOCA, SCUBA-2, and ATCA. Since the

images from SCUBA-2 (Holland et al, in preparation) and LABOCA (Liseau et al.,

2008) are extended eastwards, the most likely reason for the discrepancy is a background

galaxy. The �ux densities plotted are aperture �uxes. The peak �uxes � for instance,

(20.1 ± 2.7)mJy beam−1 of the SCUBA-2 measurement � are more in line with the

model prediction. Overall, the resulting is satisfactory for the purposes of our study.

The initial surface density of both components corresponds to 5.3 times the MMSN

model. The position of the outer component is consistent with the ring-like disc found
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Figure 5.3: A two-component model found in satisfying agreement with observational
data (dots). Top: full SED (solid) along with contributions from the inner (dotted)
and outer (dash-dotted) component. The inset in the upper right corner shows how
the model matches the ATCA measurement at 6.8mm. Bottom: brightness pro�les
across the minor and major axes for 70 (blue), 100 (green), and 160µm (red). For
70µm, contributions of the star (dashed line), inner component (dotted), outer com-
ponent (dash-dotted), and the sum of all three (solid) are shown. At 100 and 160µm,
only the total pro�les are depicted since they come almost entirely from the outer
component. For better visibility, pro�les at 70 and 100µm were shifted vertically by
constant values of +4 and +2mJy arcsec−2, respectively.

through a deconvolution of the Herschel 100µm image by Liseau et al. (2010). They

quote a surface brightness maximum at 85 au and a belt width of about 35 to 45 au.

The location of the inner disc is beyond the orbit of the reported RV planet HD 10647b.
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5 q1 Eridani

Table 5.2: Parameters of the two-component model shown in Figure 5.3

Com- amin. . . amax smax emax Solids θ τ Md Mdisc (M0) tsim
ponent [au] [km] [sil:ice] [◦] [10−4] [M⊕] [M⊕] [Gyr]

Inner 3. . . 10
50 0.05 30%:70% 70

1 1.5× 10−5 3.4 (95)
1.3

Outer 75. . . 125 10 1.7× 10−2 81.7 (167)

Notes. The optical depth in the sixth column is measured at the centres of the planetesimal belts. The
eight column give the initial mass in parentheses and end mass of the whole planetesimal disc (bodies
up to smax in radius). Grid resolution parameters: 1.2 bins per mass decade, 5.1 bins per eccentricity
decade, 8.0 and 29.0 bins per pericentre decade for inner and outer components, respectively.

Although there is a large gap between both components, the overall synthetic surface

brightness pro�les show no signs of a dip and are close to the observed ones. The best

disc inclination is 70◦, which is close to 76◦, the value inferred from the HST scattered

light image (K. Stapelfeldt, private communication).

The planetesimal orbits have eccentricities ≤ 0.05, which implies relatively low impact

velocities in the disc and a rather depressed production of small dust. However, plan-

etary stirring is likely to operate in the inner component, which is close to HD 10647b.

There is also the possibility that further, yet undiscovered, planets in the gap between

both planetesimal belts enhance the eccentricities in the outer component. Higher val-

ues of the eccentricity are not excluded by our modelling since there are degeneracies

between the eccentricity and other model parameters (see Section 5.4).

The dust composition determines the grain temperatures and emission properties. Dur-

ing the modelling process, we noticed that the rise of the SED in the mid-IR shows a

strong dependence on the ice fraction. This allows us to improve the agreement with

the characteristic bump (�shoulder�) that is exhibited by the IRS spectrum in the 10

to 30µm range. Larger fractions of ice reduce the emission of the inner component,

whereas the one of the outer component remains nearly unchanged. This is due to the

fact that the mid-IR emission mostly comes from small grains (s ' 1 . . . 10µm), while

the far-IR emission is produced by larger grains (s > 10µm) with an emissivity that is

not strongly dependent on the chemical composition. The higher the ice fraction, the

steeper the rise of the total SED. However, the distinct silicate feature around 18µm

is still well pronounced and is able to reproduce the bump seen in the IRS spectrum.

A mixture of 30% silicate and 70% water ice for inner and outer component provides

a good overall match to the SED and the surface brightness pro�les.
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5.4 Conclusions and discussion

We explored the long-term collisional evolution of a two-component disc whose origin

is based on Scenario I (Section 1.2). Our detailed collisional simulations revealed that

the inner disc may be able to retain larger amounts of material at older ages than

thought before on the basis of the analytic Wyatt et al. (2007a) model.

Our models can explain the two-component structure observed in the q1 Eri disc.

Other scenarios as described in Section 1.2 appear unlikely because of, e.g., q1 Eri's

old age and spectral type F8. To verify Scenario I, it will be crucial to resolve the

proposed inner belt. At 0.17′′ . . . 0.57′′, the inner belt would be di�cult to see with

the HST because of its large inner working angle. The latest extreme adaptive optics

instruments, such as the �planet �nder� SPHERE on the VLT (Beuzit et al., 2008),

allow us to image much closer to the star. For instance, SPHERE/IRDIS (Infra-Red

Dual Imaging and Spectrograph, Dohlen et al., 2008) has an inner working angle of

0.15′′ in its standard mode, opening up these regions to scattered light observations

for the �rst time. We performed a test by generating scattered light radial pro�les of

the inner belt at 1.6µm. We compared the pro�les with the IRDIS detection limit

provided by the SPHERE Exposure Time Calculator18). The surface �ux along the

major axis, ∼ 0.2mJy arcsec−2, is about three orders of magnitude below the detection

limit. For SPHERE/ZIMPOL (Zurich IMaging POLarimeter, Thalmann et al., 2008)

with a smaller working angle at 0.55µm, the inner belt could be traced along the minor

axis where it appears brighter in polarised light, ∼ 4mJy arcsec−2. However, even in

that case we are still one order of magnitude below the detection limit. This indicates

a big challenge in resolving the inner belt with present-day observational facilities.

However, the coming James Webb Space Telescope (Gardner et al., 2006) might o�er

better chances for such a detection.

The proposed two-component scenario also implies a set of alleged planets between

the inner and outer belts. The number of planets is unknown, as are their orbits and

masses. Nevertheless, rough estimates can be made by assuming that the presumed

planets are in nearly-circular, nearly-coplanar orbits with a uniform logarithmic spacing

of semi-major axes (Faber & Quillen, 2007). The set of planets should be tightly packed

dynamically to ensure that no dust-producing planetesimal belts have survived between

the orbits, while the planets themselves should be at least marginally stable against

mutual perturbations over the age of the system of ∼ 1Gyr. Using equations (3) and

18)https://www.eso.org/observing/etc/
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(6) of Faber & Quillen (2007), we estimate that the cavity between ∼ 10 au and ∼ 80 au

could be populated by four to �ve planets of at least Neptune mass, with a semi-major

axis ratio between neighbouring planets of ∼ 1.6, similar to the orbital radius ratio of

Earth and Mars in the Solar system. The minimum total mass of these planets would

amount to ∼ 0.2 Jupiter masses.

There are currently two planetary systems known to have an architecture similar to the

one proposed for q1 Eri . One is our own Solar system. Another is the prominent system

around HR 8799, with its four directly imaged massive planets (Marois et al., 2008,

2010), an outer massive Kuiper-like belt exterior to and an inner debris belt interior

to the planetary orbits (e.g., Reidemeister et al., 2009; Su et al., 2009). However, there

are also �ne di�erences between these cases. The q1 Eri system is known to contain

a close-in Jupiter-mass RV planet whereas our Solar system harbours four terrestrial

planets. Around HR 8799, no planets have been discovered so far inside the inner dust

belt. It is interesting to note that the known planet of q1 Eri system is orbiting at

∼ 2 au, whereas the proposed inner belt must be located farther out, at 3 to 10 au.

Thus, the belt was likely located outside the ice line when it formed which, assuming

an ice sublimation temperature at the protoplanetary phase of 170K (Lecar et al.,

2006), must have been at ∼ 3.3 au from the star. This means that the planet could

have comfortably formed in the zone interior to the asteroid-like belt. No migration

through the belt is required here � unlike in the systems such as HD 69830 where the

planets and the belt are all located inside the ice line (Payne et al., 2009).

Owing to numerous degeneracies, the model found in our study is by far not unique.

For instance, we cannot constrain tightly a set of gas or icy giants that separates

the two components, and consequently, it is unknown to what degree these would

stir the components. However, we expect that at least the inner component is rather

strongly a�ected by the known nearby giant planet HD 10647b which is on a close-in

(apl ≈ 2 au), eccentric orbit (epl ≈ 0.2). Equation (6) of Mustill & Wyatt (2009) yields

a forced eccentricity of ∼ 0.1 that could be imposed by HD 10647b on planetesimals

at 5 au. This is a rough estimate since only one planetary perturber is assumed, but it

shows that the inner planetesimal disc may have a distinctly higher level of dynamical

excitation than assumed in our model. If so, there would be a faster collisional depletion,

resulting in a lower amount of material in the inner disc. However, the size of the

largest planetesimals and their Q∗D are not well constrained, too. If there are larger

and harder planetesimals within the disc, the collisional depletion will be slower, which

might ensure that the inner system contains su�cient dust after ∼ 1Gyr to explain
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the observations. The collisional timescales can also be prolonged if the inner disc were

located farther out and/or had a larger width.

Furthermore, the slope of the assumed initial density pro�le of a protoplanetary disc is

completely uncertain (e.g., Kuchner, 2004; Raymond et al., 2005; Chiang & Laughlin,

2013). Steeper pro�les are preferred for in-situ formation scenarios of close-in giant

planets, where the disc mass is more centrally concentrated.

In our model, the dust of both components contains 30% silicates and 70% water

ice, which is another crucial point. Since, in contrast to protoplanetary discs, the gas

pressure in debris discs is negligible, ice sublimates at lower temperatures of ∼ 100K

(Kobayashi et al., 2008), suggesting the ice line for blackbody grains to lie at ∼ 10 au.

However, the predicted inner component lies between 3 and 10 au. Thus, the presence of

icy grains in the inner component is questionable. Other materials, e.g. porous silicate,

for the inner component may be a better choice. This agrees, at least qualitatively,

with the compositional model of Tanner et al. (2009).
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6.1 Summary

This thesis presents the modelling of spatially resolved debris discs with the statistical

approach of kinetic theory, referred to as collisional modelling. This approach starts

from a circumstellar distribution of parent planetesimals and predicts their subsequent

collisional evolution, i.e. the way how planetesimals are ground down to tiny dust grains

as a function of time. The resulting dust distributions at a given time instant are used

to compute the observables, which are then compared with actual observational data.

In this way, one can access undetectable planetesimals which bear the imprints of

the planet formation process. This is opposed to the classic modelling that merely

probes the dust portion of debris discs by means of analytic expressions from empirical

considerations.

We used the collisional modelling code ACE that provides generic radial and size dis-

tributions of debris disc material. Beside mutual collisions, it considers the e�ects of

pressure and drag forces from stellar radiation and stellar winds working on circum-

stellar debris. The code was applied to reproduce and interpret the observed features

of the debris discs around HIP 17439, AU Mic, and q1 Eri for the �rst time. Adapt-

ing the model to observational data was challenging since we varied the parameters

of the parent planetesimals and not the ones of the observed dust. In general, several

time-consuming ACE simulations on a trial-and-error basis were necessary to change the

dust distribution in a desired way. The models presented in this thesis required a total

simulation time of ∼ 1 300 CPU days. However, this value does by far not include the

calculation time for the numerous test runs, which did not lead to satisfying results

and which are not shown in this work.

Observations hint at a two-component con�guration for all three systems. We con-

sidered two scenarios capable of explaining the origin of two-component con�gurations:

1. an inner and an outer component of planetesimals as asteroid and Kuiper belt ana-

logues (Scenario I), and 2. an inner component composed of dust transported towards

the star from an outer planetesimal belt (Scenario II). The three selected debris discs

have been tested for consistency with these scenarios. Furthermore, we obtained in-

formation not only on dust and planetesimals, but also on stellar properties that could

not have been derived from classic modelling. The main results are summarised in

Table 6.1 and subsequent paragraphs.
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Table 6.1: Summary of modelling results presented in this thesis

HIP 17439 AU Mic q1 Eri

Modelled data

• Photometric Excess emission Excess emission Excess emission
measurements (∼ 10 . . . 500µm) (∼ 10 . . . 1 300µm) (∼ 10 . . . 6 800µm)

Spitzer/IRS Spitzer/IRS

• SB pro�les Herschel Keck (V /H band) Herschel
(70/100/160µm) HST (V band) (70/100/160µm)

ALMA (1.3mm)

• Polarisation HST/ACS

Disc architecture KBA + dust transport KBA + dust transport KBA + ABA

or

KBA + ABA

or

Extended PB

Planetesimals

• Location 150. . . 180 au (KBA) .38. . .∼43 au (KBA) 75. . . 125 au (KBA)
30. . . 40 au (ABA) 3. . . 10 au (ABA)

• Eccentricities ≤0.04 ≤0.03 ≤0.05
Solid composition

• Material (VF) Silicate (50%) Silicate (∼ 25 . . . 33%) Silicate (30%)
Water ice (50%) Carbon (∼ 25 . . . 33%) Water ice (70%)

Water ice (. 25%)
Porosity (. 25%)

Host star Working dust transport SW activity:
model requires SWs Ṁ? ∼ 50 Ṁ�
(Ṁ? ≤ 15 Ṁ�)

Chromospheric and/or
coronal activity mimic
inner dust component

Abbreviations. Surface brightness (SB), Kuiper belt analogue (KBA), asteroid belt analogue (ABA),
planetesimal belt (PB), volume fraction (VF), stellar wind (SW).

HIP 17439

We �rst tested a model with one outer planetesimal belt, re�ecting Scenario II. Inspired

by the one-component disc of Ertel et al. (2014b), derived from classic modelling,

planetesimals were placed at distances > 120 au from the star. The modelling shows

that dust has to be transported e�ciently from the planetesimal location to the inner

region because otherwise the surface brightness of the inner disc region is too low and

does not match the observations. Since P-R drag alone is not su�cient, there is a need

for strong stellar winds. We identi�ed a wind strength of 15 times the solar value as the
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upper limit if the inner edge of the planetesimal belt has a maximum distance of 150 au

to the star. The assumption of stellar winds of that strength is based on theoretical

considerations and is not con�rmed, but also not ruled out, by observations.

Without the presence of stellar winds, the data are consistent with a two-belt disc,

according to Scenario I. The separation of the belts in our best model is close to what

was found for many other systems. Putative planets within the gap are in nearly circular

orbits and/or have low masses since the dynamical excitation of the planetesimal belts

is low (emax ≈ 0.04).

Furthermore, we argue that a multi-component disc, i.e. a generalisation of Scenario I

to more than two planetesimal belts, would reproduce the data as well. Such a multi-

component con�guration is a model for a single radially extended planetesimal belt.

We qualitatively discussed this possibility by adding a notional third planetesimal

ring between the two belts existing in Scenario I. This con�guration hints at a nearly

constant optical depth over a wide radial range, but likely has a mass surface density

pro�le rising outwards as expected for a long-term inside-out collisional erosion.

In summary, both Scenario I and Scenario II appear physically plausible for the

HIP 17439 disc and no strict conclusion can be drawn. We discussed prospects of distin-

guishing between the competing scenarios by future observations. LMT and ALMA are

the most promising facilities for shedding light on the radial structure of HIP 17439's

debris disc by resolving its inner region in thermal emission. We simulated LMT and

ALMA images of our best one- and two-belt models at millimetre/submillimetre wave-

lengths. These tests highlight that present-day telescopes can distinguish (although

possibly not signi�cantly) between one- or two-belt con�gurations but only with strong

observational e�ort.

AU Microscopii

We considered a wealth of available observational data for the AUMic system, including

the SED, the ALMA 1.3mm observations, the scattered light data in V and H bands,

and the measured V -band polarisation pro�le. Our study presents the �rst attempt to

reproduce scattered light observations of a debris disc with collisional modelling.

AU Mic's disc possesses several substructures and asymmetries, such as bumps and

warps (Liu, 2004; Schneider et al., 2014) that may be caused by the perturbing e�ects

of so far undetected planets. Since our modelling technique is limited to axisymmetric

discs, the formation of such disc features was not considered.
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Most of the data can be reproduced with a Scenario II-type model. This agrees with

�ndings of Strubbe & Chiang (2006) and includes a narrow belt of planetesimals centred

at about 40 au from which dust is transported inwards by strong stellar wind drag. We

made inferences on the wind strength and the stellar mass-loss rate. An extreme value

of a few hundred times the solar mass loss-rate can be excluded because it leads to

distinct contradictions with the observed radial behaviour of the disc colour V −H and

the degree of polarisation. The best model was achieved with Ṁ? = 50 Ṁ�, which cor-

responds to the estimated moderate wind strength during quiescent phases (Augereau

& Beust, 2006).

Owing to strong inward transport of dust, the inner disc region is �lled with small

grains, which actively scatter stellar light in the near-IR. This is contrary to what was

derived previously (Graham et al., 2007; Fitzgerald et al., 2007). Even for our best

model, we noticed signi�cant deviations between the synthetic and observed V − H

and degree of linear polarisation. This problem probably arises because of the idealising

assumption of spherical dust grains, whose optical properties were determined by Mie

theory. There are prospects of mitigating the shortcomings between model and data

by incorporating irregularly shaped grains with scattering properties di�erent from the

Mie spheres used in the modelling. We expect a preference for particles that are weak

polarisers and have polarisation maxima at scattering angles di�erent from 90◦.

We tested a handful of selected materials for the disc objects. These contained mixtures

of silicate, carbon, and ice with di�erent degrees of porosity. Our models support the

presence of ice-containing particles of moderate porosity. As found by a comparison with

other works, porous particles seem to be ubiquitous in discs around BPMG members.

The radial width of the planetesimal belt cannot be constrained tightly. This was shown

with a setup including a very broad planetesimal belt, extended over 1 . . . 45 au. The

belt was populated with particles up to 100m in size and had an MMSN-like surface

density with initial radial index of −1.5. The inside-out evolution of this belt resulted

in a rising surface density with distance from the star and a 1.3mm pro�le as observed

by ALMA. This model explains the formation of an outer ring-like planetesimal distri-

bution and should be preferred if the presence of planets that dynamically cleared up

the inner disc region are not con�rmed in the future.

We demonstrated that the unresolved central emission at 1.3mm, �rst reported by

MacGregor et al. (2013), cannot stem from an inner dust belt alone. An inner belt loc-

ated at . 3 au, which is compatible with being unresolved in the ALMA images, emits

60% of the observed central emission at most. Thus, the central emission component
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fully or at least partly derives from stellar contributions. This puts a lower limit on the

level of AU Mic's coronal and chromospheric emission in the radio range.

q1 Eridani

We a priori excluded Scenario II for the q1 Eri system, since e�cient dust transport

induced by stellar winds is unlikely in a disc around an F-type star. Instead, we con-

sidered Scenario I and �rst simulated the long-term collisional evolution of a �ducial

two-component system to derive more general conclusions.

From a comparison of the collisional simulations with predictions of a simpli�ed analytic

model of Wyatt et al. (2007a), we showed that the results are quite di�erent. The surface

density provided by the collisional simulations reveals much more material close to the

star after an evolution period of 1Gyr. The optical depth does not rise as steeply

with distance from the star as predicted by the analytic model. This means that discs

evolving in a steady-state regime may be able to retain larger amounts of material in

the inner region at older ages than thought before.

Scenario I implies the presence of as yet undiscovered planets. Since it is the only

scenario proposed so far for systems without signi�cant transport, and since there

are many two-component discs around such stars, it suggests that the Solar system-

like architecture with a set of planets between asteroid and Kuiper belt analogues

may be quite common. If no planets populate the gap between both components, the

only remaining explanation for the formation of a two-component disc will be that

planetesimals, for whatever reason, did not form in a certain region of the disc.

We applied the long-term evolution model to the q1 Eri system and found it consistent

with a suite of thermal emission and scattered light observational data. This is achieved

with an inner planetesimal belt between 3 to 10 au and an outer one between 75 to

125 au. The initial surface density of both components is approximately �ve times the

MMSN model. The belts contain bodies up to 50 km in radius and the planetesimal

orbits have a maximum eccentricity of 0.05. Silicate grains with 70% ice content repro-

duce the thermal emission properties. Although this is a reasonable composition for

grains in the outer belt, the presence of icy grains in the inner belt, which is inside the

ice line, remains questionable. To check the scenario itself and break some of the de-

generacies, it would be vital to resolve the inner belt and to detect the expected planets.

98



6.2 Outlook

In general, the work of this thesis provides a good indication of the probable architec-

tures of the three debris disc systems considered, with respect to the spatial distribu-

tions of planetesimals and their collisionally produced dust. However, all the models

presented are not unique, because a full exploration of the parameter space by colli-

sional modelling is unfeasible. For HIP 17439 and AU Mic, we compared the collisional

modelling results with outcomes from a classic multi-dimensional power-law �tting ap-

proach. We veri�ed the consistency, at least up to some degree, which reduces the risk

that the obtained collisional models are �exotic� solutions.

6.2 Outlook

The modelling presented in this thesis makes several simplifying assumptions that can

be improved in future work. Furthermore, recent �ndings from theoretical studies as

well as expected data from ongoing and planned observational and laboratory cam-

paigns can be incorporated into the modelling process. Some examples are described

below.

• So far, e�ects of planetary perturbers are included only through the maximum

eccentricities of planetesimal orbits along with the radial location and width of

the planetesimal belts. Thus, improvements can be made with respect to a more

elaborate consideration of planet-disc interactions. This requires the modelling

of azimuthal disc asymmetries and implies that further angular variables are

added to the phase space. Indeed, an analysis of globally eccentric planetesimal

belts, which can naturally be explained by perturbations of planets, is currently

performed with a new ACE version (Löhne et al., in preparation).

• Future models can account for or test the formation mechanisms of planetesim-

als. Simulations of the streaming instability reveal ' −2.8 for the slope of the

planetesimal size distribution (Johansen et al., 2015; Simon et al., 2016), which

is shallower than the one used for the initial setups in our models. A change

of the primordial slope of planetesimals can signi�cantly a�ect the outcome of

long-term collisional evolution models.

• Future work should consider more realistic phase and polarisation functions of

irregular grains, e.g., as measured by Hedman & Stark (2015) over a wide range

of scattering angles. A good knowledge of these functions will help to break

the degeneracy between the scattering properties of (sub)micron-sized grains

and their supposed spatial distribution. This is in particular true for discs that
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6 Conclusive remarks

are highly inclined against the observing direction. Improvements in modelling

the scattered light are also important for the interpretation of the great high-

resolution optical/near-IR disc images, which have been obtained in the recent

years.

• Our models tend to mismatch far-IR photometric data. Among other e�ects, this

might be caused by uncertainties of the stellar spectra and optical properties

of the dust particles used. The former does not allow one to precisely disen-

tangle the stellar and disc contributions to observed �uxes, the latter leads to

wrong predictions of the disc emissivity. Thus, future studies should take im-

proved models of stellar atmospheres and dust properties into account. Stellar

spectra have to be adapted to each system considered, including individual chro-

mospheric and coronal corrections, instead of being inferred by interpolations of

standard PHOENIX spectra. Improved dust models are expected from further

laboratory investigations of cosmic dust analogues that will analyse temperature

e�ects and spectral ranges, which have not been explored in much detail before

(e.g., Reinert et al., 2015).
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Units

Units employed in this thesis and their SI conversion

Symbol Value (SI units) Meaning

1 au ' 1.5× 1011 m Astronomical unit

1′′, 1 arcsec = π/648 000 rad Arcsecond

1 erg = 10−7 J Erg

1 Jy = 10−26 W m−2 Hz−1 Jansky

1L� ' 3.9× 1026 W Solar luminosity

1M� ' 2.0× 1030 kg Solar mass

1M⊕ ' 6.0× 1024 kg Earth mass

1 pc ' 3.1× 1016 m Parsec

1R⊕ ' 7.0× 108 m Solar radius

1 yr ' 3.2× 107 s Year
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