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1. INTRODUCTION

Adventure is worthwhile in itself.
– Amelia Earhart
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1. INTRODUCTION

ABSTRACT

Asteroids and comets likely have played a very important role in the early
evolution of the Earth. Some theories suggest that significant amounts of water
and organic material were delivered to Earth through asteroid and comet
impacts. These events have effected not only our Earth but all other planetary
surfaces within the Solar System. Moreover, the delivery mechanisms still
operate nowadays. In this thesis, we focus on the asteroidal and cometary
contribution to the water and organic budget of Mercury and Mars.

Our Solar System is not the only place that harbours asteroids and comets.
About 20 stars (including Vega, Fomalhaut, HR 8799, and HD 95086) are
known to hold warm and cold debris disks, analogues of the Main Asteroid
Belt and the Kuiper Belt. The role of these exo-asteroids and exo-comets in
the delivery of water and organics to exoplanets is unknown. To shed light
on these delivery processes we extrapolate our Solar System scenarios to the
exosystem HR 8799.

In this thesis, I use an N-body code to study the role of asteroids and
comets in the processes of water and organics delivery to planetary surfaces, to
Mars and Mercury, in our own Solar System and in an exoplanetary system.

This introductory chapter provides the necessary background to under-
stand this thesis, starting with an introduction on small bodies of the Solar
System and their migration processes. Furthermore, I introduce planetary
enrichment processes within Solar System and beyond. Finally, I outline the
research presented in this thesis.
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1.1. THE SOLAR SYSTEM AND ITS VOLATILES

1.1 THE SOLAR SYSTEM AND ITS VOLATILES

About 4.6 billion years ago a rotating core in a molecular cloud collapsed
and the formation of the Sun started. A byproduct of this collapse was a
flat circumsolar disk of dust and gas. In this disk planet formation started
through the growth of dust particles to larger objects. The models of
planet formation suggest that there are four stages of the growth process
(Haghighipour, 2013). First dust particles form centimetre- and decimetre-
sized objects through coagulation, which then leads to the second stage
where kilometre-sized bodies are formed. The third stage is collision
and accretion of planetesimals to form planetary embryos in the inner
Solar System and the core formation of the giant planets in the outer
Solar System. The last stage is formation of giant planets through the
gas accretion and formation of terrestrial planets through the collisional
growth of planetary embryos.

Close to the Sun dust particles, from which the planet formation starts,
are composed of such refractory, heat-resistant, materials as silicates,
oxides, sulphides, and metal grains. Further from the Sun dust particles
contain large amounts of water and volatile (chemical elements and
compounds with low boiling points) ices (Chambers, 2009). The boundary
between the two types of dust particles is called the “snow/frost/ice line”.
This ”line” divides the outer cold ice-rich region of the protoplanetary disk
from the inner hot region. Note, each of the volatile species has its own
”line”. Therefore, it is logical to assume that the planets formed in the inner
hot region would form dry. This is called the ”dry scenario” of terrestrial
planet formation according to which the planets where formed with low
water mass fractions and water was delivered to their accretion zones
later on (see, e.g., van Dishoeck et al., 2014, for an overview). Opposite
view is the ”wet scenario” in which the terrestrial planets formed from
planetesimals with hydrated silicate grains.

In support of the ”wet scenario” it has been shown that it is possible to
store in an Earth-sized planet between „ 0.1 Mocean and 10 Mocean, where
Mocean equals 1.4ˆ 1021 kg and is the mass of water contained in Earth’s
oceans and denoted ”one Earth ocean” (D’Angelo et al., 2018).

The ”dry scenario” implies that the water could have been delivered
to accretion zones and to the surfaces of the terrestrial planets late in
their building phase or after the planets have been already formed and
differentiated. Leading models of early Solar System formation such
as Grand Tack (Walsh et al., 2011; O’Brien et al., 2014) and the Nice
model (Tsiganis et al., 2005; Morbidelli et al., 2005; Gomes et al., 2005)
demonstrate the possibility of water delivery to Earth. Grand Tack happens
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1. INTRODUCTION

at the early stages of the Solar System history while gas is still present in
the disk. The scenario indicates that Jupiter and Saturn drift inward while
accreting gas until the planets get locked in the 3:2 resonance and then
migrate outwards. The Nice model describes the giant planet dynamics
in a later stage in the gas poor disk. According to the model Jupiter and
Saturn cross the 1:2 resonance around 800-900 Myr after formation. This
event causes chaos in the Solar System since the orbits of the icy giants,
Uranus and Neptune, become unstable. The icy giants scatter objects from
the outer disk everywhere in the Solar System, including the inner region.
The chaotic period which happened around 4 billion years ago is known as
the Late Heavy Bombardment (LHB). However, recent studies suggest the
accretion tail scenario. It implies that the LHB was rather the tail-end of
a more intense bombardment that declined over time since the phase of
formation of the terrestrial planets (Morbidelli et al., 2018).

Water together with carbon are essential requirements for life as we
know it (Gilmour & Sephton, 2004). Water is formed on the surfaces of
dust grains in dense molecular clouds (van Dishoeck et al., 2014). The
hydrogen and oxygen atoms come together on the dust grains and form an
icy layer. The icy mantles of dust grains are made up of common molecules
(CO2, H2O, CH4, NH3) and the surfaces of the grains often contain organic
molecules.

Organic molecules, which are based on carbon, usually in combination
with hydrogen, oxygen and nitrogen, are fundamental to the chemistry of
life. Organic matter has been found in comets and meteorites, and even in
the interstellar medium of external galaxies.

1.2 SMALL BODIES OF THE SOLAR SYSTEM

There is much more to the Solar System than the Sun and the eight planets.
Our Solar System is populated with small bodies such as asteroids, comets,
interplanetary dust and space debris. As of 1st of October 2019, 796354
small bodies have been discovered and many more remain unknown. In
2006 the IAU defined the term ”Small Solar System Body” (SSSB) as

All other objects, except satellites, orbiting the Sun shall be
referred to collectively as ”Small Solar System Bodies” ... These
currently include most of the Solar System asteroids, most
Trans-Neptunian Objects (TNOs), comets, and other small
bodies.
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1.2. SMALL BODIES OF THE SOLAR SYSTEM

Most of the small bodies are located in two distinct regions, in the Main
Asteroid Belt between Mars and Jupiter and in the Kuiper Belt beyond the
orbit of Neptune. Other areas of the Solar System, such as the Near-Earth
asteroids, the Trojan asteroids, Centaurs and Oort cloud, contain small
bodies in somewhat smaller concentrations.

Figure 1.1: Schematic view of the Solar System. Image created by K. Frantseva.

Small Solar System bodies can be seen as remnant planetesimals that
failed to accrete into a single body, as well as the leftover material from
the disk where the planets formed. Big part of the objects populate the
region between the orbits of Mars and Jupiter, where the close proximity of
Jupiter lead to strong resonances that did not allow formation of a planet.
The orbital structure of the Main Asteroid Belt is shaped by the interactions
with the giant planets, mostly with Jupiter and Saturn. In turn, the Kuiper
Belt is mostly shaped by Neptune.

Smaller rocks, not more than 10 meters wide (Rubin & Grossman,
2010), orbiting the Sun are called meteoroids to distinguish them from the
larger asteroids. When such a meteoroid enters a planet’s atmosphere it is
heated and the visible streak in the sky is known as a meteor. If a piece of
it survives to reach the planet’s surface it is known as a meteorite.

The smallest inhabitants of the Solar System are dust particles such
as micrometeoroids (MMs) and interplanetary dust particles (IDPs). All
these particles can be produced by every object in the solar system by e.g.
outgassing, cratering, volcanism etc.
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1. INTRODUCTION

Moreover, the solar system is being polluted by man-made space debris,
which is a population of artificial objects and their fragments in space.

Most meteorites are thought to come from asteroids, their parent bodies
in the Main Asteroid Belt that formed during the first few million years of
the solar system (Gilmour et al., 2014). They carry a record of processes
that occurred in the solar nebula during the formation of the planets. That
is why meteorites among other small bodies are also called primitive bodies.
Meteorites provide the exact age of our Solar System, 4568,14 ˘ 0.38 Myr
(Bouvier & Wadhwa, 2010).

Moreover, small bodies are tracers of planets’ movements that happened
in the past in our Solar System. Through studying the current orbits and
populations of the small bodies, we can learn where they came from and
what was the behaviour of the planets in the past.

1.2.1 Asteroids

Asteroids are rocky celestial bodies orbiting around the Sun. They are
leftovers of planet formation. As of 1st of October 2019 792208 asteroids
have been discovered. Most of them belong to the Main Asteroid Belt
(MAB) between the orbits of Mars and Jupiter (see Fig. 1.1) (Asphaug,
2009).

Through migration processes, described in the following section,
asteroids move from the Main Asteroid Belt to Earth crossing orbits
(Near-Earth objects, NEOs) and from the Kuiper Belt (population of Trans-
Neptunian objects, TNOs) to Centaurs. The dynamical lifetime of these
migrating populations is relatively short, ď 107 years. Centaurs are small
Solar System bodies, which typically show characteristics of asteroids
and comets at the same time, with a semi-major axis between the orbits
of Jupiter and Neptune. A Trans-Neptunian object is any minor planet
that orbits the Sun at a semi-major axis larger than 30 AU (the orbit of
Neptune).

There are many types of main belt asteroids (Tholen, 1989). The
two most numerous types are S-type (silicaceous objects) and C-type
(carbonaceous objects; water-rich and organic-rich). Other types are
more rare and irrelevant for our study. The classification is based on
spectrophotometric data and also on albedos.

Asteroids are the parent bodies of meteorites which in turn also have
many types. A simple classification, based on Weisberg et al. (2006)
distinguishes three main types, which are stony meteorites, stony-iron
meteorites and iron meteorites, see Fig. 1.2. In turn, stony meteorites
are divided into two types. These are chondrites (called like this because

6



1.2.1. Asteroids

they contain chondrules which are spherical or elliptical formations with
predominantly silicate composition) and achondrites (without chondrules).
Subtypes of chondrites are carbonaceous chondrites, ordinary chondrites,
enstatite chondrites and a few more chondrite groups.

Figure 1.2: Fragment of an iron meteorite from the collection of the university
museum of the University of Groningen. Photo by T. Saifollahi.

Carbonaceous chondrites are grouped according to distinctive composi-
tions thought to reflect the type of parent body from which they originated.
Several groups of carbonaceous chondrites contain high percentages of
water, „ 10%, as well as organic compounds, „ 2% by mass (National
Research Council, 2007; Sephton et al., 2002; Sephton, 2014) while all
other types contain much lower amounts of water and organic compounds.
C-type asteroids are the parent bodies of carbonaceous meteorites. C-type
asteroids are expected to deliver the majority of the carbon and water.
These types therefore play a large role in the studies described in this
thesis.
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1. INTRODUCTION

1.2.2 Comets

A comet is an icy small Solar System body that, when passing close to
the Sun, heats up and starts to outgas, displaying a visible atmosphere
or coma, and sometimes also a tail. As of 1st of October 2019 4146
comets have been discovered. Comets have a wide range of orbital periods,
ranging from years to millions of years. Short-period comets originate
in the Kuiper Belt or its associated scattered disc, which lies beyond the
orbit of Neptune. Longer-period comets are thought to originate in the
Oort cloud; a cloud of icy bodies extending from outside the Kuiper Belt to
halfway to the nearest star. Main Belt Comets (MBCs) show clear cometary
activity but at the same time they have orbits very close to the ones of
asteroids in the Main Asteroid Belt. This provides evidence that asteroids
and comets represent the end-members of a continuum of small bodies,
with compositions ranging from very rocky to very icy (Bertini, 2011).

For a long time, observers distinguished comets from asteroids by the
presence or absence of a coma and/or tail. Nowadays there is more than
one way to define what an asteroid is as opposed to a comet. These
definitions can be seen as compositional, dynamical, and observational:
asteroids mostly consist of metal and rocky materials, while comets are
composed of ice and dust; most asteroids orbit the Sun in nearly circular
orbits within the inner part of the Solar System, while most comets have
highly eccentric orbits and originate in the outer part of the Solar System.
We have the possibility to study asteroids and comets not only from the
ground but also from space. Thanks to space missions, we have some
”close up” pictures (e.g. from ESA’s Philae comet lander on the surface
of the comet 67P/ Чурюмова-Герасименко /Churyumov–Gerasimenko)
and samples of comets and asteroids (e.g. from NASA’s Stardust comet
sample return mission and JAXA’s Hayabusa spacecraft) which helped a lot
in understanding of the nature of these objects (Rivkin, 2013).

Modelling suggest that comets’ nuclei are composed of 50% water
(Prialnik, 2002), but observations show a much larger range, between 3%
and 90% (Gicquel et al., 2012; Huebner, 2002; Jewitt, 2004; Taylor et al.,
2017). This implies that comet compositions are not very well constrained.
The value of 50% was adopted in this thesis as that is both what models
imply and is also the average value of the wide ranges of observations.
The average carbon content of a comet is estimated to be „ 10% (Swamy,
2010).
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1.2.3. Dust

1.2.3 Dust

Only objects with solid surfaces in the solar system can produce dust
by outgassing, cratering, volcanism, or other processes. Still, most dust
particles are believed to originate from the surface erosion and collisions
of asteroids and from comets, which actively outgas every time they travel
near the Sun. Bigger particles within a size range of 50 µm to 2 mm are
called micrometeoroids (MMs) and smaller ones with size less than a few
hundred micrometres are called Interplanetary Dust Particles (IDPs).

IDPs are collected while they are in suspension in the stratosphere
(Love & Brownlee, 1993). MMs are retrieved from Antarctic ice melt water
(Maurette et al., 2000). The flux of dust arriving on Earth is dominated
in numbers by the small particles, and in mass by the large particles. The
current Earth dust mass flux, 110˘ 55 tonnes/day, peaks around 200 µm
(Love & Brownlee, 1993) as has been determined from the Long Duration
Exposure Facility satellite and 270 tonnes/day as estimated from Zodiacal
dust cloud observations and modelling (Nesvorný et al., 2010).

IDPs and MMs can be divided into 2 types: anhydrous and hydrous.
It has been estimated that the hydrous dust particles make up from 1%
up to 75% of the total dust (Engrand et al., 1999; Noguchi et al., 2002;
Dobrica et al., 2010; Zolensky & Lindstrom, 1992). The water content of
the hydrous dust particles was found to be from 1wt%, weight percent, and
up to 40wt% (Engrand et al., 1996) and their average content is „ 10%
(Flynn, 1996; Maurette et al., 1995).

1.3 MIGRATION OF SMALL BODIES

The distribution of the main-belt asteroids and Kuiper Belt objects as shown
in Fig. 1.3, 1.4 is seen to be inhomogeneous. This demonstrates that small
bodies can migrate and create new populations such as near-Earth asteroids
and Centaurs.

Migration mechanisms can be divided into two groups. The first group
are the forces that are based on the perturbations due to gravitational
interactions between two small bodies or a small body and a planet (also
called gravitational scattering). The second group is based on photon
pressure. Forces such as radiation pressure (relevant for small dust grains),
Poynting–Robertson effect (radiation pressure tangential to the grain’s
motion; most significant for dust grains from 1 µm to 1 mm in diameter),
Yarkovsky effect (force caused by the differences in thermal radiation from
the day and night side of an asteroid; most significant for meteorites or
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1. INTRODUCTION

small asteroids, about 10 cm to 30-40 km in diameter) are included in the
second group.

1.3.1 Gravitational effects

Interactions between asteroids and planets, and asteroids with each other
play an important role in shaping asteroidal orbits and forms. Asteroid
collisions lead to grinding and appearance of many fragments, which in
turn influence other asteroids. Close encounters lead to small changes of
orbital parameters, which in turn affects neighbouring asteroids.

Figure 1.3: Schematic view of the Main Asteroid Belt and orbital distribution of
main-belt asteroids. There are conspicuous gaps in the distribution, the so-called
Kirkwood gaps at 2.5 AU, 2.8 AU, 2.95 AU and 3.3 AU caused by 3:1, 5:2, 7:3
and 2:1 orbital mean motion resonances with Jupiter. Note the ν6 resonance with
Saturn, following a roughly parabolic line from 0˝ at 2.1 AU to 15˝ at 2.5 AU.
Image reproduced from de Leon et al. (2011).

However, the strongest perturbations of the asteroid orbits are caused
by the planets which are several orders of magnitude more massive than
small bodies. The Main Asteroid Belt is characterised by the Kirkwood
gaps: empty regions/orbits as seen in Fig. 1.3 within the belt, named after
their discoverer Daniel Kirkwood (Kirkwood, 1866). These gaps are a
result of the orbital resonances that control the shape of the asteroid belt.
Resonances are the periodic gravitational influence of two or more orbiting
bodies onto each other. There are two types of orbit-orbit resonances:
mean motion resonances and secular resonances.

Mean-motion resonances occur when their orbital periods are related
by a ratio of two integers; for asteroids populating the Main Asteroid
Belt, the second body is usually Jupiter. For example, 3:1 mean motion
resonance with Jupiter affects small bodies which have orbital periods of
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1.3.2. Radiative effects

Figure 1.4: Orbital distribution of the Kuiper Belt objects. Mean motion
resonances with Neptune are indicated by grey vertical lines. Image reproduced
from Lacerda (2009).

„ 4 years, three times smaller than Jupiter orbital period of 12 years. From
the Kepler’s third law we can estimate that objects with orbital periods
of „ 4 years have semi-major axes of „ 2.5 AU. This resonance can be
seen in Fig. 1.3 as a distinct gap. Others important resonances are the
5:2 at 2.8 AU, 7:3 at 2.95 AU and 2:1 at 3.3 AU with Jupiter. All these
resonances have a destructive nature. It means that asteroids cannot exist
in such orbits for a long time because of the repetitive close encounters
with Jupiter causing these orbits to be unstable. Due to repeated close
encounters with Jupiter, their orbital eccentricities increase until they leave
the gravitational field of Sun.

Secular resonances occur when the precession (a precession of the
perihelion, or the ascending node, or both) of two orbits is synchronised.
Fig. 1.3 illustrates the strongest linear secular resonance ν6 between
asteroids and Saturn as a horizontal ”parabola” cut off around 2 AU, and
at inclinations of about 20˝.

1.3.2 Radiative effects

The two most influential nongravitational effects are the Yarkovsky effect
(see, e.g., (Vokrouhlický et al., 2015)) and the solar radiation pressure
(Vokrouhlický & Milani, 2000). The sizes of these effects depend on
the mass, shape and albedo of an object. The Yarkovsky effect is an
acceleration of an asteroid because of the different temperatures of morning
and evening sides of an asteroid (see Fig. 1.5). The result of the solar
radiation pressure is a change of an asteroid’s orbit due to the pressure
exerted by radiation incident on an asteroid’s surface. Both effects are
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less strong than gravitational effects but they play an important role for
asteroids that are close to orbital resonances. With the help of the Yarkovsky
effect, asteroids move close to Kirkwood gaps and then migrate to other
regions of the Solar System (Rivkin, 2013).

The Yarkovsky force is strongly depends on the thermal properties
of an object. The first measurement of Yarkovsky-induced deflection
was observed for the NEO 6489 Golevka (semi-major axis a = 2.5 AU,
mean radius 0.265 km, albedo 0.15; see Chesley et al. (2003)). This
measurement has been used to constrain Golevka’s density, assuming
typical thermal properties of rock. Over twelve years the asteroid drifted
15 km from its predicted position. Given the magnitude of the Yarkovsky
force and typical thermal properties of asteroids, it is most effective on
objects smaller than 30-40 km in diameter. Larger objects are too massive
for the Yarkovsky effect to be effective, while very small objects become
isothermal and the force goes to zero. The Yarkovsky effect has been
detected for a few tens of asteroids (Chesley et al., 2003; Nesvorný &
Bottke, 2004; Chesley et al., 2016). Measuring the orbit deviation of the
asteroid 101955 Bennu caused by the Yarkovsky effect is one of the key
science objectives of the NASA’s OSIRIS-REx spacecraft, which is currently
orbiting the asteroid and scheduled to collect samples in 2020.

Figure 1.5: Graphical explanation of Yarkovsky effect. Image reproduced from
Binzel (2003).

The Yarkovsky–O’Keefe–Radzievskii–Paddack effect (YORP effect) is a
phenomenon that the rotational speed of irregularly shaped small asteroids

12



1.4. ENRICHMENT OF PLANETARY SURFACES

changes under sunlight. The effect depends on radius, semi-major axis,
and albedo of an asteroid.

For example, the rotation speed of the asteroid 54509, called the
same as the effect, YORP (semi-major axis a = 1.006 AU, dimensions
150 ˆ 128 ˆ 93 m, albedo 0.1) will double in just 600,000 years (Taylor
et al., 2007).

Both effects, the YORP and the Yarkovsky, are results of the interaction
between an asteroid and solar radiation. Nevertheless, the YORP effect
causes a change of speed and inclination of the rotation axis, whereas the
Yarkovsky effect causes a change in semi-major axis of an asteroid.

1.4 ENRICHMENT OF PLANETARY SURFACES

1.4.1 Earth

Not too low and not too high temperatures together with the presence of
the atmosphere allow Earth to keep its water. Simply put, our Earth is
located in a habitable zone which is the region around a star in which a
rocky planet with high enough (namely, above the triple point) atmospheric
pressure can maintain liquid water on its surface..

For Earth to have the right temperature is not enough. We need to get
water from somewhere. One outstanding question is whether our planet
formed with water already or if it was transferred somehow. A key concept
to address this question is the snow line. The snow line (also referred
to as frost line or ice line) is the distance from the protostar, during the
formation of a planetary system, where it is cold enough for water, and
other volatile compounds, to condense into solid ice grains. The term snow
line is also used to describe the distance, for the current state of solar
system, at which water ice can be stable (approximately equals 5 AU). It
is reasonable to believe that the planets that formed inside the snow line,
such as Earth, formed dry. This would imply that water was transported to
Earth later on (Morbidelli et al., 2000; van Dishoeck et al., 2014).

Water covers 75% of Earth’s surface but only very little of the Earth
mass (between 0.05 and 0.11 wt%). In the beginning, the surface of the
Earth was extremely hot, which probably caused it to lose its water content.
Water on Earth was accreted from exogenic sources in the primordial Solar
System. The most plausible sources are asteroids and comets, which can
migrate from beyond the snow line (Armitage, 2007; DeMeo & Carry,
2014; O’Brien et al., 2014). Historically, comets were first considered as a
possible source of Earth’s water due to their high water content. However,
based on isotopic composition, asteroids are preferred over comets.
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Let us look at the D/H (deuterium/hydrogen) ratio. This is the ratio
between deuterium and hydrogen in natural waters and other fluids, and in
water combined in hydrous minerals. This ratio gives information about the
origin and geologic history of the fluid, and about fluid/rock interactions.

Fig. 1.6 shows D/H ratios for different objects within the Solar System.
This plot shows that the D/H ratio for comet 103/P Hartley 2 is almost
the same as for Earth. However, for the moment, this is the only comet
with such D/H ratio while for the most meteorites value of D/H ratio is
close to Earth’s. The mean D/H ratio of the carbonaceous chondrites is
indistinguishable from the terrestrial value. This agreement supports ”wet
scenario” of terrestrial planet formation.

Figure 1.6: D/H ratios in different objects of the solar system. Diamonds represent
data obtained by means of in situ mass spectrometry measurements, and circles
refer to data obtained with astronomical methods. Image reproduced from
Altwegg et al. (2015).

1.4.2 Mars

Starting from the Viking missions, over 40 years ago, searches of organics
on Mars have been ongoing. It is expected that organic compounds exist
on the surface of Mars since they are produced abiotically everywhere in
the Universe (ten Kate, 2018). However there was very little success in
finding organics or their degradation products. It is important to establish
whether or not organics are present on Mars, what makes them so difficult
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1.4.3. Mercury

to detect, and whether they were present in the past when Mars was more
hospitable to life.

A new study by Eigenbrode et al. (2018) reports the in situ detection
of organic matter preserved in three-billion-year-old sedimentary rocks
near the surface, by the Sample Analysis at Mars instrument suite onboard
NASA’s Curiosity rover. Within this rock organics have been protected all
this time. Curiosity has shown that the Gale crater region was habitable
around 3.5 billion years ago. This discovery proves that organic molecules
were present on the Martian surface at the time when life started to evolve
on the early Earth.

In surface samples and regolith however no organics have been
detected, even though they are being delivered. Many processes can
destroy these organics. Any organics on the surface or in the subsurfaces of
Mars are expected to photodissociate within hours (ten Kate et al., 2005;
ten Kate, 2010; Moores & Schuerger, 2012). Cosmic-ray bombardment
destroys organics on Myr timescales at depths down to tens of centimetres,
(Pavlov et al., 2012, 2014). But are these processes of organics degradation
efficient enough to clear the whole planet of organics? To answer this
question we not only need a handle on destruction and in situ production
processes but also a handle on the delivery mechanisms. It is believed
that organics found on the surface and in the subsurface available to
scooping or surficial drilling cannot be primordial. Exogenous delivery of
organics, from geologically recent impacts of comets, asteroids, and/or
interplanetary dust particles (IDPs) can supply the top layers of Mars with
organics.

1.4.3 Mercury

Radar observations provided evidence that water ice may exist in the
bottoms of craters at Mercury’s poles (Slade et al., 1992; Harmon & Slade,
1992; Butler et al., 1993; Harmon et al., 1994). Highly radar-reflective
regions (radar-bright deposits) have been observed near the north pole
of Mercury. Observations with the Neutron Spectrometer (NS) aboard
the MErcury Surface, Space ENvironment, GEochemistry, and Ranging
(MESSENGER) spacecraft (Lawrence et al., 2013) demonstrated that the
radar-bright deposits in the North polar region are composed of water ice
(sulphur and certain silicates are possible alternatives to explain the radar
data). Although Mercury is the closest planet to the Sun, which makes it
extremely hot (up to 427 degrees Celsius) over most of its surface, water
ice is detected at the bottoms of some polar craters because the crater
floors are permanently shadowed by the crater rims and because Mercury
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1. INTRODUCTION

does not have an atmosphere to distribute heat. Mercury’s axis has almost
no obliquity, so its poles receive very little direct sunlight.

The origin of the water ice deposits is unclear. It seems unlikely that
the deposits are primordial taking into account its current position close to
the Sun. Interplanetary dust particles (IDPs), C-type asteroids, and comets
are rich in water and organic molecules and could play a significant role in
depositing water on Mercury.

1.4.4 Remaining planets

Asteroids and comets impact with all bodies of the Solar System: with the
planets, their satellites and also among each other. Through these collisions
they deliver water and organic compounds.

Water deposits have been found on the Moon (Li et al., 2018) and
also on V-type asteroid Vesta (Palmer et al., 2017). Eros and Ganymed,
two largest NEOs that are S type asteroids, have recently been found to
contain hydrated minerals. Both V-type and S-type asteroids are known to
be volatile-poor. One possible source of volatile material on these asteroids
is impacting water-rich carbonaceous chondrites (Denevi et al., 2012;
Prettyman et al., 2012; Rivkin et al., 2017).

The carbon dioxide, carbon monoxide and water present in the
stratospheres and upper atmospheres „50-300 km of the giant planets are
thought to originate from impacting comets and asteroids. This was studied
in great detail during the impact of comet Shoemaker-Levy 9 on Jupiter in
1994 and a few other similar events (Lellouch et al., 2002; Cavalié et al.,
2007a,b; Fletcher et al., 2010; Lisse et al., 2010; Orton et al., 2011; Cavalié
et al., 2013).

1.5 EXOPLANETARY SYSTEMS

Since 1995, it has become well known that our own Sun is not the only
star to host planets (Mayor & Queloz, 1995). Every year the number
of discovered exoplanets increases and until now there are „ 4000 of
confirmed exoplanets and „ 2000 candidates1. Various studies and
observations (Acke et al., 2012; Booth et al., 2016; Close, 2010; Lagrange
et al., 2010; Matthews et al., 2014; Moór et al., 2013; Su et al., 2013;
Welsh & Montgomery, 2013) show that the Main Asteroid Belt and the
Kuiper Belt are not unique to the Solar system either. These analogues are
observed as debris disks, the remnants of the planet formation process,

1http://exoplanet.eu
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planetesimals which failed to grow into planets. An observable part of the
debris disk is the dust component of the disk, formed due to a cascade
of collisions which grinds the planetesimals to dust (Kenyon & Bromley,
2008).

Figure 1.7: Scheme of the HR 8799 planetary system. The system looks very
much alike the Solar System: a belt of warm dust, a belt with cold dust, and
4 giant planets (e, d, c, b). No terrestrial planets have been discovered in this
system. Earth-size planets inside the warm dust belt would be undetectable using
today’s instrumentation. Image reproduced from Close (2010).

Fig. 1.7 shows a sketch of the exoplanetary system HR 8799. This
system hosts 4 giant planets as well as a warm dust belt (6-15 AU) and
a cold dust belt (ą 90 AU) (Su et al., 2009). This system is interesting
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due to its structural similarity with the Solar System. The 4 giant planets
resemble Jupiter, Saturn, Uranus and Neptune while the warm and cold
dust belts coincide with the Main Asteroid Belt and the Kuiper Belt. More
detailed studies of HR8799 could help understand the interaction between
the planets and planetary debris (Matthews et al., 2014).

Figure 1.8: Model spectral energy distribution for HR8799. There is excess
emission in the left part of the total disk emission (10 - 20 µm, shown in
cyan colour). It corresponds to an inner warm disk, analogous to the asteroid
belt, which is not resolved spatially. Colourful symbols correspond to various
observations. Image reproduced from Su et al. (2009).

Debris disks, like the ones in the HR 8799, cannot be imaged directly.
However, evidence can be found in excess emission in the infrared (see
Fig. 1.8). The dust in a circumstellar disk can be traced via IR excess
which is produced by the thermal emission of the dust grains that are
heated by the starlight (Cotten & Song, 2016). In practice, such warm belts
were typically discovered using Spitzer-IRS (InfraRed Spectrograph), which
is no longer operational. The Mid-Infrared Instrument (MIRI), onboard
the James Webb Space Telescope (JWST, to be launched in 2021), will
again provide sensitive spectroscopic capabilities in this wavelength range.
Meantime, the cold belts are subject to observations with the Atacama
Large Millimeter Array (ALMA).
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Formalhaut is another example of a system with an inner and an outer
debris disk (see Fig. 1.9). The inner disk is located at 0.1 AU from the star.
The outer disk has an inner edge 130 AU from the star. The outer disk is
sometimes called ”Fomalhaut’s Kuiper Belt” (Acke et al., 2012; Su & Rieke,
2014).

Figure 1.9: Herschel PACS 70 µm image of Fomalhaut. From direct imaging the
outer belt is clearly visible, while the inner belt could not be spatially resolved.
Image reproduced from Acke et al. (2012).
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1.6 THIS THESIS

The main goal of this thesis is to understand the importance of asteroids
and comets in the delivery processes of water and organics to the planetary
surfaces within our Solar System and beyond it, in exoplanetary systems.

In this thesis we focus on the following questions:
• What determines the organic content of the surface of Mars today?

(Chapter 3)
• What is the main source of water on Mercury’s poles? (Chapter 4)
• How can exo-asteroids and exo-comets deliver water and organics to

exoplanets? (Chapter 5)
We set up a dynamical model of asteroid and comet populations

using the N-body Regularized Mixed Variable Symplectic (RMVS) gravity
integrator (Levison & Duncan, 1994) from the Swifter software package2

(Chapters 3, Chapter 4) and the hybrid N-body integrator MERCURIUS
from the REBOUND software package (Rein & Liu, 2012; Rein & Spiegel,
2015; Rein & Tamayo, 2015) (Chapter 5). The simulations have been
performed on the Peregrine high performance computing cluster with 4368
processors of the University of Groningen. All the simulations have been
tested first. The results of these tests and validations are described in
Chapter 2. To study the Solar System (Chapter 3, Chapter 4) we use
the the Minor Planet Center Orbit (MPCORB) catalogue for the initial
conditions of the orbital parameters of asteroids and comets. To study the
exo-asteroids and exo-comets (Chapter 5) we set up fictitious populations
of test particles. In all chapters we model the gravitational dynamics. The
simulations are performed over the short timescales when the planetary
system is close to a steady state. This allows us to neglect non-gravitational
dynamical effects and assume impact rates to be constant over simulation
time. We estimated the water/organics content of asteroids and comets as
a function of their original orbit in Chapters 3 and 4).

1.6.1 Thesis Outline

Chapter 2 describes two integrators which were used in this thesis: the
RMVS integrator from Chapter 3, 4 and the MERCURIUS integrator from
Chapter 5. Modelling set up and validation work are presented in detail
for each of the chapters.

Chapter 3 studies the rate at which organics are brought to Mars in
geologically recent timescales through asteroid and comet impacts. On the
surface of Mars, organics are highly unstable to photodissociation, but they

2http://www.boulder.swri.edu/swifter/
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may last longer in the subsurface. Nevertheless, the presence of organic
molecules on Mars could only recently be demonstrated, through NASA’s
Curiosity measurements. Delivery of organics through asteroid and comet
impacts have not been considered in the past studies. In this chapter I
calculate for the first time how much organic material the known asteroids
and comets have delivered to Mars in geologically recent times.

Chapter 4 focuses on the origin of the unexpected water ice deposits in
the permanently shadowed regions of Mercury. The deposits are surprising
because of the planet’s proximity to the Sun. Interplanetary dust particles,
asteroids and comets are possible sources of water on Mercury. I study
how much water each of the sources could have delivered to the poles of
Mercury. In this chapter I refine previous estimates and calculate the upper
limit of the deposits’ thickness.

Chapter 5 investigates the role of asteroid belt analogues in the
exoplanetary systems. Tens of exoplanetary systems are known to host
debris disks, analogues of the Main Asteroid Belt and the Kuiper Belt. In
such systems water and organics can be delivered to planets in the same
way as in the Solar System, through impacts of asteroids and comets. As
a case study, I investigate the exoplanetary system HR8799 to study the
possibility of water and organics delivery to planets through asteroid and
comet impacts.

Finally, in Chapter 6 I present my conclusions and briefly discuss future
prospects.
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