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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
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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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1. INTRODUCTION

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
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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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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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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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The name “complex group” formerly advocated by me in allusion
to line complexes, . . . has become more and more embarrassing
through collision with the word “complex” in the connotation of
complex number. I therefore propose to replace it by the Greek
adjective “symplectic.”

– H. Weyl, 1939, p. 165
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2.1 N-BODY SIMULATIONS

The equations of motion of gravitationally interacting bodies in systems
with N ą 2 objects (stars, planets etc.) cannot be solved analytically (except
in certain cases). Therefore numerical N-body simulations are widely used
to study the dynamics of the Solar System and other planetary systems, as
well as motions of stars, clusters and galaxies (Levison & Duncan, 1994;
Chambers, 2001; Navarro et al., 1997; Tsiganis et al., 2005). Modern
simulations track the histories of billions of test particles (Springel et al.,
2008) for times ranging from thousands to billions of years.

Planetary systems, star clusters and galaxy nuclei are examples of
collisional systems where interactions between particles occur frequently
over the lifetime of the system. This thesis focuses on the dynamics of
planetary systems. In this chapter I describe the specifics of the N-body
simulations that I used in this thesis. For a detailed and extensive overview
of the state of the art of N-body simulations one can check review papers
or books, e.g. Aarseth (2003); Dehnen & Read (2011).

The basic planetary N-body model has N bodies represented as point
masses, where each body interacts with the remaining N-1 bodies through
Newtonian gravitational forces1. So for N particles there are N(N - 1)/2
interactions.

The N-body problem is the problem of predicting the motion of N
objects when the only forces with which they interact are the forces
described by Newton’s law of universal gravitation:

F12 “ G
m1m2

|r12|3
pr1 ´ r2q (2.1)

The N-body problem is described to have a complexity of O(N2) which
means the computing time required is proportional to the square of the
number of the bodies in the simulation. The most direct way of solving
N-body problems is to perform the simulation through direct integration of
the Newtonian gravitational force equation, where the total force on each

1Other forces can be added to the model if required. For example, to reproduce
the perihelion precession of Mercury’s orbit one needs to take into account relativistic
corrections to Newtonian gravity; or extra terms can be added to describe the non-
gravitational forces acting on Small Solar System Bodies.
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particle is the superposition of the forces imparted by each of the other
particles:

N
ÿ

i‰n

Gmnmi

r2ni
r̂ni (2.2)

By calculating the net force on each particle, the new velocity
and position can be calculated using a discretized time step, dt. The
only approximation being made in the brute force method is that the
acceleration of each particle is constant during the time dt. By using a
small dt, this approximation becomes valid. Of course, this comes at the
expense of more computation to advance to a future time. The integration
is accurate through order dtk and the method is referred to as kth order
integration method. For example, a simple commonly used second-order
integrator (leapfrog) has 3 sub-steps. First, the perturbations advance for
a half of a timestep. Then, the Keplerian motion about the central body
advance for a full timestep. And lastly, the perturbations advance for a
half of a timestep again. The integrator error is O(εh2), where ε is the
satellite to primary mass ratio. Higher order integrators will have even
more sub-steps.

The timestep, dt, has to be chosen small enough to resolve the fastest
orbit but large enough to finish the simulation within a reasonable amount
of time. Too large timestep results in discretization errors building up
which leads to inaccurate results as in Fig. 2.1. At the same time, a smaller
timestep leads to a larger CPU time, see Fig. 2.2. Section 2.3 describes our
choice of dt for each of the simulations performed.

Apart from the particle-particle method based on direct integration,
there are a few more approaches such as e.g. tree codes (replace a set
of many particles by a single extended massive point, when computing
the force at a given position coming from the set of particles), grid-based
codes (compute gravitational force on a Cartesian grid). Tree codes and
grid-based codes are often used in collisionless simulations. In planetary
dynamics, symplectic particle-particle algorithms are usually used. They
provide very high accuracy and avoid buildup of secular errors over many
thousands of orbits. The name symplectic integrator is usually attached
to a numerical integration scheme for Hamiltonian systems. Symplectic
integrators are numerical methods to approximate the N-body problem
that are designed to preserve the underlying symplectic structure of the
Hamiltonian system, thereby preserving conservation laws. Symplectic
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Figure 2.1: Conservation of energy during a 1 Myr simulation of the exoplanetary
system HR 8799 (includes the host star and four giant planets) for various
timesteps. The simulations were performed using the MERCURIUS integrator from
the REBOUND software package. The orbital period of the innermost planet is
„ 60 years. A timestep of 10 years (green points, 6 time steps across the fastest
orbit) is clearly insufficient to resolve this problem. A one-year timestep (red
points, 60 points across the fastest orbit) does conserve energy satisfactorily, while
a one-day timestep (blue points) is far more accurate.

Figure 2.2: As in Fig. 2.1, but plotted against CPU time. The more accurate
simulation with a one-day timestep requires ą 100 times more CPU time than the
integration with a one-year timestep.

integrators for the N-body problem are constructed from Hamilton’s
equations of motion:

dxi
dt
“
tial H

tial pi
, (2.3)

dpi
dt
“
tial H

tial xi
, (2.4)
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where xi and pi are the coordinates and momenta of each body, and H
is the Hamiltonian of the system. Using these equations the rate of change
of any dynamical quantity can be expressed. For planetary systems where
the star dominates the mass budget, the Hamiltonian can be split into two
pieces (a Keplerian part, HK , and an interaction part, HI), so that every
part can be solved more easily in the absence of the other. HK describes
the motion of a body on an unperturbed Keplerian orbit about the central
body. Gravitational perturbations on an object from all the other objects
(except for the central body) are represented by HI .

Even though symplectic integrators are preferentially used for long-
term integrations in planetary dynamics, non-symplectic integrators are
also being adopted for such purposes. Symplectic integrators allow for high
precision at relatively large timesteps, however the symplectic structure
breaks down when a non-conservative force is added to the simulation.
Also, it is hard to keep the symplecticity and make the timestep adaptive
(for example for better resolving of close encounters) at the same time.
Because non-symplectic integrators do not have symplectic nature, they
have an advantage when need to resolve the above mentioned problems.

When studying small bodies in the planetary systems, the basic model
imitates the structure of such typical planetary system with a massive
gravitationally dominating star in the centre surrounded by less massive
planets and small bodies (test particles). Each of the massive bodies
gravitationally interacts with the remaining N-1 bodies. The small bodies
might represent various types of small bodies in the planetary systems such
as asteroids, comets etc. In this thesis we adopt N-body codes such that
each of the small bodies is gravitationally influenced by massive bodies but
does not have any influence on the massive bodies.

The rest of this chapter will describe in detail the chosen software
packages, the way we set up the initial conditions for our simulations and
a few tests we have performed prior to running the simulations.

2.1.1 Modelling the Solar System

In Chapter 3 we study the delivery of organics on the Martian surface
through comet and asteroid impacts. In Chapter 4 we study the same
impact mechanism, but for the delivery of water on Mercury. In both
chapters we use the the Swifter2 software package which is an improved
version of the SWIFT package (Levison & Duncan, 2013).

2http://www.boulder.swri.edu/swifter/

27

http://www.boulder.swri.edu/swifter/


2. MODEL SETUP

The SWIFT package is widely used by the planetary community to study
the Solar System dynamics that are driving these impact mechanisms.
SWIFT was written by Hal Levison and Martin Duncan3. The purpose of the
package is to integrate a group of gravitationally interacting bodies with
a group of massless test particles. The package consists of four different
integration techniques namely Wisdom-Holman Mapping (WHM) (Wisdom
& Holman, 1991), a Regularized Mixed Variable Symplectic (RMVS) method
(Levison & Duncan, 1994), a fourth order T+U Symplectic (TU4) method
(Gladman et al., 1991) and a Bulirsch-Stoer method (Press et al., 1992).

The Swifter software package was written by David E. Kaufmann. The
Swifter package includes seven integration techniques out of which four
are the same as in SWIFT. Newly added into Swifter are a Democratic
Heliocentric (DH, or HELIO) method (Duncan et al., 1998), a Symplectic
Massive Body Algorithm (SyMBA) (Levison & Duncan, 2000), and a
nonsymplectic fifteenth-order integrator that uses Gauss-Radau spacings
(RADAU15, or RA15) (Everhart, 1985).

2.1.1.1 Choice of the integrator

Chapters 3 and 4 study the Solar System that consists of eight planets.
Within the Solar System close encounters may occur between small objects
and planetary bodies or the Sun. We are interested in impacts between
small bodies, such as asteroids and comets, and planets. For this reason,
we adopted the RMVS integrator among the seven integrators contained
in the Swifter package, because it is designed to resolve and handle close
encounters between small bodies and planets. We note that RMVS does
not resolve close encounters amongst massive bodies; however, this is
unnecessary for our Solar System study.

The RMVS integrator is an improved version of the WHM integrator
(Levison & Duncan, 1994). In contrast to the WHM integrator, where particles
are removed at the time of close planetary encounters, the RMVS integrator
can deal with close encounters between massive bodies and small bodies.

Wisdom-Holman Mapping, WHM, is an N-body mapping method which is
based on an averaging principle. In this method the integration of planets
are divided into solving Keplerian orbits about the Sun and non-integrable
perturbations among the planets. Wisdom & Holman argued that the
perturbations caused by rapidly oscillating terms tend to average out so
there is no problem in substituting them with other rapidly oscillating terms
or adding new ones. By choosing the right substitutes the perturbations

3http://www.boulder.swri.edu/~hal/swift.html
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among planets can be readily integrated. The downside is that in this
integrator particles are removed when undergo close planetary encounters.

The Hamiltonian from which the equations of motion are derived
consists of two parts HKepler and Hinteraction. HKepler describes Keplerian
motions of bodies around the central star and Hinteraction describes their
mutual interactions. The WHM integrator works very well as long as the
perturbations due to Hinteraction are small. However, the assumption that
the planetary perturbations are small is no longer valid during a close
encounter. This condition will occur if a body comes within one Hill radius
rH of the planet:

rH “ ap
3

d

1

3

Mp

Md `Mp
, (2.5)

where ap is the semi-major axis of the planet, Mp is the mass of the
planet, and Md is the mass of the star. When a small body (e.g. an
asteroid or a comet) is within one Hill radius of a larger body (planet),
its acceleration due to the planet is much larger than that due to the
Sun. Under these circumstances the Keplerian part of the Hamiltonian will
be centred about the planet rather than the Sun so that arbitrarily close
encounters can be integrated. The model continues calculations for this
small body in a new coordinate system, centred on the planet rather than
the Sun.

However, there will be a problem in the intermediate region between
„ 1 and „ 3.5 Hill radii from the planet, where the forces from the Sun
and the planet are comparable. If a particle enters this intermediate zone
at the beginning of a normal timestep or if it is predicted to lie within this
zone at the end of the timestep, then its timestep will be decreased by
a factor of n1. If a particle lies within one Hill sphere of a planet at the
beginning of a timestep or if it is predicted to lie within it at the end of the
timestep then its timestep is decreased by another factor of n2. The values
of n1 and n2 adopted by the authors in RMVS are guided by experience and
equal to 10 and 3, respectively.

2.1.2 Modelling an exoplanetary system

Chapter 5 studies the exoplanetary system HR 8799 that consists of four
massive planets, of several Jupiter masses each. The dynamical structure
of the system is such that planetary close encounters may occur. RMVS is
not designed to resolve close encounters between massive bodies and is
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therefore not suited for these simulations. Instead, we used the REBOUND

software package (Rein & Liu, 2012).
The REBOUND software package was developed for the integration of

the motion of particles under the influence of gravity4. The package can be
used to study the dynamics of various objects starting from galaxies, stars,
and planets and ending with rings and dust particles. REBOUND contains
various symplectic integrators, non-symplectic integrators, and collision
detection routines.

We have adopted the MERCURIUS integrator which is a hybrid symplectic
integrator (Rein et al., 2019). In planetary dynamics hybrid symplectic
integrators are widely used to simulate complex dynamical phenomena
involving close encounters and collisions. High accuracy during close
encounters is achieved by using a high order integration scheme during
the encounter while otherwise a standard 2nd order Wisdom-Holman
scheme is used. In this way speed and accuracy on the integration is
optimised. MERCURIUS is a combination of two integrators WHFast and
IAS15. WHFast is a second order symplectic Wisdom Holman integrator
with 11th order symplectic correctors (Rein & Tamayo, 2015). IAS15,
Integrator with Adaptive Step-size control 15th order, is a high order non-
symplectic integrator (Rein & Spiegel, 2015). MERCURIUS uses WHFast for
long term integrations and switches to IAS15 for close encounters.

2.2 INITIAL CONDITIONS

We now describe how the initial conditions of our simulations were set up.
After choosing the software package and N-body integrator the simulation
can be set up using certain initial conditions. In both cases, for the Solar
System and for an exoplanetary system, initial conditions are a set of orbital
elements for planets and small bodies chosen at a certain epoch. Below we
describe what these orbital elements are and discuss our input parameters
for the two software packages, Swifter and REBOUND.

2.2.1 Orbital elements

The solution of the (two-body) Kepler problem is the Kepler orbit: ellipse,
parabola or hyperbola. For the purposes of setting up initial conditions,
only elliptic orbits of an object around the central (much more massive) star
are relevant. However, one of the conditions for an object to be considered
ejected from the system is when its eccentricity becomes 1 or larger. Those

4https://rebound.readthedocs.io/en/latest/index.html
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are the parabolic and hyperbolic orbits. We consider these orbits at the
end of our simulations when we identify the ejected bodies. This is the
fundamental solution of the ‘free’ Hamiltonian around which the orbit
is perturbed by the N-1 planets. A Kepler orbit is fully described by the
six-dimensional state vector, i.e., the Cartesian vectors of position #»r and
velocity #»v , both given at time t. It is more convenient (both numerically
and conceptually) to use an equivalent description in terms of six so-called
orbital elements; different definitions of orbital elements are used in the
community, we adopt the frequently used Keplerian elements as explained
below, named after Johannes Kepler and his laws of planetary motion,
are the traditional orbital elements (see, e.g., de Pater & Lissauer, 2015).
Semi-major axis a and eccentricity e are the main two elements that define
the shape and size of the ellipse, see Fig. 2.3. The orientation of the orbital
plane in which the ellipse is embedded is defined by two parameters, the
inclination and the longitude of the ascending node. The inclination i is the
angle between the reference plane and the orbital plane. The longitude of
the ascending node Ω is the angle between the direction of the intersection
of the orbital and reference planes which the body passes upward through
the plane. The final two orbital elements are argument of periapsis ω, the
angle between the line to the ascending node and the line to the direction
of periapse5, and true anomaly ν, the angle between the planet’s periapse
and its instantaneous position. Osculating orbital elements at a time t
are the orbital elements of the osculating ellipse of an object at that time.
An osculating ellipse is the Keplerian orbit of the body, in the absence of
perturbation, that is tangent to the actual orbit of the object at time t.
Because we know the exact solution to Kepler’s equation, we can calculate
these tangent ellipses at any time. The actual orbit of the body is the locus
of the tangent points. The smaller the step size of the integrations, the
closer these tangent points will be, which will result in an orbit that is
closer to the real orbit of the object. While we can never reproduce the
actual orbit of a body, we can get arbitrarily close to it. The choice of
time step is critical in that sense. The osculating elements would remain
constant in the absence of perturbations.

Cartesian orbital elements can be easily transformed into Keplerian
orbital elements and vice versa (Murray & Dermott, 2000), which was done
repeatedly throughout the following chapters of the thesis. In order to

5Periapse is the point on the orbit when the two bodies are closest. For orbits about
the Sun the periapse is called perihelion. For orbits about the Earth the periapse is called
perigee. In case of a general star, it is periastron.

31



2. MODEL SETUP

Figure 2.3: Keplerian orbital elements. Image adapted from User:Lasunncty/

WikimediaCommons/CC-BY-SA-3.0.

perform the transformation first the vector of specific angular momentum
h [m2/s] has to be calculated:

h “ rˆ 9r. (2.6)

The eccentricity vector e can then be determined using the angular
momentum vector:

e “
9rˆ h

µ
´

r

||r||
, (2.7)

where µ is the standard gravitational parameter µ “ GM of the central
body, G is the gravitational constant, and M is the mass of the central
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2.2.1. Orbital elements

body. The orbital eccentricity e [dimensionless] is the magnitude of the
eccentricity vector:

e “ ||e||. (2.8)

The semi-major axis a [m] can be found from the expression:

a “
1

2
||r|| ´

|| 9r||2

µ

. (2.9)

The orbital inclination i [rad] is calculated from the angular momentum
vector h and hz, the component of h perpendicular to the plane of
reference:

i “ arccos
hz
||h||

. (2.10)

The true anomaly ν [rad] can now be obtained from:

ν “

#

arccos xe,ry
||e|| ||r|| for xr, 9ry ě 0,

2π ´ arccos xe,ry
||e|| ||r|| otherwise.

(2.11)

Finally, we can calculate the longitude of the ascending node Ω [rad]
and the argument of periapsis ω [rad]:

Ω “

#

arccos nx
||n|| for ny ě 0,

2π ´ arccos nx
||n|| for ny ă 0,

(2.12)

ω “

#

arccos xn,ey
||n||||e|| for ez ě 0,

2π ´ arccos xn,ey
||n||||e|| for ez ă 0,

(2.13)

where n [m2/s] is the vector pointing towards the ascending node:

n “ p0, 0, 1qᵀ ˆ h “ p´hy, hx, 0q
ᵀ. (2.14)

To verify that the Cartesian to Keplerian and vice versa transformation
routines work correctly, I compared their outcome to the available data at
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the JPL HORIZONS on-line solar system data and ephemeris computation
service6. HORIZONS generates ephemerides (positions) for solar system
bodies (asteroids, comets, natural satellites, planets, the Sun and system
centres of mass, so-called barycenters). There are three available types of
ephemerides in the system. The ”OBSERVER” ephemeris provides right
ascension and declination that are useful for observing solar system bodies.
The ”VECTORS” type gives tables of Cartesian vectors. The third option is
the ”ELEMENTS” type that provides a table of Keplerian orbital elements.
The convenience of the web interface is that for the same solar system body
for the same date its Cartesian vectors and its Keplerian orbital elements
can be generated in one click. I used the Cartesian vectors from the
JPL HORIZONS as the input for the Cartesian to Keplerian transformation
routines. The outcome of the routines was compared to the Keplerian
orbital elements from the JPL HORIZONS. The transformation routines
convert the Cartesian vectors into the Keplerian orbital elements and vice
versa with the same precision, up to seven digits after the decimal point,
as the JPL HORIZONS.

Note that the origin of the coordinate system has to be the same for
all bodies added to the simulation. If the initial conditions are set relative
to the central body (the Sun or a star) then the initial conditions for the
small bodies have to be set relative to the same body. Alternatively, all
initial orbital elements can be relative to the centre of mass, barycentre,
of the simulated system. In Chapters 3 and 4 initial orbital elements were
set relative to the central body, the Sun. The heliocentric setting, with
the centre at the Sun’s centre, of the system was chosen because orbital
elements for minor planets were taken from the MPC Orbit (MPCORB)
database7 in which all orbital elements are heliocentric. In Chapter 5
the exoplanets were initialised relative to the central star and the minor
bodies were initialised relative to the centre of mass, barycentre, of the
system. The initial conditions were following Read et al. (2018) in order
to compare their simulation results to ours.

2.2.2 RMVS input

There are three files from which Swifter/RMVS takes input: a parameter
file, a planet file, and a test particle file. The parameter file contains
the names of the other two files and is specified at the beginning of the
run. The parameter file contains information such as simulation timestep,
simulation length, various output parameters, and parameters related to

6https://ssd.jpl.nasa.gov/?horizons
7https://minorplanetcenter.net//iau/MPCORB.html
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2.2.2. RMVS input

close encounters and collisions. The full list of the 27 input parameters in
the parameter file can be found in the Swifter README file.

The timestep of the simulation is chosen such that the shortest orbit
present and close encounters between the gravitational body with the
shortest orbit and test particles are well resolved. Previous experiences in
using this integrator have indicated that a time step smaller than 1/30 of
the shortest orbital period in the system would be sufficient to accurately
resolve close encounters. For example, the simulations performed in
Chapter 3 and Chapter 4 had time steps of 1 day in order to resolve
close encounters between asteroids and Mercury with its orbital period of
88 days (following Granvik et al., 2016).

The code requires units in which the gravitational constant G is unity.
Any combination of lengths, masses, and times fulfilling that condition is
acceptable. In all our simulations, I used lengths specified in AU and time
in days which means that GM is in AU3/day2 units.

The planetary file requires masses, position vectors and velocity vectors
for the Sun and each planet for a reference time t (see Table 2.1 for an
example of the Earth input parameters). Planet radii and Hill sphere radii
have to be specified as well.

Vectors of heliocentric position and velocity for the Solar System planets
were taken from the Horizons ephemeris service for the epoch of the orbital
elements of test particles, asteroids and comets. The Sun is initialised at
0,0,0. the Sun does not have a Hill radius in RMVS, but small bodies are
rejected if they venture within some specified distance of the Sun (we
adopted 0.00465 AU, the Solar radius). Test particles are also rejected
when they move beyond 1,000 AU from the Sun. All particles are given a
user-defined ID (see Table 2.1), which is also used to identify impacts in
the discard.out file which keeps track of the discarded test particles.

The structure of the test particle file is identical structure to that of
the planetary file except for the absence of masses, radii and Hill sphere
radii. In Chapters 3 and 4 we used heliocentric positions and velocities
of the asteroids and comets from the MPCORB database. The MPCORB
catalogue provides Keplerian orbital parameters, which we transformed
into Cartesian state vectors as described in Section 2.2.1.

A successful RMVS run produces a number of output files. The most
important one for our study is ’discard.out’, which contains information,
such as the discard time and the last coordinates, about all the test particles
discarded during the simulation.
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(Number) (Mass) (RHill)
4 8.99929262268e-10 0.01001
(Radius)
4.26343E-5
(X) (Y) (Z)
4.80327719347E-01 8.62764900523E-01 -3.48533544262E-05
(VX) (VY) (VZ)
-1.53121268331E-02 8.30474766057E-03 -2.39519674004E-07

Table 2.1: An example for Swifter of a planet input in the planet parameter file
shown for the Earth. The first line contains the ID, mass in AU3{day2 and Hill
sphere radius of the planet in AU. The second line has only the planet radius in
AU. The third and fourth lines have the position (in AU) and velocity (in AU/day)
of the planet in heliocentric Cartesian coordinates.

2.2.3 REBOUND input

REBOUND can be easily called from Python (also from C). The syntax can
be gleaned from self-explanatory Listing 2.1, which illustrates an example
of how to initialise the HR 8799 exoplanetary system using the Python
module of REBOUND.

Listing 2.1: REBOUND set up of the exoplanetary system HR 8799

import math
import numpy as np
import rebound
sim = rebound . Simulat ion ()
sim . i n t e g r a t o r = ” mercurius ”

#mass ive b o d i e s
sim . add(m=1.56 , r = 0.00669947) # s t a r . Mass in s o l a r

masses , r ad iu s in AU

#p l a n e t s assuming h e l i o c e n t r i c c o o r d i n a t e s
sim . add( primary=sim . p a r t i c l e s [0] , m=0.0085887, \

r = 0.0005327 , a = 15.4 , e = 0.13 , \
inc = np . rad ians (0 .0) , \
Omega = np . rad ians (64.0) , \
pomega = np . rad ians (176.) , \
M = np . rad ians (326.) ) #HR8799E

sim . add( primary=sim . p a r t i c l e s [0] , m=0.0085887, \
r = 0.0005327 , a = 25.4 , e = 0.12 , \
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inc = np . rad ians (0 .0) , \
Omega = np . rad ians (64.0) , \
pomega = np . rad ians (91 . ) , \
M = np . rad ians (58 . ) ) #HR8799D

sim . add( primary=sim . p a r t i c l e s [0] , m=0.0085887, \
r = 0.0005327 , a = 39.4 , e = 0.05 , \
inc = np . rad ians (0 .0) , \
Omega = np . rad ians (64.0) , \
pomega = np . rad ians (151.) , \
M = np . rad ians (148.) ) #HR8799C

sim . add( primary=sim . p a r t i c l e s [0] , m=0.0066801, \
r = 0.000538629 , a = 69.1 , e = 0.02 , \
inc = np . rad ians (0 .0) , \
Omega = np . rad ians (64.0) , \
pomega = np . rad ians (95 . ) , \
M = np . rad ians (321.) ) #HR8799B

2.3 VALIDATION

Both N-body integrators, Swifter/RMVS and REBOUND/MERCURIUS, were
carefully validated by their authors. For more details regarding testing
Swifter/RMVS check Levison & Duncan (1994) and Rein et al. (2019)
regarding REBOUND/MERCURIUS. Swifter/RMVS, especially, has seen heavy
used by the community over decades, so it must be considered a very
mature, well vetted code. In the following section we demonstrate
a few tests (basic simulations) which we performed in order to get
acquainted with the integrators before performing any computationally
heavy simulations. In particular, we tested for conservation of energy as
a function of timestep dt for star+planets, only, before committing large
amounts of CPU time to the computationally expensive test-particle runs.

We present four simulations: Sun and Jupiter;Sun, Jupiter and Saturn;
the Sun plus 8 Solar System planets; the exoplanetary system HR 8799. For
each of the runs we check the conservation of energy during the simulation.
There is no universally accepted number that one needs to conserve the
energy to (Hanno Rein, private communication). The common approach is
to decrease the timestep until the results do not change anymore. From
our personal experience and private communication (Lucie Jilkova) we
adopt „ 10´6 as maximum value for the fractional change of energy during
a simulation.
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The total energy of the system in a simulations is calculated as the sum
of potential and kinetic energy of all particles in the simulation.

2.3.1 The Sun and 1 planet

The first check of a simulation is to look at its performance in a two
body problem, which is analytically solvable. We performed the first test
simulation for the Sun and Jupiter system, see Fig. 2.4, for 10 Myr forward
in time with a 43 days timestep. The initial Cartesian orbital elements
are taken from the Horizons ephemeris system as of 23rd March 2018 in
heliocentric coordinates. The masses of the Sun and Jupiter were taken
from Horizons and converted to AU3/yr2 units. As seen from Fig. 2.5
during the simulation the energy of the system is conserved within 2ˆ10´7

using Swifter/RMVS and 5 ˆ 10´8 using REBOUND/MERCURIUS. Energy is
conserved to well within our self-imposed maximum.

Figure 2.4: Orbit of Jupiter (red) around the Sun in the XY plane as used for the
RMVS and REBOUND simulations.

2.3.2 The Sun and 2 planets

The second test simulation follows the first test simulation with Saturn
added as a second planet, Fig. 2.6. As before the simulation length is 10
Myr and the timestep is 43 days. Again, the initial Cartesian elements as
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2.3.2. The Sun and 2 planets

Figure 2.5: Fractional change of energy of the Sun and Jupiter system during
the 10 Myr simulation time. The simulations were performed with Swifter/RMVS

(red) and with REBOUND/MERCURIUS (green).

well as the masses are taken from the Horizons ephemeris system as of
23rd March 2018 in heliocentric coordinates.

Figure 2.6: Orbital configuration of Jupiter (red) and Saturn (cyan) around the
Sun in the XY plane as used for the RMVS and REBOUND simulations.

Fig. 2.7 shows that during the simulation the energy of the system
is conserved within 4 ˆ 10´7 using Swifter/RMVS and 2 ˆ 10´7 using
REBOUND/MERCURIUS. Energy is conserved to well within our self-imposed
maximum and is slightly less conserved if compared to the test of the Sun
with Jupiter only, see Sec. 2.3.1. The latter can be explained by the fact that
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Figure 2.7: Fractional change of energy of the Sun, Jupiter and Saturn system
during the 10 Myr simulation time. The simulations were performed with
Swifter/RMVS (red) and with REBOUND/MERCURIUS (green).

in the presence of two planets of comparable masses their gravitational
influence on each other impact the total energy of the system.

2.3.3 The Sun and 8 planets

The next step is to perform a 10 Myr simulation for the entire Solar System,
meaning the Sun with 8 planets, see Fig. 2.8.

(a) Inner Solar System (b) Outer Solar System

Figure 2.8: Orbital configuration of all 8 Solar System around the Sun in the XY
plane as used for the RMVS and REBOUND simulations.
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Figure 2.9: Fractional change of energy of the Sun and 8 planets system during
the 10 Myr simulation time. The simulation was performed with Swifter/RMVS

(red) and with REBOUND/MERCURIUS (green).

The length of the simulation, 10 Myr, is used for the Solar System
simulations in Chapters 3 and 4 because over these timescales, the current
Solar System is close to a steady state. This simulation length will allow
us to neglect the non-gravitational Yarkovsky effect and assume impact
rates to be constant with time. Initial orbital parameters are taken from the
Horizons ephemeris service 8. The timestep of the simulation is 1 day in
order to resolve the shortest orbit, that of Mercury, 88 days. In this case the
energy of the system was conserved within 3ˆ 10´7 using Swifter/RMVS

and 2 ˆ 10´9 using REBOUND/MERCURIUS, see Fig. 2.9. Compared to the
previous two tests this simulation has 6, or even 7, additional planets. That
is why „40 times smaller timestep is needed to conserve energy to the
same level as during the previous tests.

2.3.4 HR 8799

In order to perform the simulations in Chapter 5 of the HR 8799
exoplanetary system, Fig. 2.10 was set up using the REBOUND/MERCURIUS

integrator.
Initial orbital elements and masses of the 4 giant planets were taken

from Goździewski & Migaszewski (2014). The timestep of the simulation
is 7 days, which was used in the simulation from the Chapter 5 to resolve
orbits of the innermost test particles. The simulation was performed
for 70 Myr, estimated age of the system. The energy of the system was
conserved within 6ˆ 10´9 as shown in Fig. 2.11.

8http://ssd.jpl.nasa.gov/horizons.cgi
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Figure 2.10: Orbital configuration of exoplanetary system HR 8799 in the XY
plane as used for the REBOUND simulations.

The orbits of the HR 8799 planets are not well characterised ob-
servationally which leads to most orbital configurations being unstable.
Goździewski & Migaszewski (2014, 2018) found that the best long-term
stable solution assumes that the four planets are locked in a protective
mean motion resonance 1:2:4:8. In our simulations, Chapter 5, we keep
the system stable during 70 Myr, consistent with other dynamical studies
of the HR 8799 (Contro et al., 2016; Read et al., 2018).

Figure 2.11: Fractional change of energy of the HR 8799 system during the
70 Myr simulation time. The simulation was performed with REBOUND/MERCURIUS.
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2.4 DETECTION OF COLLISIONS

After running our simulations we check for impacts between small bodies
(i.e., asteroids and comets) and planets. Here we briefly describe how the
impact detection was performed in all three scientific chapters.

2.4.1 RMVS collision detection

The RMVS integrator checks if a test particle and planet are having, or will
have within the next time step, an encounter such that the separation
distance, r, is less than previously set critical distance. If this is true then
the particle is discarded from the simulation into the discard.out file,
which we analyse later on. This collision detection is used in Chapters 3
and 4.

In order to catch all collisions the timestep should be small enough
that no particle will cross Mercury’s Hill sphere, R “ 0.00148 AU, during a
single timestep. The fastest test particles in our simulations have velocities
of around 150 km/s. It will take more than 20 days even for the fastest
test particle to cross Mercury’s Hill sphere which is much more that our
timestep of 1 day.

2.4.2 REBOUND collision detection

There are several modules present in REBOUND to detect collisions, such
as direct nearest neighbour search, octree (a three-dimensional tree) and
a plane-sweep algorithm. Since curved trajectories are approximated by
straight lines for the sweeping algorithm and for the other two particles
have to be overlapping to collide these collision detection algorithms
are approximate. As shown in Rein & Liu (2012) in simulations with
small numbers of test particles, each of our simulations runs with
only 100 test particles, direct collision search performs slightly faster
than other algorithms. That is why we used direct collision search
(collisions_direct.c) in our simulations in Chapter 5.

Using the direct collision algorithm a collision is detected whenever
two particles are overlapping at the end of the timestep. The collision is
added to a collision queue and after all collisions are detected the collision
queue is shuffled randomly. At the end every individual collision is then
resolved after checking that the particles are approaching each other. The
method scales as O(N2).

Every time a collision happens in the simulation the code raises an
exception rebound.Collision. We wrote a small function in order to
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catch these exceptions so we can record impacts happening during the
simulation. Note that in case of using RMVS we did not need to write the
catching function because it was already included into RMVS.

Listing 2.2: REBOUND function to catch impact exception

def removeCol l idedAstero ids ( sim ) :
” ” ”
To be c a l l e d a f t e r a rebound s imu la t i on

encounte r ed a rebound . C o l l i s i o n e x c e p t i o n .
Loops over t e s t p a r t i c l e s with . l a s t c o l l i s i o n > 0

( i . e . , they have c o l l i d e d with something ) ,
de t e rmine the impact t a r g e t , remove them from sim

.
Return va lue : ( impacts , a s t e r o i d C o p i e s ) where :

impac t s i s a d i c t i o n a r y : key s are a s t e r o i d
hashes , v a l u e s p l an e t hash v a l u e s .

a s t e r o i d C o p i e s are c o p i e s o f the t e s t p a r t i c l e s
b e f o r e removal . ( are tho s e needed at a l l ?)

F a i l u r e mode : i f p l a n e t s are v e ry c l o s e´by and
t ime s t e p s are ve ry coar se , impac tor s may g e t
a s s i g n e d
to the wrong p l ane t ( ass ignment based on

p o s i t i o n at end o f t ime s t ep , not at impact
) .

” ” ”
p lane t s = sim . p a r t i c l e s [ : sim . N ac t i ve ] # a l s o

i n c l u d e s t a r ( s )
t e s t P a r t i c l e s = sim . p a r t i c l e s [ sim . N ac t i ve : ]
# which a s t e r o i d s impacted ?
as tero idTimes = np . array ( [a . l a s t c o l l i s i o n for a

in t e s t P a r t i c l e s ] )
idx = np . where ( as tero idTimes > 0 )
idx=idx [0]
impacts = {}
as t e ro idCop ie s = []
i f len ( idx ) == 0: ## i f no a s t e r o i d i s i n v o l v e d

in the c o l l i s i o n
return impacts , a s t e ro idCop ie s

for i in reversed ( idx ) :
## r e v e r s e d : loop backwards , p a r t i c l e removal

cou ld mess up index ing o t h e rw i s e
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a = t e s t P a r t i c l e s [ i ]
a s t e ro idCop ie s . append (a . copy () )
pHash = f i n d C l o s e s t P l a n e t ( p lanets , a )
impacts [a . hash . va lue ] = pHash . value # must

make i t ’ va lue ’ to avo id ’ TypeError :
unhashable t ype ’ in d i c t

sim . remove ( hash=a . hash )
return impacts , a s t e ro idCop ie s

2.5 HIGH PERFORMANCE COMPUTING

To perform the N-body simulations described in this thesis the Peregrine
cluster has been used, which is the computer cluster of the University of
Groningen9. The cluster has 4368 cores, which are distributed among
several types of nodes with different memory and internal disk space
specifications. During the job submission to the cluster the required number
of nodes and cores, as well as the estimated running time, are specified.
Depending on these specifications there are certain time limits and number
of jobs limits. For example, parallel jobs will have longer queuing times. Or
another example, for jobs running longer than three days only 1,000 jobs
are allowed for submission and for less than three days one can submit up
to 4,000 jobs.

By trial and error we determined that the fastest solution for our
simulations would be create a job that would run less than three days so
we could submit up to 4,000 jobs in one run. Additionally, we found out
that a job that requires only one core will be scheduled on the cluster much
faster than any other job using 2 or more cores. In this way we set up
thousands of simulations with 100 test particles per one simulation. An
average run time of such a job on the cluster is 1.5 days. When many close
encounters occur the simulation can take up to three days. Surely, in this
way we lose time integrating the planets over and over again, but it is still
much faster with the given cluster limits and demands.

9https://redmine.hpc.rug.nl/redmine/projects/peregrine/wiki
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3. DELIVERY OF ORGANICS TO MARS

THROUGH ASTEROID AND COMET

IMPACTS

Kateryna Frantseva, Michael Mueller, Inge Loes ten Kate,
Floris F.S. van der Tak and Sarah Greenstreet

2018, Icarus, 309, 125-133

HIGHLIGHTS

• Organic molecules have been recently detected on Mars.

• The lifetime of organics against photodissociation and photodegrada-
tion is limited and their presence requires resupply.

• We perform dynamical simulations of asteroid and comet impact
rates on Mars.

• The amount of carbon delivered by asteroids and comets is compara-
ble to that delivered by IDPs.

• Organics from asteroids and comets dominate over IDP-borne
organics at distances up to 150 km from the crater centre.
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3. DELIVERY OF ORGANICS TO MARS

ABSTRACT

Given rapid photodissociation and photodegradation, the recently discovered
organics in the Martian subsurface and atmosphere were probably delivered in
geologically recent times. Possible parent bodies are C-type asteroids, comets,
and interplanetary dust particles (IDPs).

The dust infall rate was estimated, using different methods, to be between
0.71 and 2.96 ˆ 106 kg/yr (Nesvorný et al., 2011a; Borin et al., 2017;
Crismani et al., 2017); assuming a carbon content of 10% (Flynn, 1996),
this implies an IDP carbon flux of 0.07 - 0.3 ˆ 106 kg/yr. We calculate for
the first time the carbon flux from impacts of asteroids and comets.

To this end, we perform dynamical simulations of impact rates on Mars.
We use the N-body integrator RMVS/Swifter to propagate the Sun and the
eight planets from their current positions. We separately add comets and
asteroids to the simulations as massless test particles, based on their current
orbital elements, yielding Mars impact rates of 4.34 ˆ 10´3 comets/Myr and
3.3 asteroids/Myr.

We estimate the delivered amount of carbon using published carbon
content values. In asteroids, only C types contain appreciable amounts of
carbon. Given the absence of direct taxonomic information on the Mars
impactors, we base ourselves on the measured distribution of taxonomic types
in combination with dynamic models of the origin of Mars-crossing asteroids.

We estimate the global carbon flux on Mars from cometary impacts to be
„ 0.013 ˆ 106 kg/yr within an order of magnitude, while asteroids deliver
„ 0.05 ˆ 106 kg/yr. These values correspond to „ 4-19% and „ 17-71%,
respectively, of the IDP-borne carbon flux estimated by Nesvorný et al., Borin
et al. and Crismani et al.. Unlike the spatially homogeneous IDP infall, impact
ejecta are distributed locally, concentrated around the impact site. We find
organics from asteroids and comets to dominate over IDP-borne organics at
distances up to 150 km from the crater centre. Our results may be important
for the interpretation of in situ detections of organics on Mars.
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3.1 INTRODUCTION

Organic molecules, made primarily of carbon, form the building blocks
of life. It has therefore been a primary goal of Mars research to establish
whether or not organics are present on Mars, or whether they were in
the past when Mars was more hospitable to life. On the surface of Mars,
organics would be expected to photodissociate within hours (ten Kate et al.,
2005; ten Kate, 2010; Moores & Schuerger, 2012). While the responsible
UV radiation penetrates no deeper that 500–750 µm into the subsurface
(Sagan & Pollack, 1974; Schuerger et al., 2003), the topmost centimetres
are turned over (”gardened”) by random impacts of micrometeorites on
geologically short timescales, subjecting organics to photodissociation. For
the Moon (Speyerer et al., 2016) estimate that the topmost 2 cm are
turned over on a timescale of „80 kyr; on Mars, aeolian processes may
further accelerate this process. At depths down to tens of centimetres,
cosmic-ray bombardment destroys organics on Myr timescales (Pavlov
et al., 2012, 2014). Clearly, organics found on the surface and in the
immediate subsurface available to scooping or surficial drilling cannot be
primordial.

Recently, remarkable progress has been made in the search for organic
compounds on Mars by the Sample Analysis at Mars instrument suite (SAM,
Mahaffy et al., 2012) onboard NASA’s Curiosity rover. Several different
samples, collected in Gale Crater, were analysed for the presence of organic
compounds, including a basaltic aeolian deposit (Rocknest), a smectite-
rich mudstone (John Klein and Cumberland), and a phyllosilicate-sulfate-
bearing rock (Confidence Hills). Using SAM, chlorinated hydrocarbons
were found in all of these scooped and drilled samples, the first evidence of
organics detected on the Martian surface (Leshin et al., 2013; Ming et al.,
2014; Freissinet et al., 2015, 2016). The organics detected in the aeolian
samples were attributed to terrestrial contamination (Glavin et al., 2013)
as aeolian deposits are highly exposed to the harsh Martian conditions. The
organics in the other samples and specifically the mudstones are suggested
to be Martian in origin, as the clays in these deposits are ideally suited for
preserving organics (Freissinet et al., 2015). Additionally, methane and
its variability were detected in the atmosphere (Formisano et al., 2004;
Webster et al., 2015).

An open question is now, what is the source of these organics, especially
taking into account how to reconcile the detection of organics with their
(geologically) short lifetimes? Exogenous delivery of organics, from
geologically recent impacts of comets, asteroids, and/or interplanetary
dust particles (IDPs), is one possible solution to that problem.
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Dust infall rates on Mars were estimated by Nesvorný et al. (2011a),
Borin et al. (2017), and Crismani et al. (2017). Nesvorný et al. (2011a)
developed a dynamical model for the Solar System meteoroids, and
estimate Earth to accrete „ 15, 000 tons/yr of dust within a factor of
two. The corresponding rate for Mars is lower by a factor of „ 15
(Nesvorný, private communication), i.e., „ 1 ˆ 106 kg/yr. In a different
dynamical model, Borin et al. (2017) derive a dust infall rate on Mars
of 2.96 ˆ 106 kg/yr. Crismani et al. (2017), on the other hand, analyse
spectral observations of Mg` in the Martian atmosphere made using NASA’s
MAVEN spacecraft. Combining those observations with a model of the
ablation process, they obtain an estimate of the dust infall rate independent
of dynamical assumptions: 2 ´ 3 tonnes of dust per Martian day or 0.7–
1.0ˆ106 kg/yr. In the following, we adopt the range spanned by the results
quoted above as the dust infall rate: 0.7´3ˆ106 kg/yr. Assuming a carbon
content of 10% by mass (Flynn, 1996), this implies an IDP-borne carbon
flux of 0.07´ 0.3ˆ 106 kg/yr.

Comets and asteroids are the other two potential sources of organics.
Comets are known to contain substantial amounts of organics, which
was shown by measurements on Halley, 67P/Churyumov-Gerasimenko,
and by Stardust on Wild 2 (Goesmann et al., 2015; Jessberger et al.,
1988; Sandford et al., 2006). Among the various types of meteorites
found on Earth, the carbonaceous chondrites are rich in organics (Sephton
et al., 2002; Sephton, 2014); their parent bodies are the C-class asteroids.
Iglesias-Groth et al. (2011) have shown that organic molecules in comets
and asteroids are able to survive a radiation dose equal to the expected
total dose received during the age of the Solar System.

The goal of this paper is to study the rates at which comets and asteroids
impact Mars in the current Solar System, and to derive the corresponding
carbon delivery rates. We do this using standard N -body codes modelling
the motion of asteroids and comets under the gravitational influence of the
Sun and the planets while checking for impacts. These models are described
in Section 3.2 together with the derived impact rates. In Section 3.3, we
calculate the corresponding carbon delivery rates on the Martian surface.
In Section 3.4, we estimate the distribution of asteroid-borne organics near
impact craters in comparison to the steady and spatially homogeneous IDP
influx. The implications of our findings are discussed in Section 3.5.
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3.2 NUMERICAL SIMULATIONS

We perform numerical simulations of the dynamical evolution of the current
Solar System to study Mars’ impact rates in geologically recent times; any
non-gravitational forces are not included in the simulations. We model the
Solar System as the Sun plus the eight planets Mercury through Neptune.
Planets with natural satellites are modelled as a single body at the position
of the planet system’s barycenter with the total mass of the planet system.
We add different sets of passive test particles, representing asteroids and
comets. Under our assumptions, test particles do not interact with one
another, therefore comets and asteroids can be studied separately. We
integrate forward in time over Myr timescales. Over these timescales, the
current Solar System is close to a steady state, even when accounting for
the non-gravitational Yarkovsky effect, so we can assume impact rates to
be constant with time.

To model the dynamical evolution, we use the N -body integrator RMVS
(Regularized Mixed Variable Symplectic; Levison & Duncan, 1994). It
models the motion of one gravitationally dominant object (Sun) and N
massive objects (in our case: N “ 8) under the influence of their mutual
gravity. Test particles move passively under the influence of the combined
gravitational potential of the Sun and the planets. Importantly for our
purposes, the adaptive time step of RMVS allows to properly resolve close
encounters leading to impacts of test particles on planets. Specifically,
we used the RMVS implementation that is part of David E. Kaufmann’s
Swifter package1, a redesigned and improved version of SWIFT (Levison
& Duncan, 2013). From the code output, we extract the times at which test
particles are discarded, the reason why they are discarded (e.g., collision
with a planet), and the test particle’s internal ID number.

The “baseline” time step in our models is set to 1 day in order to resolve
close encounters between asteroids and Mercury (Granvik et al., 2016).
RMVS uses adaptive time steps, which are shortened whenever a test
particle ventures within three Hill radii of a planet (when the gravitational
influences of planet and Sun become comparable) and are shortened
further below one Hill radius. While computationally expensive, this
allows impacts to be distinguished from close encounters, as is required
for our study.

1http://www.boulder.swri.edu/swifter/
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Object GM (AU3{yr2) Hill sphere radius (AU) Radius (AU)
Sun 2.95987ˆ10´4 - 0.00465˚

Mercury 4.91379ˆ10´11 0.00148 1.63104ˆ10´5

Venus 7.24529ˆ10´10 0.00674 4.04551ˆ10´5

Earth 8.99929ˆ10´10 0.01001 4.26343ˆ10´5

Mars 9.55197ˆ10´11 0.00724 2.27075ˆ10´5

Jupiter 2.82606ˆ10´7 0.34697 4.778945ˆ10´4

Saturn 8.46185ˆ10´8 0.42881 4.028667ˆ10´4

Uranus 1.29235ˆ10´8 0.46494 1.708513ˆ10´4

Neptune 1.52474ˆ10´8 0.77035 1.655504ˆ10´4

Table 3.1: Mass, radius and Hill sphere radius for the Sun and planets that were
used in all our simulations. ˚We use the radius of the Sun as the critical lower
limit on heliocentric distance, see text.

Test particles are removed from the simulation once they collide with a
planet or with the Sun 2. Moreover, test particles are considered ejected
from the Solar System and discarded when they exceed a user-provided
heliocentric distance. These values are set separately for asteroid and
comet simulations (see Subsections 3.2.1 and 3.2.2).

Table 3.1 shows the adopted masses and radii, which we took from the
Astronomical Almanac 3. The Hill sphere radius rH follows from the planet
mass m and the solar mass M , together with the semi-major axis a:

rH “ a 3

c

m

3M
. (3.1)

The SWIFT code is agnostic of physical units; units for length, duration,
and mass must be used consistently such that the gravitational constant
G is unity. We employed AU as length unit and year as time unit, so all
masses had to be provided as G times mass, in units of AU3{year2.

In all simulations, heliocentric coordinates are used. For asteroids
and comets, heliocentric positions and velocities are calculated from
perturbed orbital elements4, based on multi-epoch astrometric data, as

2For the purpose of impact checks, planet radii are provided directly. Additionally, users
can set a minimum heliocentric distance at which test particles are discarded; we set that
value to the solar radius of 0.00465 AU.

3http://asa.usno.navy.mil/static/files/2016/Astronomical_Constants_2016.

pdf
4Using the Kepler equations and employing an iteration method to convert mean

anomaly into true anomaly as in http://murison.alpheratz.net/dynamics/twobody/

KeplerIterations_summary.pdf.

52

http://asa.usno.navy.mil/static/files/2016/Astronomical_Constants_2016.pdf
http://asa.usno.navy.mil/static/files/2016/Astronomical_Constants_2016.pdf
http://murison.alpheratz.net/dynamics/twobody/KeplerIterations_summary.pdf
http://murison.alpheratz.net/dynamics/twobody/KeplerIterations_summary.pdf


3.2.1. Asteroids

given in the Minor Planet Center Orbit Database (MPCORB)5 files. For the
planets, heliocentric coordinates and velocities were taken from the NASA’s
Horizons ephemeris service6 for the same epoch as the epoch of the orbital
elements of the test particles.

3.2.1 Asteroids

As of February 2017, MPCORB contains orbital elements for 730,272
asteroids. We consider only orbits calculated from multi-epoch data. This
left us with 618,078 asteroids, which we integrated forward in time over
10 Myr. As discussed below, this integration length was found to be long
enough to provide a sufficient number of Mars impactors and to reach
a steady-state population, while being short compared to the timescale
over which, e.g., depletion of impactor orbits or non-gravitational effects
such as the Yarkovsky effect would significantly alter our results. Asteroids
were considered ejected from the Solar System and discarded when they
reached a heliocentric distance of 1,000 AU.

Figure 3.1: Orbital distribution of the 33 Mars impacting asteroids at the start of
the simulations.

5http://www.minorplanetcenter.net/iau/MPCORB.html
6http://ssd.jpl.nasa.gov/horizons.cgi
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We are primarily interested in C-type asteroids, which are rich in
organics. We ran a first integration for 1 Myr of all „140,000 asteroids for
which an albedo value (based on observations using the WISE spacecraft)
was given by Masiero et al. (2011); these asteroids have a diameter range
of 1-550 km. As C-type asteroids are associated with a low albedo (our
adopted value is 0.1), this would result in a total number of impacting
asteroids with a known fraction of C-type asteroids. However, none of those
asteroids was found to collide with Mars. It appears that the population
of Mars impactors is composed of asteroids that are too small for WISE
detections.

In a second experiment, we simulated all 618,078 asteroids as described
above. During the simulation, 4,609 particles were ejected from the Solar
System. 6,719 particles collided with the Sun. 1,152 particles collided
with planets. 33 of these impacted with Mars. Other than Mars, five
more planets suffered from asteroid impacts: Mercury (43 particles), Venus
(463 particles), Earth (514 particles), Jupiter (97 particles), and Saturn (2
particles).

In Figure 3.1, we show the distribution in semi-major axis (a) of our
33 Mars impactors at the beginning of the simulations. The impactors are
seen to originate from semi-major axes of 1.0 to 4.0 AU with a peak near
1.75 AU.

As a crosscheck, we have repeated our asteroid simulation with initial
conditions taken from MPCORB as of July 2016 and planet positions for
that date (primary simulation: MPCORB from February 2017). During that
simulation, 35 asteroids impacted Mars, consistent with our primary result
of 33 impactors within the

?
N Poisson noise (less than 10%). The two

sets of impactors do not overlap, i.e. the individual asteroids that impact
in the first simulation do not impact in the second simulation and vice
versa. Their distribution in semi-major axis, however, is indistinguishable.
We take this to mean that our results are valid in a statistical sense: while
we do not reliably identify individual impacts, we do characterise the
population of Mars impactors consistently.

We studied the time evolution of the Mars impact rate during our
simulation by analysing the cumulative number of Mars impactors after
1, 2, 3, ..., 10 Myr, respectively. We expect the number of impactors to be
proportional to time. Any significant violation of our assumptions (e.g.,
depletion of asteroids on impactor orbits or Yarkovsky drift) would result
in a deviation from this. We did find the number of impactors to increase
steadily, within Poisson noise, justifying our assumptions.
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3.2.2 Comets

As of November 2016, MPCORB contained 879 comets with perturbed
orbital elements. We integrated the comets forward in time, together with
the Sun and the planets as described above. We chose the integration
length to be short enough to not significantly deplete the comet population.
After test runs, we converged on 0.1 Myr. Comets are considered ejected
from the Solar System at heliocentric distances beyond 125,000 AU, a
much higher value than adopted for asteroids; this is required by the high
eccentricity of some comets.

As evidenced by a first simulation (see Table 3.2, first results column,
’Simulation 1’),„ 39% of the comets are discarded from the simulation after
1 Myr, as discussed above. Importantly, almost 91% of the discarded comets
are ejected from the Solar System, making planetary impacts relatively
rare. In particular, none of the modelled comets hit Mars.

We attribute this lack of Mars impacts to small-number statistics
(note that we integrated „ 700 times more asteroids than comets). We
therefore repeated our comet simulation using two methods to improve
the statistics (simulation 2). Firstly, we replace each comet with 5,000
synthetic (”cloned”) comets with the semi-major axis a, eccentricity e, and
inclination i values of the actual comets, while the remaining, angular,
orbital elements are set to random numbers. All resulting impactor fluxes
have to be divided by 5,000 to correct for cloning. Secondly, we inflate
the radius of Mars by a factor of 20, so Mars impactor fluxes have to be
divided by another factor of 202 (see Kokubo & Ida, 1996). Additionally, we
adopted a new simulations’ length of 0.1 Myr in order to avoid depletion
of the Mars crossing population. As a result of the simulation we identified
867 synthetic comets that collide with Mars. Correcting for cloning and
diameter inflation, and dividing by the simulation length, we conclude
that there are 867{5, 000{400{0.1 „ 0.00434 comet impacts on Mars per
Myr. See simulation 2, Table 3.2 for results of that experiment. Note
that the results of these two simulations are mutually consistent after the
above-mentioned corrections.

We estimate the uncertainty in our comet result like we did for asteroids,
by repeating our simulation with different initial conditions. The cross-
check simulation used MPCORB and planet positions as of Nov 2017, while
the primary simulation was for December 2016.

During that simulation, 868 comets impacted Mars, consistent with our
primary result of 867 impactors within the

?
N Poisson noise (less than

10%). We conclude that our results are valid in a statistical sense.
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Object Simulation 1 Simulation 2
Total 346 74,835
Sun 26 33,269
Mercury 0 1
Venus 0 7
Earth 0 11
Mars 0 867
Jupiter 4 22,273
Saturn 0 1,357
Uranus 0 5
Neptune 0 4
Outside 316 17,041

Table 3.2: Number of discarded comets in our simulations. Simulation 1 was
performed for 879 comets for 1 Myr. For the second simulation, we cloned our
sample 5,000 times by randomising the angular orbital elements, resulting in
879 ˚ 5, 000 “ 4, 395, 000 synthetic comets; additionally, we increased the radius
of Mars by a factor of twenty. The second simulation was performed for 0.1 Myr
The values listed for Simulation 2 are not corrected for population cloning and
radius inflation.

3.3 CARBON DELIVERY RATES

In the previous section, we estimated the rate at which asteroids and
comets impact Mars. In this section, we estimate the amount of carbon
delivered by these impacts.

3.3.1 Asteroids

Asteroids are commonly divided into a number of taxonomic types with
corresponding surface mineralogies. Much progress has been made linking
taxonomic types of asteroids to different types of meteorites. Importantly
for our project, there is one class of meteorites that contains appreciable
amounts of carbon, the carbonaceous chondrite meteorites. Their carbon
content is „ 2% by mass, their parent bodies are the C-class asteroids
(Sephton et al., 2002; Sephton, 2014). The vast majority of the remaining
asteroids are S types, the parent bodies of ordinary chondrite meteorites.
Their carbon content is 0.2% by weight (Moore & Lewis, 1967). As we will
see below, they deliver negligible amounts of carbon to Mars. All other
taxonomies are too rare to matter and are not considered in this analysis.

So, in order to estimate the amount of organics delivered by asteroid
impacts, we need information on the taxonomy of the impacting population.

56



3.3.1. Asteroids

Since our simulation results are only valid in a statistical sense (in particular,
we do not attempt to identify individual impactors but only the nature of
the impacting population), we adopt a statistical approach. In doing so,
each impactor is assigned a probability pC of being C-type. The expectation
value for the amount of carbon delivered by an asteroid equals pC times the
asteroid mass mAsteroid (estimated under the assumption that it is indeed
of C-type) times fCarbon, the measured carbon content of carbonaceous
chondrite meteorites:

MOrganics “ pCmAsteroidfCarbon. (3.2)

The carbon delivery rate then follows from the sum over all impactors,
divided by the duration of our simulation.

To estimate the mass of an asteroid, we base ourselves on the H
magnitude in the standard HG system (Bowell et al., 1989) of an asteroid
as provided by MPCORB; H, diameter D, and geometric albedo pV are
related to one another via (Pravec & Harris, 2007):

D “
1329km
?
pV

10´H{5 (3.3)

where we assume pV “ 0.06˘ 0.01 (a representative value for C-class
asteroids, see DeMeo & Carry, 2013, Table 1). Mass follows from diameter
adopting an average C-type mass density ρ of 1.33˘ 0.58 g/cm3 (Table 3;
Carry, 2012):

M “
π

6
D3ρ. (3.4)

The most challenging part of our calculations is to estimate pC, the
probability of an asteroid being part of the C class. We estimate pC based on
the semi-major axis a of an asteroid at the start of the simulation together
with the measured fraction of C types (relative to all asteroids) as a function
of semi-major axis a across the Main Belt (Figure 3.2, based on data from
DeMeo & Carry, 2013). Note that their results have been debiased against
albedo-dependent survey efficiency; otherwise, pC would be severely
underestimated. We use two methods to calculate this probability. The first
method is directly based on DeMeo & Carry (2013) but suffers from small-
number statistics due to the small number of taxonomic measurements in
the population of Mars crossers, which dominates our impactor sample,
see Section 3.3.1.1. The second method, Section 3.3.1.2, is based on
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published models of the dynamical history of asteroids (Bottke et al., 2002;
Greenstreet et al., 2012) to trace back Mars crossers to ’parent regions’ that
are much better characterised taxonomically.

The next two subsections give estimates of the C-type fraction, and
also quantify their errors, based on the uncertainties in the H magnitude,
albedo, mass density, carbon fraction, and the uncertainties in our model
of the chaotic dynamics of the Solar System.

3.3.1.1 Measured C-type fraction

To calculate the carbon content of the impacting asteroids, we compare
the semi-major axes a of the 33 Mars impactors (see Figure 3.1) with
the measured C-type fraction as a function of semi-major axis a (see
Figure 3.2).

Unfortunately, the measured C-type fraction is poorly constrained (see
Figure 3.2) for a ď 2 AU where many impactors reside. For asteroids with
a ă 2 AU, we assume a C-type fraction of 0.1538, taken from Figure 3.2
for a “ 1.92 AU. For asteroids with 2 AU ă a ă 2.18 AU, we adopt a C-type
fraction of 0.0612, the DeMeo & Carry value for a “ 2.18 AU. For a ą 2.18
AU, we use C-type fractions specified for each 0.02 AU bin in DeMeo &
Carry (2013), shown in Figure 3.2.

Combining all of the above using Equation 3.2, we arrive at a rate of
carbon delivery to Mars due to asteroid impacts of 0.121 ˘ 0.041 ˆ 106

kg/yr, averaged over 10 Myr. The uncertainty is calculated combining the
uncertainties of H magnitude, albedo, and mass density.

3.3.1.2 Measured C-type fraction plus source regions

To overcome the small-number statistics plaguing the analysis above, we
have used published models of the dynamical origin of near-Earth asteroids
as described by Bottke et al. (2002). There are five major ’source regions’
from which asteroids diffuse due to resonances with the planets: the ν6
resonance, the 3:1 resonance with Jupiter(„ 2.5 AU), the intermediate
Mars crossers (IMC) population (2.06 ă a ă 2.48 AU or 2.52 ă a ă 2.80
AU), the outer main-belt (OMB) asteroids (a ą 2.8 AU), and the Jupiter
family comets. We base our analysis on the model by Greenstreet et al.
(2012), who essentially redid the Bottke et al. (2002) analysis using a
higher time resolution, including the gravitational effects of Mercury, and
using a much larger number of test particles. Their data products7 can
be used to calculate the probability of an asteroid originating from the

7Available from http://www.sarahgreenstreet.com/neo-model/

58

http://www.sarahgreenstreet.com/neo-model/


3.3.1. Asteroids

Figure 3.2: Measured fraction of C-type asteroids across the Main Asteroid Belt.
See DeMeo & Carry (2013) for details; this plot has been generated using the
data (kindly provided by Francesca DeMeo) shown in their Figure 9, where we
exclude all types but C. Three source regions (following Bottke et al., 2002;
Greenstreet et al., 2012) are indicated on the plot. The yellow area corresponds
to intermediate Mars crossers (IMC), green represents the outer main-belt (OMB),
while the solid line at „ 2.5 AU represents the 3:1 resonance. The ν6 resonance is
shown in Figure 3.3. The last source region, Jupiter Family Comets, is not relevant
for our study.

five source regions as a function of its position in a finely sampled grid in
semi-major axis a, eccentricity e, and inclination i.

The original models by Bottke et al. (2002) and Greenstreet et al.
(2012) only apply to near-Earth asteroids out to a perihelion distance of
q ď 1.3 AU. We re-binned and re-normalised their model with a higher
cut-off perihelion distance of q ď 2 AU. We note that their model was run
otherwise unchanged. In particular, no attempt was made at identifying
additional regions in the Main Belt that may be productive source regions
for Mars crossers (but not for Earth crossers). This may limit the accuracy
of our results.

All 33 Mars impactors have a perihelion distance of q ď 2 AU. Below, we
describe how their carbon content was estimated using the source regions.

For a q ď 2 AU asteroid, the modified Greenstreet et al. (2012) model
provides five probabilities (adding up to 100%) of the object originating
from one of five source regions. For four of these regions, we obtain a
straightforward C-type fraction from Figure 3.2:
• 3:1 resonance: a „ 2.5 AU, C-type fraction 0.1111
• Intermediate Mars crossers: 2.06 ă a ă 2.48 AU or 2.52 ă a ă 2.8

AU, C-type fraction 0.3496 (averaged over relevant a range)
• Outer main-belt: 2.8 AU ă a ă 3.5 AU, C-type fraction 0.4663
• Jupiter family comets: a ą 4.2 AU , C-type fraction 1.0000. Note that

all Mars impactors had 0.00 % probability of originating from JFCs.
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The fifth ”source region,” the secular ν6 resonance, spans a wide range
of semi-major axes, starting just longward of 2.0 AU. Importantly, the
corresponding a increases with orbital inclination i (see Figure 3.3). Also, i
is approximately preserved under scattering in the ν6 resonance. To assign
a C-type fraction to the probability of each of our impactors originating
at ν6, we therefore assume its current inclination i was preserved upon
migration from the Main Belt, and read off a of its ν6-origin from Figure 3.3.
The corresponding C-type fraction then follows from Figure 3.2 and varies
between 0.0306 and 0.7049.

Figure 3.3: ν6 resonance in a,i space (Kevin J. Walsh, private communication,
approximating Fig. 4 in Milani & Knezevic (1990)).

Granvik et al. (2017) studied the orbital inclination of asteroids before
and after scattering out of the asteroid belt due to resonances including the
ν6 secular resonance. They show that scattering at the ν6 resonance tends
to increase the inclination. We neglect this inclination change. Granvik
et al. show that, for the subset of asteroids which escape through the ν6
resonance, biggest inclination shift occurs for asteroids with i ă 6 degrees,
that corresponds to a range of semi-major axes (2.056-2.088 A.U.) for
which the probability of being C-type equals zero. Assuming a constant
inclination will therefore cause us to underestimate the carbon delivery
rate due to asteroid impacts. While the size of that effect is difficult to
estimate quantitatively based on the Granvik et al. histogram, we take it to
be small compared to our uncertainties.
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To calculate the total carbon mass delivered by the 33 Mars impactors
with q ď 2 AU, we modify Equation 3.2:

MOrganics “
ÿ

Impactors

ÿ

SourceRegions

pSourceRegionˆ

ˆpC—SourceRegionmAsteroidfCarbon,

(3.5)

where pSourceRegion is the probability that an asteroid comes from a
specific source region, pC—SourceRegion is its probability of being C-type under
the assumption that it does originate from that source region, mAsteroid
is the asteroid mass as in Equation 3.4 and the paragraphs above it, and
fCarbon is the carbon content of a carbonaceous chondrite („ 2%).

Using Equation 3.5, we arrive at a total carbon flux to Mars due to
asteroid impacts of 0.099˘ 0.041ˆ 106 kg/yr. The uncertainty is calculated
combining the uncertainties of the H magnitude, albedo, mass density, and
source region probabilities.

Our results derived using the two methods described in Subsec-
tions 3.3.1.1-3.3.1.2 are mutually consistent. The mean value of the
results obtained with the two methods for the carbon flux at Mars due to
asteroid impacts is 0.11˘ 0.057ˆ 106 kg/yr. Using the same methods, we
also analysed the results of the crosscheck simulation, based on the older
MPCORB version, resulting in a mean value for the carbon delivery rate of
0.023˘ 0.007ˆ 106 kg/yr, lower than our primary simulation by a factor of
nearly five. We attribute this discrepancy to the different size-distribution
of the Mars impactors: the primary simulation contained several relatively
big impactors of 2-5 km in diameter, while impactors in the crosscheck
simulation were smaller. The largest few impactors dominate the mass
budget, leading to large Poisson noise. In summary, our final adopted
asteroid delivery rate is 0.05ˆ 106 kg/yr within a factor of „two.

We also calculated the carbon flux due to impacts of S-type asteroids.
To this end, we used the results of the nominal asteroid simulation together
with the measured distribution of S-types within the main belt (analogous
to the C-type distribution discussed above). Assuming an S-type albedo
of pV “ 0.23 ˘ 0.02 (DeMeo & Carry, 2013) and a mass density of ρ “
2.72 ˘ 0.54 g/cm3 (Carry, 2012), we obtain a carbon delivery rate of
0.004ˆ 106 kg/year, negligible compared to C types as expected.

3.3.2 Comets

As derived in Section 3.2.2, the impactor flux on Mars due to comets is „
0.00434 comets per Myr. Assuming, following Swamy (2010), a typical
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comet mass of 3 ˆ 1013 kg and a carbon content of 10%, this implies a
carbon delivery rate to Mars due to comet impacts of 0.013 ˆ 106 kg/yr,
smaller than the rate due to IDPs and asteroids.

We note that our method of using an average mass per comet is less
rigorous than our approach for asteroids. However, seeing the cloning
method employed, we do not feel that more sophistication is warranted.

3.3.3 Mass contribution of small undiscovered
asteroids and comets

The calculations above are based on catalogues of known asteroids and
comets. These catalogues are known to be incomplete, however, especially
for small objects that tend to be too faint for observation. In this section,
we estimate the contribution of the undiscovered population to our results.

An extensive amount of work has been devoted to studies of the size-
frequency distribution (SFD) of asteroids. The number density npDq of
asteroids with diameter D is typically described as a power law

npDq9Dα (3.6)

with exponent (”slope”) α. Note that we are discussing the differential
SFD; the cumulative SFD (describing asteroids larger than some D0) is also
often discussed, whose exponent equals α` 1. Various estimates for the
exponent α exist in the literature for different asteroid populations and size
ranges; in all estimates, α scatters around α “ ´3.5 (see, e.g. Bottke et al.,
2005). As we will see below, our results are not sensitive to reasonable
changes in α. The total mass of a population of asteroids with a maximum
diameter of Dmax equals

ż Dmax

0
npDqMpDqdD9D4`α

ˇ

ˇ

ˇ

Dmax

0
, (3.7)

where MpDq9D3 is the mass of an asteroid of diameter D. Importantly,
the integral converges as D Ñ 0 as long as α ě ´4.

Denoting as Dmin the diameter down to which observed SFDs are
observationally complete to a reasonable level, our results can be corrected
for undiscovered asteroids by multiplying them by a factor

şDmax
0 npDqMpDqdD
şDmax
Dmin

npDqMpDqdD
“

D4`α
max

D4`α
max ´D

4`α
min

“
1

1´ pDmin{Dmaxq
4`α . (3.8)
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3.4. CARBON CONTENT OF THE EJECTA BLANKET

For the inner belt, a Dmin of 1–2 km is reasonable; for Dmax we use
Ceres’ diameter of „1,000 km. For α „ ´3.5, the resulting correction
is „4%, completely negligible given our uncertainties. The biggest
contribution to the impact flux will always be provided by the few largest
asteroids (Turrini et al., 2014). While the SFD of comets is less well
constrained, it is reasonable to assume that it is not too different from that
of asteroids, leading us to neglect the influence of undiscovered comets,
too.

3.4 CARBON CONTENT OF THE EJECTA BLANKET

One important difference between material delivered through IDPs and
through comets and asteroids is its spatial and temporal distribution. The
IDP flux is homogeneous over the surface of Mars and constant over time
scales that are long compared to its orbital period. One the other hand,
impacts by comets and asteroids happen rarely („ 33 large asteroid impacts
over 10 Myr and even less for comets) and deposit material locally, around
the resulting impact crater.

In this section, we study the spatial distribution of comet and asteroid
material and compare it to the ”IDP background”. To this end, we perform
a case study assuming the most likely type of impactor, an asteroid with
diameter around 1 km. Following, e.g., Holsapple & Housen (2007,
Table 1), the size of the resulting crater can be estimated in two end-
member cases where crater formation is dominated by gravity and cohesion
(”strength”), respectively. Roughly speaking, the gravity regime applies to
impact events that form large craters, and the strength regime to impact
events that form small craters; intermediate cases will be more complex.
In the gravity and strength regime, respectively, the radius R of the final
crater equals:

R

a
“ 1.03

´ ga

U2

¯´0.170
ˆ

δ

ρ

˙0.332

, (3.9)

R

a
“ 1.03

ˆ

Ȳ

ρU2

˙´0.205ˆ
δ

ρ

˙0.40

, (3.10)

where a is the impactor radius (500 m in our case), g is the gravitational
acceleration on the surface of Mars (adopted value: 3.711 m/s2), U is the
normal component of the impactor velocity (assumed value: 7.1 km/s for
the assumed impact angle of 30˝), δ is the mass density of the impactor
(1.33 g/cm3, the density of C-type asteroids), ρ is the density of the target
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3. DELIVERY OF ORGANICS TO MARS

material (assumed: 3.93 g/cm3). Ȳ is the strength of the target material
(assumed values, following Holsapple & Housen, 2007, : 50 Pa, 3,000 Pa,
12,000 Pa, 65,000 Pa, spanning a wide range bracketing plausible values
for the surface of Mars).

Per the above, the crater radius R becomes 2.039 km for the gravity
regime, while in the strength regime we obtain crater radii of 7.520 km,
3.248 km, 2.445 km, and 1.729 km for the four strength values listed above.

These crater radii can be used to estimate the ejecta thickness as a
function of distance from the crater centre, r, using Equation 1 of the
on-line material in Marchi et al. (2012):

tprq “ 0.14rc
0.74

´ r

R

¯´3 r{RM
sinpr{RM q

, (3.11)

where t is the ejecta thickness, R is the crater radius as estimated above
(r ą R), and RM is the radius of Mars. Note that Marchi et al. (2012) is
concerned with craters on the Moon, so in their work, RM denotes the
lunar radius. For the crater radii derived above, the ejecta blanket can be
hundreds of meter thick near the crater rim and decreases with increasing
distance (see Figure 3.4). At 500 km from the crater, the ejecta thickness is
at the micron level.

The ejected material is a mix of Martian soil and asteroid material. We
are interested in its carbon content deriving from the asteroid impactor (for
simplicity, Mars material is assumed to be completely depleted in carbon).
The mass of asteroid-borne organics per surface area, oprq, is proportional
to ejecta thickness; its integral over the area outside the crater must equal
the total carbon content of the asteroid, mO:

2π

ż 8

R
roprqdr “ mO. (3.12)

In doing so, we tacitly assume that no ejected material can escape to
space, but everything is retained by Martian gravity. This would be an
issue when studying impact delivery of material on smaller objects such as
Vesta (see, e.g., Turrini, 2014) but should be non-critical on an object as
massive as Mars. Using Equation 8 from Svetsov (2011) we see that for
low velocities (below 15 km/s) up to 23 % of the impactor will escape. We
caution that ejecta will interact with the atmosphere, although studying
that would be beyond our scope. Atmospheric friction decelerates the
smallest ejecta particles, causing them to land closer to the crater. Aeolian
processes may disturb the post-deposition ejecta distribution.
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3.4. CARBON CONTENT OF THE EJECTA BLANKET

Figure 3.4: Ejecta thickness as a function of distance from the crater centre.
Coloured curves correspond to different types of Martian soil, see text. The black
horizontal line corresponds to dust layer formed by IDPs over 1 Myr.
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Figure 3.5: Carbon surface density as a function of distance from the crater centre.
Coloured curves correspond to different types of Martian soil, see text. The black
horizontal line corresponds to carbon delivered by IDPs over 1 Myr.
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The coloured curves in Figure 3.5 show oprq for the crater radii
mentioned above, corresponding to different soil properties. They are very
similar to one another; the details of the cratering mechanism, including
the assumed strength values where applicable, are of secondary importance
for our purposes. The black horizontal line represents the carbon delivered
by the ”IDP background” over 1 Myr, a conservative estimate of the lifetime
of organics near the Martian surface. Clearly, for these time scales, asteroid-
borne organics dominate over IDP-borne organics for distances up to 100-
200 km. This is also applicable for comet-borne organics.

To be conservative, for the ”IDP background” we have used the upper
limit of the previously derived IDP-borne carbon flux (0.07 ´ 0.3 ˆ 106

kg/yr); using the lower value would slightly increase the distance out to
which large impactors dominate over IDPs.

As a first-order estimate, we take the typical ”area of influence” of an
asteroid impact to be a circle of r“ 100 km. Given 33 asteroid impacts,
asteroid-borne organics will dominate over IDP-borne organics on „ 1% of
the total surface area of Mars.

3.5 DISCUSSION

Our main result is the delivery rate of organics to Mars due to impacts
by asteroids and comets: „0.05ˆ106 kg/yr and „0.013ˆ106 kg/yr,
respectively. This is to be compared against delivery by IDPs.

A dynamical model for the solar system meteoroids from Nesvorný et al.
(2011a) predicts the total mass accreted by Mars to be „ 1 ˆ 106 kg/yr.
Borin et al. (2017) estimate the total dust flux due to be 2.96ˆ 106 kg/yr
based on observations of IDP influx on Earth and dynamical models. Also,
Crismani et al. (2017) derive the IDP infall rate based on MAVEN-based
observations of Mg` in the atmosphere of Mars, which they take to be
caused by incoming dust and convert to a dust flux using an ablation model.
Assuming the carbon content to be 10% (Flynn, 1996), Nesvorný et al.,
Borin et al. and Crismani et al. results imply an IDP-borne carbon flux of
0.07´ 0.3ˆ 106 kg/yr.

Our result for organics delivered by comet impacts is at least one order
of magnitude less than the asteroid value given the error bars. Comets
deliver between „4 % and „19 % of the IDP-born organic flux as estimated
by Nesvorný et al. (2011a), Borin et al. (2017) and Crismani et al. (2017).
On the other hand, the asteroid contribution is „17 - 71 % of the IDP-borne
flux.
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3. DELIVERY OF ORGANICS TO MARS

Our asteroid cross-check simulation, performed identically to the
primary one except for a different start date, resulted in an impactor
population that does not overlap with the ’primary’ impactor population
but has identical ensemble properties; in particular, the amount of carbon
delivered by the two populations is indistinguishable. We conclude that
our results are correct in a statistical sense. We do not reliably identify
individual impactors. Such a study, if at all possible over 10 Myr, would
require significantly more effort and is beyond our scope.

In an independent study, Granvik et al. (2017) integrated the orbital
evolution of a subset of the asteroid main belt (their ”set C”) containing
78,335 asteroids for 100 Myr including an approximative treatment of the
non-gravitational Yarkovsky and YORP effects. In doing so, they cloned the
Hungaria and Phocaea populations sevenfold and threefold, respectively,
increasing the number of simulated asteroids by some 18%, to 92,449.
They report 114 Mars impacts, the delivered organics are not discussed.
Rescaling their result to match our sample size, this corresponds to 76.2
asteroid impacts / 10 Myr (where we made no attempt at correcting
for cloning), somewhat larger than our result of 33 impacts / 10 Myr.
Qualitatively, this difference is consistent with the expectation that the
Yarkovsky and YORP effects, which we neglect, replenish the impactor
population. Quantitatively, this difference does not change our final result
for carbon delivery rates beyond our stated error bars. Our study of the
time evolution of the asteroid impact rate (see Section 3.2.1) shows that
the asteroid impact rate stays roughly constant (within Poisson noise) over
the course of the simulated 10 Myr, providing independent support for our
choice to neglect Yarkovsky and YORP.

IDPs are decelerated by Mars’s tenuous atmosphere much more
efficiently than asteroids are. As detailed by Flynn (1996), a non-negligible
fraction of IDPs reach the surface at low enough temperatures for any
present organics to reach Mars intact. Asteroids or comets, on the other
hand, will hit the surface of Mars at escape velocity or faster, with no
efficient aerobraking except for very oblique impacts (Blank et al., 2008).
Depending on impact angle and velocity, some fraction of the impactor mass
will evaporate upon crater formation, destroying any organic molecules
present. However, for low impact velocities (below 10km/s, Svetsov &
Shuvalov, 2015; Turrini et al., 2016) up to 40% of the projectile mass
remains in the crater and nearby; impactor’s material will be heated only
to temperatures of 1000 K leaving most carbon unaltered.

Furthermore, impactor material will be buried at some depth, providing
the delivered organics some temporary shelter against photodissociation
until they are ”dug up” due to impact gardening (on kyr timescales,
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Speyerer et al., 2016). It is beyond our current scope to discuss these
effects in detail. We wish to emphasise that further studies of the role of
asteroids and comets in the delivery of organics to Mars are warranted.

As shown in Section 3.3.3, the mass flux due to asteroids and comets is
dominated by the largest impactors: their diameters are in the km range.
Such impacts are too small to cause global ejecta blankets, thus asteroid
and comet-borne organics will remain localised on Mars’s surface.

The samples analysed by SAM were collected at three different locations
in Gale Crater, an impact crater formed around 3.6 billion years ago.
The crater itself shows evidence of processing after the impact, including
aqueous alteration, as suggested by the presence of hydrated sulphates
and smectite clay minerals. The younger layers higher on the mound are
covered by a mantle of dust (Wray, 2013). Depending on the (unknown)
taxonomy of the impactor creating Gale Crater, the organics detected by
SAM could be asteroidal/cometary in origin, provided they were buried
sufficiently deeply at deposition, and that they moved closer to the surface
through later geology. Other origins, e.g., through micro-meteorites or
IDPs are not excluded, however.

In the vicinity of impacts, comet and asteroid-borne organics will
dominate over IDP-borne organics, which are distributed very evenly across
Mars’s surface. In Section 3.4, we show that the carbon surface density of
the ejecta blanket, created by the impact of 1 km size asteroid, can reach
1,000 kg/m2 close to the edge of the crater, much larger than the carbon
layer due to IDPs of „10´3 kg/m2. Comet and asteroid-borne organics
dominate over their IDP-borne counterparts at distances up to 100–200 km
from the crater centre. This could become important in the analysis of
in-situ observations, which may uncover locally elevated organics content.
Our results suggest that this could be caused by a geologically recent impact
of a C-type asteroid or by a comet impact, at a distance of up to some
150 km.

3.6 CONCLUSIONS

We conclude that comet impacts deliver amounts of organics between„ 4 %
and „ 19 % of the IDP-borne flux, depending on how the latter is estimated.
The asteroids deliver between „ 17 % and „ 71 %. Comet and asteroid-
borne organics are mostly deposited locally, around impact locations. In
those areas, up to 150 km from the crater centre, comet/asteroid-borne
organics will dominate over IDP-borne organics. These finding could prove
important for the analysis of in-situ measurements.
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4. EXOGENOUS DELIVERY OF WATER

TO MERCURY

Kateryna Frantseva, David Nesvorný, Michael Mueller,
Floris F.S. van der Tak, Inge Loes ten Kate

Icarus, under review

HIGHLIGHTS

• The water ice found in Mercury’s craters may have been delivered
after planet formation.

• Our simulations indicate that impacts of dust particles, asteroids, and
comets provide enough water to explain the radar and MESSENGER
data.

• Dust is the biggest supplier of water to Mercury, while comets and
asteroids contribute at the few % level.

• Endogenic sources of water are possible but not necessary to explain
the data.
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ABSTRACT

Radar and in-situ observations show the permanently shadowed regions
around Mercury’s North Pole to contain water ice and complex organic
material. One possible source of this material are impacts by interplanetary
dust particles (IDPs), asteroids, and comets.

We have performed numerical simulations of the gravitational dynamics
of asteroids and comets over the past few Myr, checking for impacts with
Mercury. We use the N-body integrator RMVS/Swifter to propagate the Sun
and the eight planets from their current positions. Separately, we add comets
and asteroids to the simulations as massless test particles, based on their
current orbital distributions. Asteroid impactors are assigned a probability of
being water-rich (C-class) based on the measured distribution of taxonomic
types. For comets, we assume a constant water fraction. For IDPs, we use a
dynamical model to compute the dust flux on Mercury. Relative to previous
work on asteroid and comet impacts (Moses et al., 1999), we leverage 20
years of progress in minor body surveys.

Immediate post-impact ejection of impactor material into outer space is
taken into account as is the migration efficiency of water across Mercury’s
surface to the polar cold traps.

We find that asteroids deliver „ 1ˆ 103 kg/yr of water to Mercury, comets
deliver „ 1ˆ 103 kg/yr and IDPs deliver „ 16ˆ 103 kg/yr within a factor of
several. Over a timescale of „ 1 Gyr, this is enough to deliver the minimum
amount of water required by the radar and MESSENGER observations.

While other sources of water on Mercury are not ruled out by our analysis,
we show that they are not required to explain the lower limits on the
observations currently available.

72



4.1. INTRODUCTION

4.1 INTRODUCTION

The presence of water in the permanently shadowed polar regions of
Mercury is well established. Through ground-based observations of
Mercury bright radar-reflective regions were detected near the poles of
the planet (Slade et al., 1992; Harmon & Slade, 1992; Butler et al., 1993;
Harmon et al., 1994) that are consistent with water ice (although sulphur
and certain silicates could also explain the radar data). Based on the radar
observations, Moses et al. (1999) determined the total mass of the ice to
be 4ˆ 1013´ 8ˆ 1014 kg assuming a layer thickness between 2 m and 20 m.

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 consist of water ice. NS was not sensitive
to the South polar region due to the eccentric spacecraft orbit. Specifically,
NS observations identified a hydrogen-rich layer associated with water
ice of unknown thickness, covered by a less hydrogen-rich layer (less
than 25 weight % water-equivalent hydrogen) with a thickness between
0.1 and 0.3 m. Lawrence et al. (2013) adopted an ice layer thickness
between 0.5 m and 20 m, where the lower limit follows from the models of
surface modification processes (Crider & Killen, 2005) and the upper limit
is estimated from models of radar scattering (Butler et al., 1993).

Additional MESSENGER observations using the Mercury Laser Altimeter
(MLA) and the Mercury Dual Imaging System (MDIS) allowed both polar
regions to be mapped three-dimensionally, and the area of the permanently
shadowed regions to be measured: p1.25 ´ 1.46q ˆ 1010 m2 around the
north pole and p4.3˘ 1.4q ˆ 1010 m2 around the south pole (Chabot et al.,
2012; Neumann et al., 2013).

Combining these two sets of MESSENGER results, and assuming that
radar-reflective regions in Mercury’s South polar region are also dominantly
water ice with the same layer thickness as in the North, the MESSENGER
observations imply a total water mass at Mercury’s poles of 2.1ˆ 1013 to
1.4ˆ 1015 kg (Lawrence et al., 2013), consistent with the interpretation of
ground-based radar observations by Moses et al.. Independently, Eke et al.
(2017) derive an upper limit of „ 3 ˆ 1015 kg from MLA observations of
craters.

Different ideas have been presented as to the origin of Mercury’s
water ice. Endogenous sources such as volcanic activity, crust and mantle
outgassing, interaction of surface rocks with solar wind might have played
a role in the formation of the bright and dark deposits on the surface of
Mercury (Potter, 1995). Nittler et al. (2017) suggest that Mercury’s polar
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deposits include some fraction of material derived from volatiles outgassed
from Mercury’s interior, potentially caused by volcanic resurfacing (Wilson
& Head, 2008; Head et al., 2009; Prockter et al., 2010; Denevi et al., 2013;
Ostrach et al., 2015).

On the other hand, water has been delivered from outside of Mercury. In
the current Solar System, plausible impactor populations with meaningful
water content would be both macroscopic bodies (asteroids and comets)
and microscopic impactors (Interplanetary Dust Particles, IDPs). Frantseva
et al. (2018) showed that such impacts may be the source of organic
material found on the surface of Mars. Could Mercury’s water ice have
been deposited in a similar fashion?

Water ice can have accumulated in Mercury’s polar cold traps since
the end of the Late Heavy Bombardment „ 3.5 Gyr ago (Moses et al.,
1999) or, equivalently for our purposes, the end of the formation of
the terrestrial planets according to the accretion tail scenario (Morbidelli
et al., 2018). This idea is reinforced by more recent thermal modelling,
demonstrating that the permanently shadowed regions are cold enough
to keep water ice thermally stable for billions of years (Paige et al., 2013).
Water ice deposited on other parts of Mercury’s surface is unstable against
sublimation; water vapour will diffuse across the surface until it either
re-condensates at a polar cold trap or is dissociated by solar ultraviolet
radiation and lost to space. Between „ 5 ´ 15% of the water deposited
across Mercury’s surface will reach the polar cold traps (Butler et al., 1993;
Butler, 1997); observational evidence for this diffusion process occurring
on the surface of the Moon has recently been presented by Hendrix et al.
(2019).

Water delivery by impacts of IDPs, asteroids, and comets has been
studied in the past, but questions remain. Moses et al. (1999) estimated the
water flux due to impacts of asteroids and comets in the last 3.5 Gyr using a
Monte Carlo simulation to generate fictitious comets and asteroids, basing
themselves on the populations known at the time and (large) correction
factors accounting for observational incompleteness. They find that impacts
from Jupiter-family comets can supply p0.1 ´ 200q ˆ 1013 kg of water to
Mercury’s polar regions (corresponding to ice deposits 0.05´ 60 m thick),
Halley-type, i.e., long-period comets can supply p0.2 ´ 20q ˆ 1013 kg of
water to the poles (0.07 ´ 7 m of ice), and asteroids can provide p0.4 ´
20q ˆ 1013 kg of water to the poles (0.1´ 8 m of ice). In order to calculate
the IDP (10 ´ 500µm,) flux on Mercury they extrapolated the current
terrestrial influx of IDPs to that at Mercury. The continuous IDP flux on
Mercury within the last 3.5 Gyr would deliver p3´ 60q ˆ 1013 kg of water
ice to the permanently shaded regions at Mercury’s poles (equivalent to
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an average ice thickness of 0.8´ 20 m). More recently, for particles in the
size range of 5´ 100µm, using a numerical code that takes into account
the gravitational interaction with all planets and non-gravitational forces
such as the Poynting-Robertson drag and the solar wind drag, Borin et al.
(2017) have estimated the total impact flux to be 1.97ˆ 108 kg/yr, 20 times
higher than the estimate by Moses et al. and 5 times larger than the flux
on Earth (Love & Brownlee, 1993). Another study of the dust environment
around Mercury has been done by Pokorný et al. (2018) for particles in the
size range of 10´ 2000µm. The total dust flux following from the study is
4.4ˆ 106 kg/yr, similar to Moses et al. and two orders of magnitude less
than Borin et al.. The estimate of Borin et al. appears implausibly high,
seeing in particular that the Earth’s impact cross-section is »7 times larger
than that of Mercury (so Earth should receive more IDPs than Mercury, not
less).

Given the large discrepancy between the existing estimates, and their
large uncertainty due to observational incompleteness, we aim to update
the asteroid, comet, and dust impact rates on Mercury based on the most
recent catalogues of minor bodies, leveraging the results of nearly 20 years
of search programs for asteroids and comets since Moses et al. (1999).
First, we study the rates at which comets and asteroids impact Mercury in
the current Solar System and we derive the corresponding water delivery
rates. We do so using N -body codes modelling the motions of asteroids
and comets under the gravitational influence of the Sun and the planets
while checking for impacts. These models are described in Section 4.2
together with the derived impact rates. Also, we use the ZoDy model from
Nesvorný et al. (2010, 2011a,b) to calculate IDP accretion on Mercury in
Section 4.3. In Section 4.4, we calculate the corresponding water delivery
rates on Mercury’s surface. As discussed above, a fraction of the water will
be lost to space immediately after impact, as well as during migration to
the poles; this fraction is estimated in Section 4.5. The implications of our
findings are discussed in Section 4.6.

4.2 GRAVITATIONAL DYNAMICS OF ASTEROIDS AND

COMETS

To study Mercury impact rates in geologically recent times we performed
numerical simulations of the gravitational dynamics of the current Solar
System. Our model accounts for the gravity of the Sun plus the eight planets
Mercury to Neptune. Asteroids and comets are added as different sets
of passive test particles, i.e., their gravity is neglected. Non-gravitational
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forces are also neglected. We integrate forward in time over Myr timescales.
Over these timescales, the current Solar System is close to a steady state,
even when accounting for the non-gravitational Yarkovsky effect, so we can
assume impact rates to be constant with time (see below for a cross-check
on this assumption).

To model the gravitational dynamics, we use the N -body integrator
RMVS that corresponds to the RMVS3 version of Swift (Regularized Mixed
Variable Symplectic; Levison & Duncan, 1994). The code models the motion
of one gravitationally dominant object (Sun) and N massive objects (in
our case: N “ 8) under the influence of their mutual gravity. Test particles
move passively under the influence of the combined gravitational potential
of the Sun and the planets. The algorithm handles close approaches by
performing a time step regularisation by reducing the time step by a factor
of 10 at 3.5 RHill and by another factor of 3 at 1 RHill.

In order to check for impacts during the simulation the RMVS integrator
checks if a test particle and planet are having, or will have within the next
time step, an encounter such that the separation distance, r, is less than
some critical radius, the boundary of the encounter region. If this is true
the particle is discarded from the simulation. In order to catch all collisions
the time step must be small enough that no particle will cross Mercury’s
Hill sphere, R “ 0.00148 AU, during a single time step. We have checked
that the fastest test particles in our simulations have Mercury encounter
velocities around 150 km/s. It will take more than 20 days even for this
fastest test particle to cross Mercury’s Hill sphere, i.e., more than 20 time
steps. Therefore, we are confident to set up the “baseline” time step in our
models to 1 day in order to well resolve the 88-day orbit of Mercury and
those of Mercury crossers.

Test particles are removed from the simulation once they collide with
a planet or with the Sun. Moreover, test particles are considered ejected
from the Solar System and discarded when they exceed a user-provided
heliocentric distance. These values are set separately for asteroid and
comet simulations (see Subsections 4.2.1 and 4.2.2).

4.2.1 Asteroids

To model asteroid orbits we have used the MPCORB catalogue from
February 2017 (epoch K172G). The catalogue contains orbital elements for
a total of 730,272 asteroids. We culled inaccurate orbits based on single-
epoch data, leaving us with 618,078 asteroids to model. We performed
our simulations for 10 Myr forward in time in order to get a sufficient
number of impactors while avoiding depletion of the impactor orbits. After
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reaching a heliocentric distance of 1,000 AU, asteroids were considered
ejected from the Solar System and discarded.

At the end of the simulation 12,480 asteroids were discarded from
the system. 6,719 asteroids collided with the Sun, 4,609 asteroids were
ejected and 1,152 asteroids collided with the planets. Among the latter,
37 asteroids collided with Mercury, corresponding to an average Mercury
impact rate of 3.7 impacts per Myr. In Figure 4.1, in blue (Simulation
1/K172G) we show the semi-major axes of all 37 impacting asteroids at the
start of the simulations. They are distributed between 0.5 AU and 3.5 AU
(Mercury’s semi-major axis is 0.387 AU) with a peak near 0.7 AU.

As a crosscheck, we have performed two more asteroid simulations
using different initial conditions. For the first crosscheck simulation we
have used asteroid orbital elements from MPCORB as of July 2016 (epoch
K167V) together with planetary positions for the same date, while for
the second crosscheck simulation we have used MPCORB as of March
2018 (epoch K183N) for the asteroid orbital elements together with the
corresponding planetary positions. 43 and 37 asteroids impacted Mercury
during the first and second crosscheck simulation, respectively, consistent
with our primary result of 37 impactors within the Poisson noise. The
individual asteroids that impact in the first simulation do not impact in the
crosscheck simulations and vice versa, which means that our results are
valid in a statistical sense, only. We do not identify individual impacts, but
we do characterise the population of Mercury impactors.

From here on we will refer to the primary simulation as Simulation 1, to
the first crosscheck simulation as Simulation 2 and to the second crosscheck
simulation as Simulation 3.

We analysed the number of asteroids impacting Mercury after each Myr
of the simulation as shown in Fig. 4.2. In this way we studied the time
evolution of the Mercury impactors. We expect the number of impactors
to be proportional to time. Any significant violation of our assumptions
(e.g., depletion of asteroids on impactor orbits or Yarkovsky drift) would
result in a deviation from this. We did find the total number of impactors to
increase steadily, within the

?
N Poisson noise, justifying our assumptions.

4.2.2 Comets

In order to model cometary orbits we have used the MPCORB catalogue
from November 2016 which contains 893 comets. Of these, we have
used 879 comets whose orbits are calculated for the current epoch. As
described in Frantseva et al. (2018), the initial cometary set is too small
to draw statistically valid conclusions, therefore we have replaced each
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4. DELIVERY OF WATER TO MERCURY

Figure 4.1: Orbital distribution of the Mercury impacting asteroids. Blue bins
correspond to the primary simulation, green bins to the first crosscheck simulation
and red bins to the second crosscheck simulation. K172G, K167V and K183N
stand for February 2017, July 2016, March 2018, which are the corresponding
epochs for each simulation .
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4.2.2. Comets

Figure 4.2: Number of asteroids impacting Mercury per 1 Myr. Blue, green
and red colours correspond to the primary and the two crosscheck simulations,
respectively.

79



4. DELIVERY OF WATER TO MERCURY

comet with 5000 synthetic ”clone” comets with randomised angular orbital
elements (the semi-major axis a, eccentricity e, and inclination i values
were kept as of the actual comets). Moreover, Mercury’s radius was inflated
by a factor of 50. The simulation was performed for 0.1 Myr forward
in time; this simulation length was chosen to not significantly deplete
the comet population over the course of our simulations. A comet was
considered discarded from the simulation if it had collided with a planet,
with the Sun, or when it reached a heliocentric distance of 125,000 AU.
This large threshold value of the heliocentric distance is required by the
high eccentricity of some comets.

At the end of the simulation, 76,261 synthetic comets were discarded
from the simulation including 3,651 objects that had impacted Mercury. Ac-
counting for cloning of the comets, the inflation of Mercury’s radius and the
duration of our simulation, this corresponds to 3, 651{5, 000{2, 500{0.1 “
0.0029 impacts per Myr.

Like in the case of asteroids, we estimated the uncertainty in our comet
result through a crosscheck simulation for a different epoch, November
2017. During the crosscheck simulation 3,684 comets impacted Mercury,
consistent with our primary result of 3,651 impactors within the

?
N

Poisson noise.

4.3 INTERPLANETARY DUST PARTICLES

We use the ZoDy model (Nesvorný et al., 2010, 2011a) to compute the
accretion of IDPs on Mercury. In the ZoDy model, IDPs of different sizes
are released from asteroids and comets. Their orbital evolution is followed
by an efficient N -body integrator (Swift, Levison & Duncan, 1994) until
they are ejected from the Solar System, or impact on the Sun or planets.
The N -body integrations include the gravitational effects of the Sun and
the planets. Due to the small sizes of the dust particles, non-gravitational
forces such as radiation pressure, Poynting-Robertson and solar wind drag
are also accounted for. The orbit of each particle is saved at 1,000 yr time
intervals, thus allowing us to construct a steady state distribution of orbits
for individual sizes. For example, for particles from Jupiter-family comets
(JFCs), which probably are the most important source of IDPs in the inner
Solar System (see below), we follow the orbital evolution of particles with
28 different sizes from 1 µm to 10 mm. Each set of integrations included
10,000 particles of the same size.

In the absence of mutual collisions between particles, the size
distribution of particles in space would be defined by their initial size
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4.3. INTERPLANETARY DUST PARTICLES

distribution in the source and by their dynamical lifetimes. In the current
ZoDy model, the initial size distribution is parameterised by a broken power
law with a break at diameter d˚, and differential power indices γS for small
particles and γL for large particles. Motivated by the comparison of the
ZoDy model with the Long Duration Exposure Facility (LDEF) satellite
measurements (Love & Brownlee, 1993; Nesvorný et al., 2011a), we use
d˚ » 200 µm, γS » ´2 and γL » ´5. In this case, both the mass and
emission cross-section of IDPs are dominated by d » 200 µm particles,
implying that the mass in micrometeoroids accreted by planets is also
dominated by d » 200 µm particles.

Once the initial size of the particles is fixed, the orbital integrations are
used to compute the size distribution of particles at any location in the Solar
System. To do this properly, we account for disruptive collisions between
particles, which act to destroy parent particles and generate fragments. It is
difficult to fully account for the collisional cascade in an N -body integrator
because N can increase enormously when new particles are added. We
therefore adopt a standard approach to this problem (e.g., Grun et al.,
1985), where the collisional lifetime, τc, is defined as a function of size and
orbit, and used to decide whether a particle is removed. This approach
ignores fragments generated by disruptive collisions. A Poisson random
number generator is used to determine whether a particle is disrupted
(depending on its size and orbital history).

The orbital dependence of τc can be determined from first principles
(see Nesvorný et al., 2011b, for a discussion). The size dependence,
however, is a priori unknown and must be treated as a free parameter (or
a set of free parameters). In our past work, we used different prescriptions
for τcpdq, including cases from Grün et al. (1985), τcpdq “ constant, and
other dependencies where τc increases with d. To fit the meteor data on
Earth, for example, we found that τc Á 105 yr for d ą 100 µm (for a
reference orbit with a “ 1 au and e “ i “ 0).

Nesvorný et al. (2010) used the ZoDy model to determine the relative
contribution of asteroid and cometary material to the Zodiacal cloud
and the mass in IDPs accreted by the Earth. They found that the mid-
infrared (MIR) emission from particles produced in the asteroid belt is
mostly confined to within latitudes b À 30˝ of the ecliptic. Conversely,
the Zodiacal cloud has a broad latitudinal distribution such that strong
thermal emission is observed even in the direction of the ecliptic poles. This
shows that asteroidal particles can represent only a small fraction (under
10%, e.g., Carrillo-Sánchez et al., 2016) of the Zodiacal cloud emission.
Their contribution to the mass accreted by planets can be larger than that
10%, because asteroid IDPs move on low eccentricity and low inclination
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4. DELIVERY OF WATER TO MERCURY

orbits, their velocities with respect to planets are lower, and their impact
cross-section is therefore strongly enhanced by gravitational focusing.

Based on a detailed comparison of the dynamical model with MIR
observations by the Infrared Astronomical Satellite (IRAS) and the Cosmic
Background Explorer (COBE), Nesvorný et al. found that Á90% of the
zodiacal emission at MIR wavelengths comes from dust grains released by
JFCs, and only À10% comes from the long periodic comets. The total mass
accreted by the Earth in JFC particles between diameters D “ 5 µm and
1 cm was found to be „ 15 ˆ 106 kg yr´1 (Nesvorný et al. 2011a; factor
of 2 uncertainty), which is a large share of the accretion flux measured by
LDEF (Love & Brownlee, 1993). Based on these results we consider only
IDPs from asteroids and JFCs for our calculations. All other populations,
such as long period comets and Kuiper belt, are ignored because previously
it has been demonstrated that these dust populations do not contribute
much to the accretion on terrestrial planets. In Section 4.4.3, we use the
ZoDy model for asteroid and JFC particles to determine the impact flux of
IDPs on Mercury (also see Pokorný et al., 2017).

4.4 WATER DELIVERY RATES

In Sections 4.2.1 and 4.2.2, we estimated that Mercury suffers 0.0029
comet impacts per Myr and 3.7 asteroid impacts per Myr. In this section
we will convert the impact rates into water delivery rates. Based on the
described methods for the IDP flux we will estimate the corresponding
water flux on Mercury.

4.4.1 Asteroids

Asteroids are known to be parent bodies of meteorites. We here focus
on the carbonaceous chondrite meteorites, which are known to be water
and organic rich. Their water content is „ 10% by mass, their carbon
content is „ 2% by mass and their parent bodies are the C type asteroids
(National Research Council, 2007; Sephton et al., 2002; Sephton, 2014).
By comparison, other taxonomic types contain negligible amounts of water;
they are neglected.

To calculate the water delivery rate of the asteroid impacts we use
the statistical approach discussed in Frantseva et al. (2018), where each
impactor is assigned a probability pC of belonging to the C type depending
on its semi-major axis at the start of the simulations. The amount of water
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4.4.1. Asteroids

delivered by an asteroid depends on pC, the asteroid mass mAsteroid and
fWater, the water content of carbonaceous chondrite meteorites:

MWater “ pCmAsteroidfWater. (4.1)

The water delivery rate equals the sum over all impactors, divided by
the duration of our simulation.

The diameter D of an asteroid is based on the H magnitude (Bowell
et al., 1989) and geometric albedo pV (Pravec & Harris, 2007):

D “
1329km
?
pV

10´H{5 (4.2)

where pV “ 0.06˘0.01 (a representative value for C type asteroids, see
DeMeo & Carry, 2013, Table 1). Mass follows from diameter adopting an
average C type mass density ρ of 1.33˘ 0.58 g/cm3 (Table 3; Carry, 2012):

M “
π

6
D3ρ. (4.3)

The probability of an asteroid being part of the C type, pC, is estimated
based on the initial semi-major axis a of an asteroid at the start of the
simulation. For impactors with a ă 2 AU, we identify pC with the ”dark
fraction” in the albedo distribution of NEOs as measured by WISE (Wright
et al., 2016, dark NEOs are predominantly asteroids of the C class). For the
remaining impactors, we use the measured fraction of C types relative to
all asteroids derived by DeMeo & Carry (2013), based on NIR spectroscopic
surveys. DeMeo & Carry provide two sets of results, before and after
debiasing against albedo-dependent survey efficiency, we use the latter.
WISE is not subject to such a bias, therefore the C-type fraction for a ă 2
AU need not be debiased. We adopt pC values of 0.253 for a ă 2 AU
(Wright et al., 2016); 0.0612 for 2 AU ă a ă 2.18 AU, the DeMeo & Carry
value for a “ 2.18 AU. For a ą 2.18 AU, we use C-type fractions specified
for each 0.02 AU bin in Figure 9 in DeMeo & Carry (2013) (see also Fig. 2
in Frantseva et al., 2018). In practice, the majority of Mercury impactors
has a ă 2 AU, see Fig. 4.1.

Using Equation 4.1, we estimate a rate of water delivery to Mercury
due to asteroid impacts of 0.021 ˘ 0.009 ˆ 106 kg/yr, averaged over 10
Myr. The uncertainty is calculated combining the known uncertainties of
H magnitude, albedo, and mass density (the uncertainty in pC and water
content are neglected).
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Using the same method, we also analysed the results of the two
crosscheck simulations, Simulations 2 and 3, resulting in a mean value for
the water delivery rate of 0.023˘ 0.009ˆ 106 kg/yr and 0.430˘ 0.190ˆ 106

kg/yr, respectively. While Simulation 2 is in good agreement with
Simulation 1, Simulation 3 differs by a factor of nearly 20. We attribute
this discrepancy to the different size-distribution of the Mercury impactors:
the third simulation contained several relatively big impactors of 2-5 km in
diameter, while impactors in the primary and first crosscheck simulation
were smaller. The largest few impactors dominate the mass budget,
leading to large Poisson noise. Moses et al. (1999) report similar mass-flux
differences between simulations due to the mass flux being dominated by
the largest few impactors. The results of the three asteroid simulations
are listed in Table 4.1. We adopt the harmonic mean of the three runs,
0.032ˆ106 kg/yr within a factor of four to five, as our final asteroid delivery
rate.

Our calculations are based on the present-day catalogues of asteroids
and comets, which are known to be incomplete. They are missing the
smallest objects that are too faint to be detected. Nevertheless, the
largest asteroids will dominate the total flux while the contribution of
the undiscovered asteroids is only „4% as described in Frantseva et al.
(2018). Observational incompleteness of asteroid catalogues is therefore
uncritical for our purposes.

4.4.2 Comets

The two simulations in Section 4.2.2 agree on the cometary impactor
flux on Mercury is « 0.0029 comets per Myr. In order to calculate a water
delivery rate to Mercury we need to know the typical comet mass and water
content. We assume the typical comet mass to be 3 ˆ 1013 kg following
Swamy (2010). Various comet observations suggests the water content to
lay in a range of 3% and 90% (Gicquel et al., 2012; Huebner, 2002; Jewitt,
2004; Taylor et al., 2017) and 50% from the comet nucleus modelling
(Prialnik, 2002). For our calculations we adopted an average value of 50%
due to the diversity of the observed and modelled cometary water content.
We estimate the water delivery rate to Mercury to be 0.044ˆ 106 kg/yr.

As in the case of asteroids, our comet catalogue is observationally
incomplete, with a bias against small, faint objects. We neglect that bias
for the same reason as for asteroids. Additionally, we are strongly biased
against discovering comets with large orbital periods (due to the finite
temporal baseline available). Systematic surveys (aimed at discovering
potentially hazardous asteroids, but discovering comets as bycatch) started
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4. DELIVERY OF WATER TO MERCURY

in the 1990s, so for orbital periods up to 20+ years, our catalogues
should be reasonably complete. Those provide the bulk of the water
retained on Mercury; longer-period comets hit at very large relative velocity,
causing most water to be lost to space (see discussion below). Therefore,
observational incompleteness is as uncritical for comets as it is for asteroids.

4.4.3 Interplanetary Dust Particles

Using the methods described in Section 4.3, we determine the ratio of
IDP impact fluxes between the Earth (here used as a calibration point)
and Mercury. For JFC particles, we find that the IDP flux on Earth should
be „4 times larger than on Mercury, mainly owing to its larger impact
cross-section (the Earth’s cross-section is »7 times larger than that of
Mercury). For asteroid particles, the Earth should receive „15 times
the IDP accretion of Mercury, a significantly higher ratio than the one
obtained for JFC particles. This difference is probably related to stronger
gravitational focusing of asteroid IDPs by the Earth (asteroid IDPs have
lower inclinations and lower eccentricities, thus lower impact velocities).

We now need to convert these ratios to absolute impact fluxes. For that
we use a calibration from Nesvorný et al. (2011a), who found that Earth
accretes „ 2ˆ 107 kg/yr in JFC IDPs, which is about half of the total input
measured by LDEF. If so, Mercury should receive 5ˆ 106 kg/yr of JFC IDPs.

The computation of asteroid IDP flux on Mercury is more uncertain,
because we do not have a reliable calibration of asteroid IDP flux on
Earth. For example, if we assume that the asteroid IDPs are responsible for
roughly half of the IDP flux measured flux by LDEF, then we can estimate
that Mercury should receive only „ 106 kg/yr in asteroid IDPs (or „ 2ˆ106

kg/yr if asteroid IDPs are responsible for the full flux measured by LDEF).
We will adopt „ 106 kg/yr as the asteroid IDP flux to Mercury.

We estimate the joint asteroid and comet IDP flux on Mercury to be
6ˆ 106 kg/yr. Given the uncertainties, our estimate is in good agreement
with 4.4ˆ 106 kg/yr by Pokorný et al. (2018), who used a similar model.

Some fraction of IDPs are anhydrous and some are hydrous. The values
of these fractions have been studied in the past. It has been estimated
that the hydrous IDPs can be from 1% and up to 75% of the total IDPs
(Engrand et al., 1999; Noguchi et al., 2002; Dobrica et al., 2010; Zolensky &
Lindstrom, 1992). Here we will use „ 40% as a conservative proportion of
dust particles initially containing water. The water content of the hydrous
dust particles was found to be from 1wt% and up to 40wt% (Engrand et al.,
1996). We will use 20% water content of the hydrous dust particles.
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All told, we estimate that dust particles deliver „ 0.5ˆ106 kg/yr within
a factor of „ 2 of water to Mercury.

4.5 WATER SURVIVABILITY

In the previous section we converted impact fluxes of asteroids, comets,
and IDPs to the corresponding water fluxes. We have shown that Mercury
will receive 0.032ˆ 106 kg/yr of water from asteroids, 0.044ˆ 106 kg/yr of
water from comets, and 0.500ˆ 106 kg/yr of water from IDPs.

However, only a fraction of this water will be deposited at the poles.
A (possibly large) fraction is lost immediately after impact, as impactor
material evaporates, forming a supersonic plume, with some of its water
content accelerated beyond escape velocity. The water that is retained by
Mercury’s gravity will migrate across the surface until it is caught at the
poles; in the mean-time, some fraction of it is lost to dissociation.

4.5.1 Water loss at impact

Asteroids and comets just like dust particles hit the surface of Mercury
at high relative velocity. All impactors including dust particles reach the
surface essentially undecelerated by Mercury’s tenuous exosphere, not even
small dust grains feel Mercury’s exosphere appreciably (Ceplecha et al.,
1998; Ceplecha & Revelle, 2005). Impacts on planetary surfaces are a topic
of extensive research (see, e.g., Jutzi et al., 2015, for an overview). Impacts
cause a (potentially large) fraction of the asteroid, comet and dust material
to reach velocities beyond escape velocity immediately after impact, so that
material is lost. The fraction of retained impactor material is governed by
the relative velocity between impactor and Mercury at the time of impact,
the impact speed. Fast impactors will lose most material to space, while
material from slower impacts is retained more efficiently. Impact velocity,
in turn, depends chiefly on orbital parameters: high e and high i favour
high impact velocity.

For asteroids and comets we estimate the relative velocity between
impactor and Mercury from the RMVS output just before a test particle
(asteroid or comet) is discarded, at the time step where the integrator
recognises that the test particle will impact. That time step is much less
than one day before the time of impact, the relative velocity obtained from
it should be a good approximation for the actual impact velocity. See Fig.
4.3 for a histogram of impact velocities of comets, Fig. 4.4 for asteroids.
Most of the particles are seen to impact at velocities of 20-40 km/s.
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4. DELIVERY OF WATER TO MERCURY

Figure 4.3: Velocities at which comets impact Mercury. Blue bins correspond to
the simulation performed using data from MPCORB as of November 2016 and
green bins correspond to the simulation performed using data from MPCORB as
of November 2017; the distribution in impact velocity is indistinguishable.
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Figure 4.4: Velocities at which asteroids impact Mercury. Blue bins correspond to
the primary simulation, green bins correspond to the first crosscheck simulation
and red bins correspond to the second crosscheck simulation.
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Figure 4.5: Impact velocity distribution of the total dust flux on Mercury (derived
from Pokorný et al., 2018, Figure 22).

For the interplanetary dust particles we use a distribution of dust mass
flux as function of impact velocity from Pokorný et al. (2018, their Figure
22). In particular, we take their mass influx distribution as a function
of Mercury’s true anomaly and the impact velocity. We averaged the
distribution over Mercury’s orbital period as function of impact velocity
and normalise it by the total daily dust flux. Fig. 4.5 shows the resulting
distribution of the total dust flux on Mercury as function of impact velocity.

To estimate the retained mass fraction of asteroids, comets and
dust particles upon impact, scaling laws have been established based
on comparison between high-speed impact experiments and numerical
simulations. We base our analysis on the formalism developed by Svetsov
(2011), which is accurate enough for our purposes. To estimate the fraction
of the escaped projectile mass, mp

m , for the impactors with low impact
velocities V ď 15 km/s, we use their Equation 8:

mp

m
“ 1´ p0.14` 0.003V q ln vesc ´ 0.9V ´0.24, (4.4)
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Figure 4.6: Retained mass fraction of each comet impacting Mercury in the first
comet simulation. For impact velocities larger than 60 km/s, all impactor material
(and hence all water) is lost to space. The retained mass fraction of the impacting
comets in the second simulation is indistinguishable from the first simulation and
is not plotted here.

while for high impact velocities V ě 30 km/s we use their Equation 9:

mp

m
“ exp pp0.0015V ´ 0.2q vesc ` 0.0125V ´ 0.25q , (4.5)

where all velocities are in units of km/s and vesc “ 4.25 km/s is
Mercury’s escape velocity. In the velocity range between 15 and 30 km/s,
we use a linear interpolation between Equations 4.4 and 4.5. Figures 4.6,
4.7 and 4.8 illustrate the retained mass fraction, 1 ´

mp

m , for each comet
and asteroid that impacts Mercury in our simulations and for the total
dust flux. For impact velocities up to 45 km/s, at least 20% of material is
retained on the surface. For impact velocities beyond 60 km/s, all impactor
material is lost to space.

Taking into account the retained fraction of each comet, we estimate the
total water flux at Mercury to be 0.0105ˆ 106 kg/yr for the primary comet
simulation and 0.0106 ˆ 106 kg/yr for the crosscheck comet simulation.
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Figure 4.7: Retained mass fraction of each asteroid impacting Mercury in all
three simulations. For impact velocities larger than 60 km/s, all impactor material
(and hence all water) is lost to space.
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Figure 4.8: Retained mass fraction of interplanetary dust particles impacting
Mercury. For impact velocities larger than 60 km/s, all impactor material (and
hence all water) is lost to space.
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Our final adopted cometary retained water flux is 0.0105ˆ 106 kg/yr. For
the asteroids, we estimate the water flux at Mercury to be 0.008 ˆ 106

kg/yr, 0.013ˆ 106 kg/yr and 0.074ˆ 106 kg/yr for the asteroid Simulation
1, Simulation 2, and Simulation 3 correspondingly as shown in Table 4.2.
Our final adopted asteroid retained water flux is the harmonic mean of the
range spanned by our results of 0.014ˆ 106 kg/yr within a factor of three.
For the interplanetary dust particles, our estimated value of the retained
water flux is 0.207ˆ 106 kg/yr.

4.5.2 Water loss during migration to cold traps

Impacts of asteroids, comets and IDPs are spread homogeneously over
all latitudes of the planet.1 Part of the water delivered by the impacts
will reach the polar regions through migration processes. Butler et al.
(1993); Butler (1997) have performed a Monte Carlo molecule migration
simulation to study which fraction of volatiles will be captured in the
cold traps of Mercury. Their simulations show that « 5 ´ 15% of the
water molecules will survive to reach the cold polar regions before being
dissociated by solar ultraviolet radiation. Combining the migration rates
with our retained water fluxes it follows that 1ˆ103 kg/yr of asteroid-borne
water will be trapped in the permanently shadowed regions, analogously
1ˆ 103 kg/yr of comet-borne water and 16ˆ 103 kg/yr of IDP-borne water.
Our final adopted values are the harmonic means of the ranges spanned by
our results within a factor of several.

4.6 DISCUSSION

Asteroids, comets, and IDPs are possible exogenous sources of water on
Mercury. In the previous sections, we find that asteroids, comets and IDPs
deliver „ 1 ˆ 103 kg/yr, „ 1 ˆ 103 kg/yr and „ 16 ˆ 103 kg/yr within a
factor of several of water to Mercury’s polar regions, respectively. IDPs are
the dominant source of water, asteroids deliver an order of magnitude less,
and comets deliver the least.

IDP fluxes on Mercury have also been calculated by Moses et al. (1999),
Borin et al. (2017) and Pokorný et al. (2018). Our estimate for the total
IDP influx on Mercury, 6ˆ 106 kg/yr, is a factor of 2 lower than the value

1Based on MESSENGER observations, Fassett et al. (2012) demonstrated that impact
craters on Mercury show a non-uniform distribution in longitude. While we do not attempt
to explain that finding, it does not influence our analysis in this section. A hypothetical
inhomogeneity in latitude, which is not found, would.
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of Moses et al. (1999) of 107 kg/yr, a factor of 40 lower than the value
of Borin et al. (2017) of 2 ˆ 108 kg/yr and in good agreement with the
estimate of 4.4ˆ106 kg/yr by Pokorný et al. (2018). The difference relative
to Moses et al. (1999) can easily be explained by the different adopted
values for the measured IDP rate on Earth, reconciling our results. The
origin of the difference relative to Borin et al. (2017) is not clear to us. We
do wish to point out, though, that our result for Mercury is lower than that
for Earth, while it is the other way around for Borin et al.. The gravitational
cross-section of the Earth is »7 times larger than that of Mercury, making
our result more plausible.

Our delivery rates due to asteroid and comet impacts can be compared
to results by Moses et al. (1999). They found that asteroids would deliver
p0.4 ´ 20q ˆ 1013 kg of ice in 3.5 Gyr, consistent with our estimate of
„ 0.4ˆ 1013 kg. Our results should be more accurate than those of Moses
et al. (1999), chiefly because they are based on the known distribution of
asteroid orbits as of 2018 rather than an extrapolation of the 1994 dataset.
Furthermore, our probabilistic approach to define water-rich asteroids is
more advanced than the flat 5% water content assumed by Moses et al.
(1999).

For comets, Moses et al. (1999) treat Jupiter-family comets and Halley-
type comets separately. For the former, they estimate a delivery rate of
p0.1´ 200q ˆ 1013 kg in 3.5 Gyr, and p0.2´ 20q ˆ 1013 kg in 3.5 Gyr for the
latter. Our estimate for water delivered by the entire comet population
is „ 0.4 ˆ 1013 kg in 3.5 Gyr. While these results do agree at the lower
range of the quoted uncertainty intervals, much larger delivery rates are
allowed by Moses et al. (1999) than by our results. We attribute this
chiefly to their large model-dependent correction factors accounting for the
observational incompleteness of comets. Compared to them, we benefit of
20 years of systematic sky surveys looking for asteroids (and occasionally
discovering comets as bycatch). This should largely eliminate observational
incompleteness for large Jupiter-Family Comets with their orbital periods of
20 years or less; correspondingly, we should estimate the delivery rate due
to Jupiter-Family Comets rather accurately (note that delivery is dominated
by the largest impactors). Delivery due to longer-period comets would be
underestimated in our model, on the other hand. However, long-period
comets impact at large relative velocities, causing most water to be lost to
space.

Based on the radar observations the total mass of water ice on Mercury’s
poles was calculated to be 4ˆ1013´8ˆ1014 kg (Moses et al., 1999). Using
the MESSENGER observations it has been shown that the total mass of
water on Mercury’s poles is 2.1 ˆ 1013 to 1.4 ˆ 1015 kg (Lawrence et al.,
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2013), consistent with the radar result. MESSENGER found the surface
area of the permanently shadowed regions around the north pole to be
p1.25 ´ 1.46q ˆ 1010 m2 and p4.3 ˘ 1.4q ˆ 1010 m2 around the south pole.
Combining the neutron and radar data from the MESSENGER spacecraft,
the water ice origin of the radar-reflective deposits was confirmed for
the North polar region (NS was not sensitive to the South due to the
spacecraft’s eccentric orbit). The total amount of water in the deposits
is calculated based on the assumption that the South pole deposits have
the same composition (Lawrence et al., 2013). Additionally, estimates of
the deposit mass, based on MESSENGER observations, assume that the
deposits are between 0.5 m and 20 m deep. That layer depth follows from
models of surface modification processes (Crider & Killen, 2005) and from
models of the radar scattering (Butler et al., 1993), not from MESSENGER
data directly.

We find that impacts of IDPs, asteroids, and comets deliver „ 18ˆ 103

kg/yr of water to Mercury’s poles. This is easily enough to explain the
observational lower limit on the ice-layer thickness of 2.1ˆ1013 kg; delivery
would take „ 1 Gyr. While our analysis does not rule out any other sources
of water ice on Mercury, we do show that none are needed to explain the
(lower limits on the) data available today. Over 3.5 Gyr impacts of dust,
asteroids and comets would deliver up to 6ˆ 1013 kg. More is allowed but
not required by the data. Should evidence for more water ice than 6ˆ 1013

kg be found in the future, this would necessitate additional water sources
beyond impacts.

IDPs, comets, and C-type asteroids are not only rich in water but also
in organic molecules. While an endogenous contribution to Mercury’s
water cannot be ruled out, there is no plausible endogenous formation
mechanism for organics; therefore any positive detection of organics would
prove the exogenous origin of the bright and dark deposits (Zhang & Paige,
2009).

For a better understanding of the nature and the origin of the dark
and bright deposits in the polar regions of Mercury, more observational
data are needed. For example, investigating various isotopic ratios, like
D/H and 14N/15N for the Earth, may be a way to constrain the origins
of Mercury’s water. The joint ESA-JAXA mission BepiColombo, launched
in 2018 and scheduled to arrive at Mercury in 2025, will guide further
exploration. BepiColombo’s polar orbit will be much less eccentric than that
of MESSENGER. This will allow to perform elemental measurements of the
southern hemisphere that were made with poor spatial resolution or even
not possible before. Importantly for our purposes, BepiColombo carries
the Mercury Gamma-Ray and Neutron Spectrometer (MGNS), similar to
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MESSSENGER’s NS but at higher resolution. MGNS will map water across
the entire surface of Mercury, including the Southern polar regions, down
to a depth of 1–2 m (Mitrofanov et al., 2010) and will clarify if the Southern
polar region is indeed as water-rich as its Northern counterpart.

4.7 CONCLUSIONS

IDPs, asteroids and comets play an important role in the formation process
of the dark and bright deposits in the polar regions of Mercury that have
been associated with water ice. While other sources are not ruled out
by our analysis, we show that impacts can deliver a sufficient amount of
water to Mercury’s polar regions to explain the available observational
data; delivery would take „ 1 Gyr. IDPs deliver more water than asteroids
and comets combined.
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HIGHLIGHTS

• The exoplanetary system HR 8799 is know to harbour two debris
belts and four giant planets in between the belts.

• The minor bodies from the inner and the outer belts deliver volatile
and refractory materials to the fours giant planets.

• The amount of delivered volatiles and refractories may be observable.

• A potential detection of refractory material in the planets’ atmo-
spheres may indicate delivery form the belts.
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5. ENRICHMENT OF THE HR 8799 PLANETS BY ASTEROIDS AND COMETS

ABSTRACT

Context. In the Solar System, asteroids and comets deliver various materials
to planetary surfaces. Several exoplanetary systems are known to host inner
and outer belts, analogues of respectively the Main Asteroid Belt and the
Kuiper Belt.

Aims. We study the possibility that exoasteroids and exocomets deliver volatiles
and refractories to the exoplanets in the well-characterised system HR 8799.

Methods. We use the MERCURIUS integrator (REBOUND software package)
to perform N-body simulations to study the impact rates of asteroids and
comets in the system HR 8799. The model consists of the host star, 4 giant
planets (HR 8799 e, d, c and b), 650,000 test particles representing the inner
belt and 1,450,000 test particles representing the outer belt. The simulations
are performed over the estimated age of the system, 70 Myr.

Results. Within a Myr, the two belts evolve toward the expected dynamical
structure (also derived in other works), where mean-motion resonances with
the planets carve the analogues of Kirkwood gaps. We find that, after this
point, the planets suffer impacts by objects from the inner and outer belt at
rates that are essentially constant with time. We convert these to volatile and
refractory delivery rates using our best estimates of the total mass contained
in the belts and their volatile/refractory content. Over their lifetime, the four
giant planets receive between 10´4 and 10´3MC of material from both belts.

Conclusions. The amount of delivered volatiles and refractories, 4ˆ 10´3MC,
is small compared to the total mass of the planets, 11 ˆ 103MC, but may
be observable. If terrestrial planets exist within the snow line of the system
volatile delivery would be an important astrobiological mechanism and may
be observable as atmospheric trace gases.
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5.1 INTRODUCTION

The first exoplanet discovery (Mayor & Queloz, 1995) around a main-
sequence star has started a new chapter in the field of planetary sciences.
More than 4,000 confirmed exoplanets have been detected as of September
2019 and the number doubles every „27 months1. The variety of the
discovered exoplanets shows that planetary systems are very common
(planets are probably as common as stars) and diverse (Perryman, 2018).
There are exoplanets with masses ranging from the Moon’s mass to
hundreds of Jupiter masses, with orbital periods ranging from hours to
thousands of years and with a great variety in mass densities from that
of H2 gas to that of solid iron (Winn & Fabrycky, 2015). A large fraction
of the discovered exoplanets do not have analogues in the Solar System,
for example super-Earths, with masses between about 1 and 10 Earth
masses, and hot Jupiters, giant planets orbiting very close to their host
stars (Raymond et al., 2018). Importantly, though, there appears to be
a population of terrestrial planets at distances to the star that may allow
liquid water to exist on the surface, possibly allowing life as we know it to
form.

Figure 5.1: Orbital structure of the Solar System, left, and the HR 8799 system,
right. The inner belts are represented in red and the outer belts in blue. Planet
masses are indicated by the size of the dots; each plot has a separate log scale.
Note that orbital eccentricities of the giant planets in the HR 8799 system is few
times larger than eccentricities of the Solar System giants, which will lead to more
impacts between planets and small bodies.

1http://exoplanet.eu
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Apart from looking for analogues of the Solar System planets, a search
for analogues of small body populations is ongoing. Recent 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) found analogues of the Main Asteroid Belt (MAB)
and the Kuiper Belt (KB) around „20% of the nearest stars (Ren et al.,
2019). Within our own Solar System the small body belts (MAB and KB)
play an important role in delivering volatiles to planets (e.g. Frantseva
et al., 2018, 2019). For example, the atmospheres of the terrestrial planets
have originated from delivery processes (besides outgassing, de Pater &
Lissauer, 2015). In the MAB certain types of asteroids, C-types, together
with comets and small bodies from the KB are known to contain significant
amounts of water and organic compounds. Migration of these small
bodies occasionally results in impacts with planets, which in turn leads to
volatile enrichment of the planets. The existence of asteroid belts in other
planetary systems implies that the same volatile delivery mechanisms might
be at play around other stars. This way, volatile material, in particular
water and organic compounds, can be delivered to exoplanets. Studying
these delivery mechanisms is of astrobiological interest and will lead to
better understanding of planetary formation, evolution, and habitability
(Raymond et al., 2018). Enrichment of exoplanet atmospheres in refractory
materials is of less astrobiological relevance, but may become observable
using JWST-MIRI, due to be launched in 2021. Silicate features, in
particular, feature prominently in MIRI’s wavelength range (see, e.g., Rieke
et al., 2015). The atmospheres of exoplanets beyond the snow line would
not be expected to contain significant amounts of refractory materials, so
any detection thereof would be diagnostic of impact-driven enrichment.

In this paper we focus on the exoplanetary system HR 8799, which is
known to host both a warm and a cold debris belt, which are analogues
of the Main Asteroid Belt and the Kuiper Belt. Modelling such a planetary
system helps in understanding the interaction between planets and
planetary debris.

HR 8799 is a nearby young A5V star with mass « 1.5Md (Gray & Kaye,
1999; Gray et al., 2003; Baines et al., 2012; Goździewski & Migaszewski,
2014). The exact age of the star is somewhat uncertain between 30
and 60 Myr (Marois et al., 2010; Zuckerman et al., 2011). HR 8799 is
the host star of four giant planets HR 8799 e, HR 8799 d, HR 8799 c,
and HR 8799 b detected via direct imaging (Marois et al., 2008, 2010).
HR 8799 e, HR 8799 d and HR 8799 c have masses of approximately
9Mjup, and HR 8799 b of 7Mjup. For comparison, the giant planets in the
Solar System have masses of 1Mjup, 0.3Mjup, 0.05Mjup and 0.04Mjup, see
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Figure 5.1. HR 8799 e, HR 8799 d, HR 8799 c and HR 8799 b orbit their
host star at distances of 15 - 64 AU, see Table 5.1 for more details. The
Solar System giant planets orbit closer to the host star at 5.2 AU, 9.5 AU,
19.2 AU and 30.1 AU.

The orbits of the HR 8799 planets are not well characterised observa-
tionally, yet. The available astrometry spans only » 12% of the innermost
planet’s orbit and » 3% of the outermost planet’s. A variety of orbital
configurations are consistent with the data, most of which are dynamically
unstable; however, a few stable configurations were found (Goździewski
& Migaszewski, 2014; Götberg et al., 2016; Goździewski & Migaszewski,
2018; Wang et al., 2018). The best long-term stable solution assumes that
the four planets are locked in a protective mean motion resonance 1:2:4:8
(Goździewski & Migaszewski, 2014, 2018). The higher planetary masses
relative to the star as well as the larger eccentricities make planet-planet
interactions more important in HR 8799 relative to the Solar System.
This leads to many unstable orbital configurations consistent with the
data (see above), and also requires extra care in numerical modelling. A
good understanding of the orbital architecture of the system is essential
for studying the system’s debris belts that have been observed with the
Herschel Space Observatory, the Atacama Large Millimeter/submillimeter
Array (ALMA) and the Spitzer Space Telescope (Su et al., 2009; Su & Rieke,
2014; Matthews et al., 2014; Booth et al., 2016).

The system contains at least two distinct debris belts: an inner belt
and an outer belt. The outer belt was discovered in Spitzer-MIPS imaging
and is spatially resolved, while the inner belt is too small to be spatially
resolved, but was inferred from the observed IR excess in the SED using
Spitzer-IRS data (Su et al., 2009). The inner belt lies between „6 AU
and „15 AU, and the outer belt extends from „90 AU to „310 AU. The
inner belt lower dust mass limit was estimated to be 1.1 ˆ 10´6MC and
the outer belt’s is 0.12MC (Su et al., 2009). These estimated belt masses
are dust-only masses, but large objects (if they exist) will by far dominate
the mass budget. The structure of HR 8799 resembles the structure of our
own Solar System on a larger scale as shown in Fig. 5.1. The Solar System
up to the Kuiper belt can be fitted inside the orbit of the outermost planet
of the HR 8799 system. Both systems contain an inner warm belt close to
the host star, within „6 AU and „15 AU for HR 8799 and within „2 AU
and „4 AU for the Solar System. Furthermore, both systems contain an
outer cold belt, within „90 AU to „310 AU for HR 8799 and „35 AU to
„100 AU for the Solar System. Between the two belts each of the systems
have four giant planets. Remarkably, HR8799 and the Solar System show
the same overall structure although the HR8799 system is much larger
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than the Solar System and its planets are much more massive (see Fig. 5.1).
Note that terrestrial planets may exist inside the warm belt of HR8799;
those would not be detectable using current telescopes.

The interaction between the giant planets of HR 8799 and the debris
belts have been studied by Contro et al. (2015, 2016); Read et al. (2018);
Goździewski & Migaszewski (2018). Numerical simulations by Contro
et al. (2016) indicate that the inner belt is structured, with gaps at the
locations of mean motion resonances with the innermost planet similar to
the Kirkwood gaps in the MAB. Moreover, the belt is located between 6 AU
and 8 AU and collisions within the belt occur at velocities of the order of
1.2 km/s or less, lower than the collisional velocities in the MAB, which
are of order 5 km/s. Note that Contro et al. place the outer edge of the
inner belt at 8 AU, and not 15 AU as suggested by past observations by
Spitzer. Due to the chaotic region of the innermost planet it is not possible
to keep a population of small bodies between 8 and 15 AU. Similarly, Read
et al. (2018) performed N-body simulations to study the effect of the giant
planets on the outer belt and demonstrated that the belt has a similar
structure as the inner belt, with gaps at the locations of the mean motion
resonances with the outermost planet. Read et al. (2018) showed that
adding a hypothetical planet with mass 0.1 ´ 1 Mjup outside HR 8799 b,
the outermost confirmed planet, will push the belt outwards, providing a
better fit to ALMA observations (Booth et al., 2016; Read et al., 2018).

In our own Solar System the interaction between the belts and the
planets leads to scattering of small bodies within the system and beyond.
Sometimes this scattering leads to impacts with the planets. For the
terrestrial planets impacts can appreciably enrich the surface in numerous
materials including volatiles. For the giant planets refractory enrichment is
even observable, as in the case of the Shoemaker-Levy 9 impacts in 1994
(Atreya et al., 1999; Harrington et al., 2004; Fletcher et al., 2010). Here,
we test for the first time how strong this effect is in the HR 8799 system.
We perform several sets of dynamical N-body simulations with 1,600,000
test particles representing exoasteroids and exocomets. These simulations
result in impact rates with the giant planets which are then converted to
volatile delivery rates.

In Section 5.2 we describe our N-body simulations. Section 5.3 presents
the results of the numerical simulations, checks for consistency with
previous results, and determines impact rates. In Section 5.4 we convert the
latter to volatile delivery rates to the planets. Our findings and conclusions
are presented in Sections 5.5 and 5.6.
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5.2 NUMERICAL SIMULATIONS

We have performed numerical simulations of the dynamical evolution of
the inner and outer belts in the exoplanetary system HR 8799 to study
the volatile and refractory influx onto the four known giant exoplanets.
We used the N -body integrator MERCURIUS (Rein et al., 2019) from the
software package REBOUND (Rein & Liu, 2012). We set up a model of the
motion of one gravitationally dominant object (HR 8799) and N massive
objects (in our case: N “ 4 representing the four planets in the system)
under the influence of their mutual gravity over Myr timescales forward in
time. Simulations focusing on the inner and outer belts are done separately,
as described below. The inner belt is represented by 650,000 test particles
and the outer belt by 1,450,000. Our first run of the outer belt simulation
contained 650,000 test particles and one of the planets received 0 impacts.
Therefore, in order to overcome small number statistics we added more
test particles to the outer belt simulation. The test particles move passively
under the influence of the combined gravitational potential of the star and
the planets. The gravitational effect of the test particles on one another
and on the massive objects is neglected.

Test particles are removed from the simulation once they collide
with a planet or with the star. Moreover, test particles are considered
ejected from the planetary system and discarded when they exceed a user-
provided heliocentric distance: 1,000 AU for the inner-belt simulations and
10,000 AU for the outer-belt simulations following Contro et al. (2016)
and Read et al. (2018), respectively. Time step values were set separately
for the inner and outer belts, see Subsection 5.2.1 and Subsection 5.2.2
for a detailed description. The simulation results are recorded by taking
snapshots of the simulations at predefined times (6 Myr, 30 Myr, 60 Myr
and 70 Myr).

Table 5.1 presents the planetary initial conditions that have been
adopted for our simulations. The masses and orbital parameters were taken
from Goździewski & Migaszewski (2014, their Table 1). Inclination, i, of the
four planets is the best-fitting inclination of coplanar orbits to the sky plane,
while the inclination of the HR 8799 equator to the sky plane is „ 23 deg
as following form the statistical analysis of the rotational speed of A5 stars.
For the longitude of the ascending node, Ω, Goździewski & Migaszewski
(2014) assumed the same value for all four planets. The planetary radii
(0.0005327 AU, 0.0005327 AU, 0.0005327 AU and 0.000538629 AU) were
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calculated using the ”Jovian Worlds” mass-to-radius relation from Chen &
Kipping (2017):

R

RC

“ 17.74

ˆ

M

MC

˙´0.044

, (5.1)

which is valid for 0.414 Mjup ă M ă 83.79 Mjup. The relation
represents population of planets with masses larger than a sufficient mass
for gravitational self-compression which starts reversing the growth of the
planet (therefore the exponent is negative). Radii are needed to model
impacts: a test particle is considered to have impacted the star or a planet
once it ventures within its radius. For the radius of the star, we adopt
a value of 1.440 ˘ 0.006 Rd (Baines et al., 2012) and 60 Myr for its age
(Marois et al., 2010).

5.2.1 Inner belt

To model the inner belt of the HR8799 we followed the initial conditions
described in Contro et al. (2016). We used 650,000 test particles (500,000
in Contro et al. (2016)) with semi-major axes between 1 and 10 AU. We
adopt 1 AU as the inner edge value of the simulations following Contro et al.
(2016). The outer boundary, 10 AU, follows the estimated observational
value as in Marois et al. (2010). The eccentricities of the particles are
distributed uniformly between 0 and 0.1 and the inclinations are set
between 0˝ and 5˝. The remaining, angular, orbital elements are set to
random numbers between 0˝ and 360˝. The simulations were performed
for 70 Myr forward in time. The time step of the simulations is set to 7 days
in order to resolve the orbits of the innermost test particles orbiting the
star at 1 AU with an orbital period of 292 days.

5.2.2 Outer belt

The outer belt simulations were based on the initial conditions from
Read et al. (2018). We created 1,450,000 test particles (50,000 in Read
et al. (2018)) with semi-major axes between 69.1 and 429 AU. The inner
boundary of the disk is set to the semi-major axis of the outermost planet
HR 8799 b. Note that ALMA observations (Booth et al., 2016) suggest that
the inner edge of the disk has to be further out at 145 AU, which might
be explained by an additional fifth planet. However, we stick to the initial
conditions described in Read et al. (2018) for consistency. The outer edge
of the disk follows from the ALMA observations by Booth et al. (2016).
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Eccentricities were set between 0 and 0.05 and inclinations between 00

and 2.860 (corresponding to 0.05 rad). The remaining, angular, orbital
elements are randomly distributed between 00 and 3600 as for the inner
belt. The simulations were performed forward in time for 70 Myr. The
simulation’s time step was set to 0.48 yr in order to resolve the orbit of
the innermost planet HR 8799 e, which has an orbital period of 48 years,
and any close encounters that would occur between the planet and test
particles.

5.3 SIMULATION RESULTS:
ORBITAL STRUCTURE, IMPACT RATES

5.3.1 Inner belt

The snapshot at 6 Myr shows that around that time the inner belt develops
structure due to the interaction between the test particles and the planets,
see Fig. 5.2. The interaction with the innermost planet HR 8799 e shapes
the belt in a similar way Jupiter shapes our own Main Asteroid Belt.
There are broad gaps at the locations of the mean motion resonances
with the giant planets and there are many dynamically excited objects with
large eccentricities and inclinations. At the end of the simulation, after
70 Myr, 928 test particles were discarded due to collisions with the star
and 202,958 test particles were found to be ejected from the system. As
shown in Table 5.2, 1,614 test particles collided with the innermost planet
HR 8799 e, 92 with HR 8799 d, 44 with HR 8799 c, and 10 with HR 8799 b.
As seen from Fig. 5.3, the number of impacts peaks prominently in the
first 1 Myr. We attribute this to test particles that were initialised on highly
unstable orbits. After the first „ 1 Myr, impacts continue at a roughly
continuous rate, see Fig. 5.4; this will be referred to as ”steady state” in
the following. The ”steady state” impact rates is what we are interested in
for the purposes of this project.

The initial conditions of the inner belt simulations followed the example
of Contro et al. (2016). As can be seen in our Figure 5.2 (see Fig. 3 in
Contro et al., 2016), we reproduce the resulting structure of the inner belt
from their simulations. At the end of the simulations there are almost
no particles left beyond 8 AU. At the location of the 3:1 mean motion
resonance with the innermost planet, at „ 7.4 AU, a broad gap is formed
as well as a smaller gap at the location of the 4:1 mean motion resonance
(„ 6 AU). Unlike Contro et al. we resolve and analyse impacts between
planets and test particles, see below.
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Figure 5.2: Time evolution of 650,000 test particles in the inner belt for a period
of 70 Myr. All four planets are located outside of the plot. The innermost planet
HR 8799 e has a semi-major axis of 15.4 AU.
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Figure 5.3: Number of test particles originating from the inner belt that impacted
with the planets, the star or exceeded a user-provided heliocentric distance,
1,000 AU, during 70 Myr of the simulations.
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ORBITAL STRUCTURE, IMPACT RATES

Figure 5.4: The same as Fig. 5.3 but only after the first 1 Myr of the simulations,
when the system reached steady state.
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Table 5.2: Number of test particles that were discarded from the simulations
of both belts due to the collisions with the star and four planets, and due to
exceeding the maximum distance from the star.

simulation time belt ejection collision
star e d c b

0-70 Myr inner 202,958 928 1,614 92 44 10
outer 137,143 208 54 72 112 595

1-70 Myr inner 99,202 545 494 38 21 5
outer 35,205 17 4 9 6 18

5.3.2 Outer belt

In analogy with the inner belt, the structure of the outer belt is clearly
visible by the time of the first snapshot at 6 Myr due to the interaction
between the test particles and the planets as shown in Fig. 5.5. After 70
Myr, 208 test particles collided with the star and 137,143 test particles
were ejected from the system. As seen in Table 5.2, the outermost planet
HR 8799 b suffered from 595 impacts, HR 8799 c from 112, HR 8799
d from 72 and the innermost HR 8799 e from 54. Fig. 5.6 shows that
most impacts occurred in the first 1 Myr. The majority of the impactors is
produced by the test particles initialised on highly unstable orbits. Steady
state is reached around 1 Myr. We are interested in those impacts that
occur after steady state was reached, see Fig. 5.7. The structure of the
outer belt that results in their simulations is the same as the one that we get
in our simulations (compare to Fig. 2 in Read et al., 2018). The range of
orbits within the initial inner edge of the outer belt, 69.1 AU, and 100 AU
is depleted by the end of the simulations. At the location of the 2:1 mean
motion resonance with the outermost planet, a broad gap is formed. Also
the simulations produce a few HR 8799 b ”Trojans” orbiting at the same
semi-major axis as the planet. Unlike Read et al. we resolve and analyse
impacts between planets and test particles, see below.

5.3.3 Impact rates

The number of test particles impacting the planets from both belts are
shown in Table 5.2. We only consider those impacts that occurred after the
system reached steady state, 1-70 Myr. The innermost planet receives 7.2
and 0.06 impacts/Myr from the inner and the outer belts. Planet d receives
0.6 and 0.1 impacts/Myr, while planet c 0.3 and 0.09 impacts/Myr. The
outermost planet receives 0.07 and 0.3 impacts/Myr.
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Figure 5.5: The same as Fig. 5.2 but for the outer belt. 70 Myr evolution of
1,450,000 test particles. The outermost planet HR 8799 b has a semi-major axis
of 69.1 AU.
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Figure 5.6: Number of planet impactors originating from the outer belt after 10,
20, 30, ..., 70 Myr, respectively.
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Figure 5.7: Number of planet impactors which happened after the first 1 Myr of
the simulations, after the system reached steady state.
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The total number of test particles, Ntp, in the inner belt is 544,659
and 1,347,075 in the outer belt. Note that these values represent the
total number of test particles in either belt after the first 1 Myr when the
system reached steady state and differ from the 650,000 test particles
and 1,450,000 per inner and outer belts initialised at the start of the
simulations.

5.4 Delivery rates

In Section 5.3 we have derived impact rates. Here, we use these to estimate
the corresponding delivery rates of volatile (water and organics) and
refractory (metals and silicates) material to the four planets.

The volatile delivery rate Rvol and the refractory delivery rate Rrefr, for
each planet, can be expressed as (see Schwarz et al., 2018, Equation 3):

Rvol “Mbelt ˆ fvol ˆNimp{Ntp{τsim, (5.2)

Rrefr “Mbelt ˆ frefr ˆNimp{Ntp{τsim, (5.3)

where Mbelt is the total mass of the belt, fvol and frefr are the mass
fraction of volatiles and refractories therein, Nimp is the number of impacts
on a planet from the corresponding belt, Ntp is the number of test particles
in the corresponding belt after the first 1 Myr of the simulation and τsim is
the simulation time. The simulation time τsim is 69 Myr and not 70 Myr
since we do not consider the impacts that happened in the first 1 Myr of
the simulations. To estimate values of Mbelt, fvol and frefr for the inner
belt we use the Main Asteroid belt as a proxy and the Kuiper belt for the
outer belt.

The values of Nimp, Ntp, τsim have been determined in Section 5.3.3.
In this section, we estimate Mbelt, fvol and frefr.

5.4.1 Belt masses

The total dust mass of either belt was determined by dust modelling based
on infrared observations. According to Su et al. (2009) the total mass
of the 1.5 ´ 4.5µm sized dust grains in the inner belt is MdustInner “

1.1 ˆ 10´6MC and the mass of the 10 ´ 1000µm sized dust grains in the
outer belt is MdustOuter “ 0.12MC. Geiler et al. (2019) created a disk
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model that would explain Herschel and ALMA observations of the outer
belt. Their ”preferred” model predicts MplOuter “ 134MC as the total mass
of the outer belt, assuming a size-frequency distribution of planetesimals
up to a maximum diameter of 100 km. We adopt this value for our further
calculations.

For the total planetesimal mass of the inner belt, however, there are no
published estimates that we are aware of. We estimate the total belt mass
(dust plus planetesimals) based on the dust mass determined by Su et al.
(2009). In doing so, we assume a power law describing the differential
size-frequency distribution npaq (diameter a) of a colliding steady state
population of bodies:

npaq9 a´q, (5.4)

where q “ 3.5 (Dohnanyi, 1969; Bottke et al., 2015). The total mass
of the inner belt for observed dust and for planetesimals can be calculated
by integrating over the size distribution from the minimum to maximum
dust sizes (from aminD “ 1.5 to amaxD “ 4.5µm as observed by Su et al.
(2009)) and planetesimal sizes (aminD “ 1 m to amaxD “ 1000 km, based
on the size distribution of the Main Asteroid Belt):

mpă amaxq “
π

6

ż amax

amin

npaq ρ a3 da9
?
a |amax
amin

. (5.5)

Normalising the total inner belt mass for asteroid size bodies by the
total inner belt mass for dust particles gives:

MplInner

MdustInner
“

?
amaxA ´

?
aminA

?
amaxD ´

?
aminD

. (5.6)

In doing so, we found the total mass of the inner belt to be MplInner “

1.23MC. For comparison, the estimated dust mass of the inner Solar
System is 7ˆ 10´6MC (Nesvorný et al., 2011a) and the estimated mass
of the Main Asteroid Belt is 0.0004MC (de Pater & Lissauer, 2015). The
planetesimal to dust mass ratio for the inner belt of the HR 8799 is 106 and
103 for the Solar System.

5.4.2 Volatile content

While it is reasonable to assume that the debris belts in HR 8799 contains
some volatile material, no observational constraints are available. We
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estimate the volatile content fvol of the inner and outer debris belt, basing
ourselves on knowledge from the Solar System.

Solar System asteroids belong to one of several taxonomic types. Only
members of one such type, the so-called C-type asteroids, show appreciable
amounts of volatiles. About 33% of all asteroids belong to this type (DeMeo
& Carry, 2013). The water content of the C-type asteroids is « 10%
by mass and their carbon content is « 2% by mass (National Research
Council, 2007; Sephton et al., 2002; Sephton, 2014). Therefore, we adopt
0.33ˆp0.10`0.02q “ 0.04 as the fvol value for the inner belt of the HR 8799
system.

In contrast, the Kuiper Belt objects all are formed beyond the snow
line which means that on average all those objects are expected to be
volatile rich. However, the ice fraction measured in KBOs varies from 0 to
1 (Brown, 2012). Since the range of the volatile fraction is rather wide we
adopted an average value of 50% as the fvol for the HR 8799 outer belt.
The same value was adopted by Ciesla et al. (2015) and Schwarz et al.
(2018) in their studies of volatile delivery.

After inserting all necessary values into Eq. 5.2 we calculate the volatile
delivery rates, as shown in Table 5.3 from the inner and the outer belts
to the four giant planets. The outer belt delivers an order of magnitude
more volatiles to the planets despite the smaller total number of impacts.
Especially for the outer belt our simulations yield few impacts which result
in large Poisson noise, more than 50%, leading to large uncertainties.

5.4.3 Refractory content

Like for volatiles, we base our estimates of refractory-material content on
our knowledge of the Solar System. In particular, we assume that any
material not counted as volatile is refractory; in practice, the refractory
component is likely to be dominated by silicates and metals. We therefore
adopt a refractory content frefr of 0.96 for the inner belt and 0.5 for
the outer belt, respectively. The resulting delivery rates are presented in
Table 5.3.

5.5 DISCUSSION

As Table 5.3 shows, volatiles and refractories are delivered from both belts
to all four planets. The inner belt delivers to the planets 0.5 ˆ 10´7MC

of volatile material per Myr and 1.1 ˆ 10´5MC of refractory material
per Myr. The outer belt delivers 2.2 ˆ 10´5MC of volatiles per Myr and
2.2ˆ 10´5MC of refractories per Myr.
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5. ENRICHMENT OF THE HR 8799 PLANETS BY ASTEROIDS AND COMETS

In terms of the impact rates the inner belt dominates the outer belt. For
example, planet HR 8799 d experiences 0.6 impacts/Myr from the inner
belt and 0.1 impacts/Myr from the outer belt. However, the outer belt is
much more massive than the inner belt, two orders of magnitude, and its
volatile fraction is an order of magnitude higher than for the inner belt.
These differences result in the fact that the volatile delivery to the planets
is dominated by the outer belt. On the other hand, the refractory fraction
of the inner belt is almost twice as large as for the outer belt, which leads
to similar refractory delivery rates from both belts.

Over the course of 69 Myr the four giant planets receive between
2 ˘ 1 ˆ 10´4MC and 8 ˘ 2 ˆ 10´4MC of volatile material and between
2˘1ˆ10´4MC and 8˘1ˆ10´4MC of refractory material. The uncertainty
is dominated by the Poisson noise in the simulated number of impacts and
planetesimal masses of the belts. These total volatile and refractory fluxes
are small compared to the total planet mass, which is 106´107 times larger.
Such an amount of volatile and/or refractory infall may be detectable in
the upper layers of the planetary atmospheres. For example, gases with
mixing ratios of „ 10´6 and even lower are often detectable, depending
on species (de Pater & Lissauer, 2015).

Since the four giants HR 8799 e, d, c, b are beyond the snow line (and
presumably formed there), we expect them to be born volatile-rich. Any
future detection of volatiles would therefore not necessarily imply delivery
through impacts. Silicates or other refractory material would be more
diagnostic in this regard. Past observations of Jupiter after the impact of
comet Shoemaker-Levy 9 and smaller objects may be used as a proxy for
post impact enrichment observations of the giant planets in the HR 8799
system (Atreya et al., 1999; Fletcher et al., 2010).

The HR 8799 system may contain terrestrial planets, which presumably
formed dry within the snow line. Volatile delivery from the belts may be
of astrobiological importance for those. The same is true, probably, for
possible terrestrial planets around other stars with asteroid-belt analogues.
Given the lower mass of terrestrial planets (an Earth analogue would
be about 2,800 less massive than HR 8799 e), the relative contribution
of impactor material to the overall composition of the planet and its
atmosphere could be much higher. Volatiles derived by impacts could
be enough to explain an Earth-like atmosphere mass: Earth’s atmosphere
contributes about 10´6 of Earth’s total mass. We caution, however, that we
did not (yet) model the impactor flux on terrestrial planets in the HR 8799
system.

The minor body collisions in the outer and inner belts of the HR 8799
system will produce dust, analogous to the zodiacal dust in the Solar system,
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that may be observable with the upcoming HOSTS (Hunt for Observable
Signatures of Terrestrial Systems) survey (Ertel et al., 2018b,a). Possible
observation of the exozodiacal dust around HR 8799 may provide insights
on the existence of terrestrial planets in the system and on the nature of
the belts.

5.6 CONCLUSIONS

We performed numerical simulations of the inner and outer debris belts
in the exoplanetary system HR 8799 to calculate for the first time delivery
rates from the belts to the four planets. Delivery rates were separated
into a volatile and a refractory component, respectively, where we base
ourselves on Solar System knowledge.
• After the first 1 Myr the system reaches steady state. Also, in the first

several Myr the HR 8799 belts develop orbital structure with gaps
caused by the mean motion resonances with the planets (confirming
previous work by Contro et al. (2016) and Read et al. (2018)).

• All four planets experience impacts from the inner and outer belts.
The innermost planet HR 8799 e is affected the most by the objects
from the inner belt. In turn, the outermost planet HR 8799 d
experiences the most impacts from the outer belt.

• The outer belt delivers an order of magnitude more of the volatile
material to the planets. The refractory delivery rates from the inner
and the outer belt are similar, within the error bars.

• We expect the four giant planets to be born volatile-rich, so volatile
delivery through impacts is probably insignificant in comparison. The
enrichment in refractory material, however, may well be significant.
JWST-MIRI observations targeting silicate features could be especially
diagnostic and should be studied in detail.
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6. CONCLUSIONS AND FUTURE

PROSPECTS

In this thesis I have investigated the role of small planetary bodies, in
particular asteroids and comets, in process of planetary surface enrichment.
In doing so I focused on the geologically recent times (current impact
rates). Impacts were more frequent in the younger Solar System. Therefore
impacts were more efficient in the enrichment of the surfaces, e.g. this
could be the main source of water on Earth (Morbidelli & Wood, 2015).
There is large body of work on the delivery of material to planetary
surfaces in the early stages of the Solar System. However, our research was
focused on the current delivery rates. By performing N-body simulations, I
studied these processes in our Solar System and in the exoplanetary system
HR 8799. I determined the contribution of asteroids and comets to the
organics budget to the surface of Mars and the water budget on Mercury’s
poles. Furthermore, I explored potential volatile and refractory delivery
to the four giant planets in the well-known HR 8799 system. This chapter
presents the highlights of the main results from the scientific chapters and
briefly discusses the future outlook for each of the chapters.

6.1 CHAPTER 3

DELIVERY OF ORGANICS TO MARS THROUGH

ASTEROID AND COMET IMPACTS

• The discovery of methane in the Mars atmosphere and organic
molecules in drill samples taken by NASA’s Curiosity rover is
surprising, as photodissociation and photodegradation would destroy
most organics within hours.

• Burying in the subsurface will increase the lifetime of organics.
However, it is clear that organics must have been delivered in
geologically recent times by such suppliers as asteroids, comets,
and/or interplanetary dust particles (IDPs).
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• Our goal is to calculate the organics flux from asteroids and comets
and compared it to the IDP fluxes estimated by Nesvorný et al.
(2011a); Borin et al. (2017); Crismani et al. (2017).
• We have performed numerical gravity simulations of impact rates on

Mars within the past few Myr and found that asteroids and comets
collide with Mars at rates of 3.3 asteroids per Myr and 0.00434
comets per Myr.
• In our asteroid simulations we focused on organic-rich, C type,

asteroids. To identify the asteroid type, we use the dynamical model
by Greenstreet et al. and the measured distribution of taxonomic
types across the Main Asteroid Belt from DeMeo & Carry (2013). For
the comets we assumed a constant organic fraction.
• We found that asteroid and comet impacts deliver „ 0.05ˆ 106 kg/yr

and „ 0.013ˆ106 kg/yr, accordingly. The amount of carbon resulting
from these delivery rates is comparable to that delivered by IDPs.
Depending on how the IDP flux is calculated, comets deliver 4-19% of
the IDP-born organics, while asteroids deliver 17-71% of the IDP-born
flux.
• Finally, we have calculated carbon surface density around the impact

crater for a 1 km asteroid, the most likely type of impactor. Organics
from asteroids and comets dominate over IDP-borne organics at
distances up to 150 km from the crater centre.

6.2 CHAPTER 4
EXOGENOUS DELIVERY OF WATER TO MERCURY

• Radar and in-situ observations have shown that Mercury’s polar
regions contain bright and dark polar deposits, which are associated
with water ice and, possibly, volatile organic material despite the
planet’s proximity to the Sun.
• IDPs, asteroids and comets are possible sources of water on Mercury.

We study how much water C-type asteroids, comets and IDPs can
deliver to Mercury using the most recent minor bodies catalogues.
• In order to calculate the asteroid, comet and IDP impact rates on

Mercury within the past few Myr we have performed numerical grav-
ity simulations. We numerically modelled the gravitational dynamics
of Mercury impactors using the N-body integrator RMVS/Swifter,
and accounted for post-impact water-loss mechanisms. Immediate
post-impact ejection into outer space is taken into account as is water
diffusion across the surface into the polar cold traps.
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• We find that water delivery is dominated by IDPs, while asteroids
deliver an order of magnitude less, and comets deliver the same
amount as asteroids. The exogenous water sources can easily deliver
the amount of water required by the lower limits of the available
radar and MESSENGER data; taken together, they require „ 1.2 Gyr
to deliver the lower limit on available water.

• In order to explain the upper limits on the observed water other
sources of water are needed.

6.3 CHAPTER 5

ENRICHMENT OF THE HR 8799 PLANETS

BY ASTEROIDS AND COMETS

• Several exoplanetary systems are known to host analogues of the
Main Asteroid Belt and the Kuiper Belt. The exoplanetary system HR
8799 is known to host both a warm and a cold debris belt and four
giant planets between the belts.

• We investigated the possibility that minor bodies deliver volatile
(water and organics) and refractory (metals and silicates) material
to the four giant exoplanets in the HR 8799 system.

• Using the N-body integrator REBOUND/MERCURIUS we performed
gravity dynamical simulations of the entire exoplanetary system
HR 8799 with its giant planets and belts.

• The simulations show that after 1 Myr the system reaches steady
state. After 6 Myr the belts develop a clear structure with gaps similar
to the Main Asteroid Belt and the Kuiper Belt.

• During the simulations we check for impacts between the planets and
the minor bodies. We find that all four giant planets are impacted
with material from both belts.
• The innermost planet suffers the most impacts from the inner belt,

while the outermost planet suffers the most impacts from the outer
belt.

• The inner belt delivers to the planets 0.5 ˆ 10´7MC of volatile
material per Myr and 1.1 ˆ 10´5MC of refractory material per
Myr. The outer belt delivers 2.2 ˆ 10´5MC of volatiles per Myr
and 2.2 ˆ 10´5MC of refractories per Myr. Due to its higher mass
and volatile content the outer belt delivers more material to the
planets even though there are fewer impacts originated from the
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outer belt. These rates are much higher than what we find for the
Solar System in the Chapters 3 and 4.
• The amount of delivered volatiles and refractories, 4 ˆ 10´3MC,

is small compared to the total mass of the planets but may be
observable.

6.4 FUTURE PROSPECTS

For more than 40 years, the surface of Mars has been searched for organic
molecules. In the last few years there finally have been successful detections
of organics by NASA’s Curiosity rover. The most recent finding was
the in situ detection of organic matter preserved in three-billion-year-
old sedimentary rocks near the surface (Eigenbrode et al., 2018). This
discovery showed that the organics have been protected within this rock
all this time. However, there has not been any detection of organics in
any surface samples even though we show that organics are continuously
delivered to Mars. One possible explanation is that surface organics are
destroyed on much faster timescale than the calculated through models.
We suggest that searching for organics in the close vicinity of recent impact
craters will improve our understanding of the organics survivability on the
surface of Mars.

The nature and the origin of the dark and bright deposits on the
Mercury’s poles remains somewhat uncertain. Our results suggest that
the lower limits of the observed water ice on Mercury can be explained
by the delivery through IDP, asteroid and comet impacts. We also
demonstrate that to explain the upper limits on the observed water ice
more sources need to be included. More observations are needed for a
better understanding. Luckily, the joint ESA-JAXA mission BepiColombo
has been recently launched, in October 2018. The mission is expected to
arrive at Mercury in 2025. One of the instruments aboard is the Mercury
Gamma-Ray and Neutron Spectrometer (MGNS). This spectrometer is
similar to the Neutron Spectrometer (NS) aboard the MErcury Surface,
Space ENvironment, GEochemistry, and Ranging (MESSENGER) spacecraft
but has higher resolution. One of the tasks MGNS has is to map water across
the entire surface of Mercury. It will map for the first time the Southern
polar regions, which were not possible to map during the MESSENGER
mission. The observations by MGNS will do mapping down to a depth of
1–2 m, which will give us more understanding about the composition of
the deposits, and will clarify both polar regions are water-rich in the same
way.
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A great variety of ground based and space observatories (i.e. Herschel,
Spitzer, ALMA, TESS) led to the age of exo-asteroid and exo-comet
discoveries (see, e.g., Welsh & Montgomery, 2018; Zieba et al., 2019).
We just start to discover what the minor bodies around other stars can be
like, since minor bodies are the byproduct of planet formation, which is
expected to happen around most of the stars.

Future missions (i.e. JWST, CHEOPS and, hopefully, SPICA) will
provide us a better understanding of the composition, size frequency
distribution and diversity of the belts in exoplanetary systems, which are
the analogues of our own Main Asteroid Belt and Kuiper Belt. Better
understanding of the belts’ nature will improve studies of the volatile and
refractory delivery within the exoplanetary systems and possibly will lead
to observations of such mechanisms, at least at the early stages of the
planetary systems when the delivery processes are expected to happen at
the high rates. Our investigation of the exoplanetary system HR 8799 shows
that such processes may happen and that our Solar System is not the only
place where asteroids and comets have an important role. We demonstrate
that the refractory delivery to the giant planets may be observable. Past
observations of the impact of comet Shoemaker-Levy 9 on Jupiter may be
of great use for post impact enrichment observations of the giant planets in
the HR 8799 system. Although the HR 8799 system hosts four giant planets
(maybe HR 8799 has rocky planets as well) and volatile delivery to this
kind of planets is not significant astrobiologically, a potential discovery of
a minor body population in an exoplanetary system with terrestrial planets
would be astrobiologically very relevant.
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Bottke, W. F., Brož, M., O’Brien, D. P., et al. 2015, The Collisional Evolution
of the Main Asteroid Belt (University of Arizona Press), 701–724

Bottke, W. F., Durda, D. D., Nesvorný, D., et al. 2005, Icarus, 175, 111
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Jutzi, M., Holsapple, K., Wünneman, K., & Michel, P. 2015, ArXiv e-prints

Kenyon, S. J. & Bromley, B. C. 2008, ApJS, 179, 451

Kirkwood, D. 1866, in Proceedings of American Association for the
Advancement of Science, 8–14

Kokubo, E. & Ida, S. 1996, Icarus, 123, 180

Lacerda, P. 2009, in The Next-Generation Infrared Space Mission: SPICA,
ed. A. M. Heras, B. M. Swinyard, K. G. Isaak, & J. R. Goicoechea, 02004

Lagrange, A.-M., Bonnefoy, M., Chauvin, G., et al. 2010, Science, 329, 57

Lawrence, D. J., Feldman, W. C., Goldsten, J. O., et al. 2013, Science, 339,
292
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ten Kate, I. L. 2010, Astrobiology, 10, 589

ten Kate, I. L. 2018, Science, 360, 1068

ten Kate, I. L., Garry, J. R. C., Peeters, Z., et al. 2005, Meteoritics and
Planetary Science, 40, 1185

Tholen, D. J. 1989, in Asteroids II, ed. R. P. Binzel, T. Gehrels, & M. S.
Matthews, 1139–1150

Tsiganis, K., Gomes, R., Morbidelli, A., & Levison, H. F. 2005, Nature, 435,
459

Turrini, D. 2014, Planet. Space Sci., 103, 82

Turrini, D., Combe, J.-P., McCord, T. B., et al. 2014, Icarus, 240, 86

Turrini, D., Svetsov, V., Consolmagno, G., Sirono, S., & Pirani, S. 2016,
Icarus, 280, 328

van Dishoeck, E. F., Bergin, E. A., Lis, D. C., & Lunine, J. I. 2014, Protostars
and Planets VI, 835
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Figuur 1: Uittreksels van populaire nieuwsportalen.

Asteröıden zijn bij ons het best bekend als de helden van angstaanja-
gende krantenhoogtepunten (Figuur 1). Kometen zijn in het verleden vrij
beangstigend geweest en staan vandaag de dag vooral bekend om hun
mooie staarten. Maar ze zijn allebei zoveel meer dan dat!

Asteröıden en kometen zijn brokken steen, stof en ijs die overblijfselen
zijn van de fase van planeetvorming. Onze eigen aarde, Mars, Jupiter en
alle andere planeten van het zonnestelsel zijn gevormd uit soortgelijke
objecten. Daarom kunnen we door het bestuderen van Asteröıden en
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kometen leren hoe planeten ontstaan en wat er aan het begin van het
zonnestelsel gebeurde.

Kometen zijn al sinds de oudheid bekend bij de mensen. Door hun
kenmerkende heldere staarten, die verschijnen wanneer ze dicht bij de
zon passeren, zijn kometen door de hele geschiedenis van de mensheid
waargenomen. Tot de zestiende eeuw werden kometen beschouwd als
slechte voortekenen die vernietiging en dood veroorzaakten. Aan het
begin van de zeventiende eeuw heeft ons begrip van astronomie een
heel nieuw niveau bereikt dankzij Johannes Kepler en zijn wetten van
planetaire beweging, die stellen dat de planeten zich in elliptische banen
om de zon bewegen. Het heeft nog honderd jaar geduurd voordat
astronomen zich realiseerden dat kometen, net als de planeten, in banen
die veel langgerekter zijn rond de zon bewegen. De belangrijkste rol in
deze ontdekking speelde Edmond Halley, die voorspelde dat een eerder
waargenomen komeet terug zou komen. De komeet kwam terug en werd
bekend als de komeet van Halley. Als je hem in 1986 niet gezien hebt,
zorg er dan voor dat je hem in 2061, tijdens zijn volgende nadering van
de aarde en de zon ziet! De negentiende eeuw begon met Giuseppe Piazzi
die de allereerste asteröıde, Ceres, ontdekte. Tegenwoordig wordt Ceres
beschouwd als een dwergplaneet, net als Pluto.

Tweehonderd jaar later, in augustus 2019, hebben we 794.832
asteröıden en 4.111 kometen ontdekt. We hebben deze kleine objecten
uitgebreid kunnen bestuderen vanaf de aarde en vanuit de ruimte. Dankzij
deze studies hebben we veel geleerd over de samenstelling van asteröıden
en kometen. We weten dat ze water en organische verbindingen bevatten
(deze laatste zijn koolstofdragende moleculen behalve CO en CO2) - twee
essentiële ingrediënten voor het leven zoals we het kennen, dat gebaseerd
is op koolstof.

Van tijd tot tijd botsen asteröıden en kometen met de aarde en andere
planeten. In de begintijd van ons zonnestelsel was dit bombardement
veel sterker. Sommige theorieën suggereren dat in die tijd asteröıden en
kometen het water naar onze planeet hebben gebracht, die droog gevormd
werd door de relatieve nabijheid van de zon. De alternatieve theorie
suggereert dat de rotsen, waaruit de aarde gevormd is water bevatten dat
door vulkanische processen aan de oppervlakte is gekomen. We weten
echter dat asteröıden en kometen insloegen op onze planeet, dus zelfs als
ze niet al onze oceanen brachten, speelden ze nog steeds een rol in het
proces.

Planeten, asteröıden en kometen bestaan niet alleen in ons zonnestelsel,
maar ook rond andere sterren, wat ons aanwijzingen geeft dat er
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mogelijk water en organische verbindingen rond andere sterren worden
getransporteerd.

Dit proefschrift onderzoekt de rol van asteröıden en kometen in het
proces van het leveren van water en organische stoffen aan planeten.
Om dit te onderzoeken, hebben we een computermodel gemaakt van
gravitationele interacties in ons zonnestelsel met honderdduizenden
asteröıden en kometen. Vervolgens hebben we Peregrine, de supercomputer
van de Rijksuniversiteit Groningen gebruikt om het computermodel te laten
draaien, wat weken in beslag neemt.

Figuur 2: Organische stoffen worden aan Mars geleverd door middel van
interplanetaire stofdeeltjes, asteröıden en kometen. Stofdeeltjes leveren het
meeste, terwijl asteröıden en kometen een derde daarvan leveren. Dicht bij
de plaatsen van inslag, zijn organische stoffen afkomstig van asteröıden en
kometen duidelijk te onderscheiden van diegene die afkomstig zijn van stofdeeltjes.
Afbeelding door Nickolas Oberg.

In Hoofdstuk 3 bestuderen we de planeet Mars, waarop de Mars rover
Curiosity van NASA in 2015 de resten van organische moleculen ontdekte.
Deze moleculen zijn ontdekt in 3.6 miljard jaar oude gesteenten, waar ze
al die tijd beschermd en ingebed geweest zijn. In oppervlaktemonsters zijn
echter geen organische stoffen gevonden. Door de dunne atmosfeer op
Mars, die geen bescherming biedt tegen de krachtige ultraviolette straling
en kosmische straling, kunnen de organische moleculen niet lang bestaan
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op het oppervlak van de planeet. Maar als de moleculen recentelijk van
buitenaf zijn geleverd, dan is er een kans dat we ze kunnen detecteren.

Tot enkele jaren geleden gingen astronomen ervan uit dat de orga-
nische stoffen op Mars voornamelijk afkomstig waren van stofdeeltjes
(interplanetaire stofdeeltjes) uit de ruimte. Die deeltjes bevinden zich
overal in het zonnestelsel. Rondom onze aarde zien we bijvoorbeeld de
stofdeeltjes wanneer ze onze atmosfeer binnendringen en ’vallende sterren’
veroorzaken. Maar hoe zit het met asteröıden en kometen die af en toe
in botsing komen met planeten? Wij hebben ontdekt dat asteröıden en
kometen een veel belangrijkere leverancier van organische moleculen op
Mars lijken te zijn dan verwacht - een derde van het organische materiaal
is afkomstig van hen.

Onze berekeningen in Hoofdstuk 3 laten zien dat 192 ton koolstof per
jaar op Mars terechtkomt. Dat is vergelijkbaar met 8 vrachtwagenladingen.
Ongeveer 129 ton (67%) van de koolstof is afkomstig van interplanetaire
stofdeeltjes. Maar de asteröıden leveren ook nog eens 50 ton per jaar (26%)
en kometen leveren ongeveer 13 ton (7%) van het organische materiaal.

Onze resultaten hebben gevolgen voor toekomstige Marsmissies. Mars
rovers moeten goed kijken rond de inslagkraters van asteröıden. Wij
voorspellen dat er op die plaatsen veel meer organisch materiaal te vinden
is dan ver weg van de kraters.

In Hoofdstuk 4 richten we ons op de planeet Mercurius, hoewel
Mercurius zo dicht bij de Zon staat, is er verrassend genoeg waterijs
gevonden. Met behulp van radarobservaties van Mercurius vanaf de
aarde en waarnemingen met de MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) ruimtevaartuig van de NASA,
die van 2011 tot 2015 in werking was, ontdekte men heldere gebieden in
de buurt van de polen van de planeet binnenin de kraters, die permanent
in de schaduw liggen. De waarnemingen toonden aan dat deze gebieden
hoogstwaarschijnlijk bestaan uit waterijs met een totale massa gelijk aan
een miljoenste van de watermassa in onze oceanen.

Met behulp van de meest actuele catalogi van asteröıden en kometen en
het nieuwste model van interplanetaire stofdeeltjes schatten we in hoeveel
water op Mercurius kan worden geleverd door deze drie bronnen. We
hebben bepaald dat 90% wordt geleverd door stof, 5% door asteröıden
en 5% door kometen. Alle drie de bronnen samen zijn in staat om de
waargenomen hoeveelheid ijs over een tijdsbestek van 1200 miljoen jaar te
leveren, wat betekent dat al het waterijs op Mercurius kan worden geleverd
door asteröıden, kometen en stof. Andere bronnen van water op de planeet
zijn mogelijk, maar zijn volgens onze berekeningen niet nodig.
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Figuur 3: Interplanetaire stofdeeltjes, asteröıden en kometen zijn mogelijke
bronnen van ijs, verborgen in de permanente schaduw van kraters op de polen van
Mercurius. Stofdeeltjes leveren het meeste, gevolgd door asteröıden en kometen
het minst. Alle drie de bronnen samen zouden de waargenomen hoeveelheid
waterijs kunnen leveren. Afbeelding door Nickolas Oberg.

Hoofdstuk 5 behandelt het laaste deel van dit proefschrift, waarin
we ons onderzoek hebben uitgebreid naar planetaire systemen rond
andere sterren. We richten ons op het exoplanetaire systeem HR 8799,
waarvan bekend is dat het vier reuzenplaneten herbergt, die elk bijna
10 Jupitermassa’s bevatten. De planeten zijn zo groot en helder dat
ze allemaal ontdekt zijn door middel van directe waarnemingen, dat in
wezen neerkomt op het maken van een foto van een exoplaneet. Het
systeem bevat ook twee gordels van kleinere objecten. De binnenste
gordel bevindt zich binnen de baan van de binnenste planeet en lijkt op
de asteröıdengordel van ons zonnestelsel, waar zich de meeste asteröıden
bevinden. De buitenste gordel bevindt zich buiten de baan van de buitenste
planeet en is vergelijkbaar met de Kuipergordel. De huidige telescopen zijn
niet gevoelig genoeg om mogelijke aardse planeten binnen het HR 8799
systeem te zien, mochten ze bestaan.

De structuur van dit planetenstelsel lijkt sterk op die van het Zonne-
stelsel: twee gordels en vier reuzenplaneten daartussen. We wilden de
interactie tussen de planeten en de gordels onderzoeken: botsen kleine
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Figuur 4: Schets van de aanlevering van stoffen in het exoplanetaire systeem
HR 8799. Beide gordels leveren verschillende materialen, zoals water, organische
stoffen, mineralen en metalen aan de gigantische planeet van het systeem.
Afbeelding door Nickolas Oberg.

objecten met de planeten? Zo ja, hoeveel materiaal leveren ze dan aan de
planeten?

We ontdekten dat alle vier de planeten worden bëınvloed door
de gordels, en door deze interactie worden water, organische stoffen,
mineralen en metalen aan de planeten geleverd. Gedurende de levensduur
van dit planetaire systeem zal elke planeet een hoeveelheid water en
organische stoffen ontvangen die twee keer zo groot is als de watermassa
van de oceanen op aarde, en dezelfde hoeveelheid mineralen en metalen.
De geleverde hoeveelheid is klein, maar kan voldoende zijn, zodat
het met grote telescopen waarneembaar is. Volgens de theorieën
van planeetvorming zullen de reuzenplaneten gevormd worden met
aanzienlijke hoeveelheden water en organische stoffen. De detectie van
water en organische stoffen op de planeten zal daarom niet betekenen dat
deze materialen door asteröıden en kometen zijn geleverd. Echter, het
opsporen van grote hoeveelheden mineralen en metalen kan betekenen dat
ze door asteröıden en kometen aan de exoplaneten worden geleverd. De
toekomstige James Webb Space Telescope kan in staat zijn om de nodige
waarnemingen uit te voeren.
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Рис. 1: Витяги з популярних порталiв новин.

Астероїди найбiльше вiдомi як герої заголовкiв моторошних новин
(Рис. 1). Комети навiювали жах на людей в минулому, а сьогоднi
переважно вiдомi своїми красивими хвостами. Але, насправдi, i комети,
i астероїди — це набагато бiльше!

Астероїди i комети, або, коротко кажучи, малi тiла — це сумiш
кам’яних уламкiв, пилу та льоду, що залишилися з часiв формування
планет Сонячної системи. Наша Земля, Марс, Юпiтер та всi iншi
планети Сонячної системи утворилися з подiбних тiл. Тому дослiдження
астероїдiв i комет допомагає поглянути в минуле, дiзнатися, як утво-
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рюються планети, i що саме вiдбувалось на раннiх етапах формування
Сонячної системи.

Малi тiла, зокрема комети, були вiдомi людям з давнiх часiв.
Протягом усiєї своєї iсторiї людство спостерiгало комети завдяки їхнiм
характерним яскравим хвостам, якi з’являються при наближеннi до
Сонця. До XVI сторiччя комети вважалися поганими месниками, що
приносять руйнування та смерть. На початку XVII сторiччя наше
розумiння астрономiї сягло абсолютно нового рiвеня завдяки Йоганнесу
Кеплеру та його законам планетарних рухiв, якi стверджують, що
планети рухаються навколо Сонця по елiптичних орбiтах. Минуло
ще сто рокiв перед тим, як астрономи зрозумiли, що комети, як i
планети, рухаються навколо Сонця, але на значно бiльш витягнутих
орбiтах. Провiдну роль у цьому вiдкриттi вiдiграв Едмонд Галлей,
який передбачив повернення комети, що вже спостерiгали у минулому.
Комета повернулася i отримала назву Комети Галлея. Якщо ви не
мали можливостi бачити її в 1986 роцi, пiд час її останнього тiсного
зближення з Землею та Сонцем, переконайтесь, що побачите комету
пiд час наступного зближення у 2061 роцi! ХIХ сторiччя розпочалося з
того, що Джузеппе Пiаццi вiдкрив перший астероїд — Церера. Наразi
Церера належить до класу карликових планет, як i Плутон.

За двiстi рокiв, станом на серпень 2019 року, ми виявили 794 832
астероїди та 4111 комет. Науковцям вдалося широко вивчити цi малi
тiла iз Землi та в космосi. Завдяки цим дослiдженням ми дiзналися про
склад астероїдiв i комет. Ми знаємо, що вони мiстять воду та органiчнi
сполуки (останнi є молекулами, в основi яких лежить вуглець, окрiм
СО та СО2) — два невiд’ємних iнгредiєнти єдиної вiдомої нам форми
життя, основаної на вуглецi.

Астероїди та комети час вiд часу зiштовхуються iз Землею та iншими
планетами. У минулому цi зiткнення вiдбувались набагато частiше.
Деякi теорiї припускають, що саме пiд час цього бомбардування у
минулому астероїди i комети могли принести воду на нашу планету,
що, ймовiрно, утворилася сухою через вiдносну близькiсть до Сонця.
Альтернативна теорiя припускає, що гiрськi породи, з яких утворилася
Земля, мiстили воду, що у свою чергу вивiльнилася на поверхню в
газоподiбному станi. Проте ми точно знаємо, що астероїди та комети
зiштовхувались з нашою планетою, тож навiть якщо вони не доставили
всi нашi океани, то вони все одно брали участь у цьому процесi. Планети
й малi тiла iснують не тiльки в нашiй Сонячнiй системi, але й навколо
iнших зiрок. Це наводить на думку, що, можливо, малi тiла можуть
переносити воду та органiчнi сполуки навколо iнших зiрок.
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Ця дисертацiя дослiджує роль малих тiл у процесi доставки води
та органiки до планет. Щоб дослiдити це, ми побудували комп’ютерну
модель гравiтацiйних взаємодiй у нашiй Сонячнiй системi, включно з
сотнями тисяч астероїдiв та комет. Для запуску моделi ми використали
Peregrine, суперкомп’ютер Гронiнгенського Унiверситету.

Рис. 2: Органiчнi молекули доставляються на Марс мiжпланетним пилом,
астероїдами та кометами. Пил доставляє найбiльше, а астероїди та комети
— третину всiєї органiки. Неподалiк вiд кратерiв, утворених астероїдами
та кометами, органiчнi молекули можна чiтко вiдрiзнити вiд органiки,
доставленої через пил. Зображення Nickolas Oberg.

У Роздiлi 3 ми вивчаємо планету Марс, на якiй у 2015 роцi марсохiд
NASA Mars Curiosity виявив залишки органiчних молекул. Цi молекули
були виявленi у породах вiком 3.6 мiльярдiв рокiв, у яких вони були
весь цей час захищенi. У зразках поверхнi Марсу органiка не була
виявлена. Органiчнi молекули не можуть довго виживати на поверхнi
планети через тонку марсiанську атмосферу, яка не захищає вiд суворих
ультрафiолетових випромiнювань та космiчних променiв. Але якщо
молекули нещодавно були доставленi ззовнi планети, то у нас може
бути шанс їх виявити.

Ще кiлька рокiв тому астрономи припускали, що органiка на
Марсi переважно доставлена пилом (мiжпланетний пил) з космосу.
Цi частинки можна знайти по всiй Сонячнiй системi. Наприклад,
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навколо Землi ми бачимо частинки пилу, коли вони потрапляють в
нашу атмосферу i виглядають як зiрки, що падають. Але як щодо
астероїдiв i комет, якi час вiд часу зiштовхуються з планетами? Ми
з’ясували, що астероїди та комети набагато важливiшi постачальники
органiчних молекул на Марсi, нiж очiкувалося — третина органiчного
матерiалу походить вiд них.

Нашi пiдрахунки в Роздiлi 3 показують, що 192 тонни органiки на
рiк доставляється на Марс. Це можна порiвняти з 8 вантажiвками.
Приблизно 129 тонн (67%) органiки надходить з мiжпланетного пилу.
Астероїди постачають ще 50 тонн на рiк (26%), а комети забезпечують
близько 13 тонн (7%) органiчного матерiалу.

Нашi результати важливi для майбутнiх мiсiй на Марсi. Марсоходи
мають уважно шукати бiля кратерiв, утворених пiсля падiння астероїдiв
та комет. Ми прогнозуємо, що в цих мiсцях можна знайти значно бiльше
органiчного матерiалу, нiж у вiддалених вiд кратерiв мiсцях.

У Роздiлi 4 ми зупинились на планетi Меркурiй, де було виявлено
водний лiд, незважаючи на те, що Меркурiй знаходиться близько
до Сонця. Наземнi радiолокацiйнi спостереження за Меркурiєм та
спостереження за допомогою мiжпланетної станцiї MESSENGER
(MErcury Surface, Space ENvironment, GEochemistry and Ranging —
апарат для дослiдження поверхнi, навколишнього середовища, геохiмiї
Меркурiя i його зондування), що функцiонував з 2011 по 2015 рiк,
виявили яскравi дiлянки бiля полюсiв планети всерединi кратерiв, якi
постiйно знаходяться в тiнi. Цi спостереження показали, що виявленi
регiони, швидше за все, складаються з водного льоду iз загальною
масою, що дорiвнює мiльйоннiй частцi водної маси всього Земного
океану.

Використовуючи найсучаснiшi каталоги астероїдiв i комет разом
з моделлю пилу, ми пiдрахували, скiльки води на Меркурiй можуть
доставити цi три джерела. Ми виявили, що 90% буде доставлено пилом,
5% — астероїдами i 5% — кометами. Усi три джерела разом здатнi
забезпечити нижню межу виявленого льоду за 1000 мiльйонiв рокiв.
Це означає, що весь водний лiд на Меркурiї може бути доставлений
астероїдами, кометами та пилом. Iншi джерела води на планетi можливi,
але не обов’язковi за нашими розрахунками.

В останньому Роздiлi 5 ми розширили наше дослiдження до
планетних систем навколо iнших зiрок. Ми зосередили увагу на
екзопланетнiй системi HR 8799, яка, як вiдомо, має чотири планети-
гiганти, кожна з яких важить майже як 10 Юпiтерiв. Цi планети
настiльки великi та яскравi, що їх всiх було виявлено методом прямого
спостереження, яке по сутi є фотографуванням екзопланети. Система

150



Рис. 3: Мiжпланетний пил, астероїди та комети є можливими джерелами
льоду, що захований у постiйно затiнених кратерах на полюсах Меркурiя. Пил
постачає найбiльше, астероїди та комети — найменше. Усi три джерела разом
могли доставити достатньо води, щоб пояснити нижню межу спостережень
води. Зображення Nickolas Oberg.

також має два пояси малих тiл: внутрiшнiй i зовнiшнiй пояс. Внутрiшнiй
пояс розташований всерединi орбiти планети, найближчої до зорi,
i нагадує Головний Пояс Астероїдiв у нашiй Сонячнiй системi, де
знаходиться бiльшiсть астероїдiв. Зовнiшнiй пояс розташований поза
орбiтою найвiддаленiшої планети i схожий на Пояс Койпера. Сучаснi
телескопи недостатньо чутливi, щоб виявити планети схожi на Землю,
якщо такi планети iснують в системi HR 8799.

Будова цiєї екзопланетної системи дуже схожа на Сонячну систему:
два пояси i чотири планети-гiганти мiж ними. Ми хотiли дослiдити
взаємодiю планет i поясiв: чи зiштовхуються малi тiла з планетами;
якщо так, то скiльки матерiалу вони доставляють на планети?

Ми виявили, що всi чотири планети впливають на пояси i завдяки
цiй взаємодiї вода, органiка, мiнерали та метали доставляються на
планети. Протягом життя цiєї планетарної системи кожна планета
отримає кiлькiсть води та органiки, яка вдвiчi бiльша за масу води
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Рис. 4: Збагачення планет в екзопланетнiй системi HR 8799. Обидва пояси
доставляють рiзнi матерiали, такi як вода, органiка, мiнерали та метали, на
планети-гiганти. Зображення Nickolas Oberg.

Свiтового океану, i стiльки ж мiнералiв та металiв. Доставлена кiлькiсть
невелика, але може бути достатньою для спостереження великими
телескопами. Вiдповiдно до теорiй формування планет, планети-
гiганти формуватимуться iз значною кiлькiстю води та органiки. Тому
виявлення води та органiчних речовин на планетах не означатиме, що
цi матерiали були доставленi малими тiлами. Однак виявлення великої
кiлькостi мiнералiв i металiв може означати їх доставку малими тiлами
на екзопланети. Майбутнiй космiчний телескоп iм. Джеймса Вебба
(James Webb Space Telescope, JWST), можливо, буде здатний провести
необхiднi спостереження.
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Figure 1: Excerpts from popular news portals.

Asteroids are best known to us as heroes of frightening newspaper
highlights (Figure 1). Comets have been quite frightening in the past and
today are mostly known for their beautiful tails. However, both of them
are so much more than that!

Asteroids and comets, together called minor bodies, are chunks of rock,
dust and ice that are left over from the days when the Solar System was
formed. Our own Earth, Mars, Jupiter and all other planets of the Solar
System have formed from similar bodies. Therefore by studying asteroids
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and comets we can learn how planets form and what was happening at the
beginning of the Solar System.

Comets, were known to people since ancient times. Due to their
distinctive bright tails, which appear when passing close to the Sun, comets
have been observed by humans throughout the entire history of humanity.
Until the sixteenth century comets were considered bad omens bringing
destruction and death. At the beginning of the seventeenth century our
understanding of astronomy has reached a whole new level thanks to
Johannes Kepler and his laws of planetary motion, which state that the
planets move about the Sun in elliptical orbits. It took a hundred more
years for astronomers to realise that comets, like the planets, move about
the Sun but in much more elongated orbits. The main role in this discovery
played Edmond Halley, who predicted that a previously observed comet
would come back. The comet did come back and became known as Halley’s
Comet. If you have not seen it in 1986, during its latest close approach
to the Earth and the Sun, make sure to see it in 2061! The nineteenth
century started with Giuseppe Piazzi discovering the very first asteroid,
Ceres. Today, Ceres is actually considered a dwarf planet, just like Pluto.

Two hundred years later, as of August 2019, we have discovered
794,832 asteroids and 4,111 comets. We have been able to extensively
study these minor bodies from Earth and in space. Thanks to these studies
we have learnt about the composition of asteroids and comets. We know
that they contain water and organic compounds (the latter are carbon-
bearing molecules except CO and CO2) - two essential ingredients for life
as we know it, which is based on carbon.

Asteroids and comets collide with the Earth and other planets from
time to time. In the past this bombardment was much stronger. Some
theories suggest that during that time asteroids and comets brought water
to our planet, which was formed dry because of its relative proximity to
the Sun. The alternative theory suggests that the rocks from which the
Earth formed contained water which was released onto the surface through
outgassing. However, we know that asteroids and comets were impacting
out planet, so even if they did not bring all our oceans they still had their
part in the process.

Planets and minor bodies exist not only in our Solar System but also
around other stars, which gives us hints that maybe water and organic
compounds are being transported around some other stars.

This thesis investigates the role of minor bodies in the process of
delivering water and organics to planets. To investigate this, we built a
computer model of gravitational interactions in our Solar System including
hundreds of thousands of asteroids and comets. Then we used Peregrine,
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the supercomputer of the University of Groningen, to run the computer
model which takes weeks to finish.

Figure 2: Organics are delivered to Mars by interplanetary dust particles, asteroids
and comets. Dust particles deliver the most, while asteroids and comets deliver
one third of that. Close to the impact sites asteroid and comet organics can be
clearly distinguished from dust organics. Image by Nickolas Oberg.

In Chapter 3, we study the planet Mars on which in 2015, NASA’s Mars
rover Curiosity discovered remnants of organic molecules. These molecules
have been detected in 3.6 billion year old rocks, where they have been
embedded and protected all that time. In surface samples however no
organics have been detected. Because of the thin Martian atmosphere that
doesn’t protect from the harsh ultra-violet radiation and cosmic rays, the
organic molecules cannot survive for long on the surface of the planet.
But if the molecules have been recently delivered from outside then there
would be a chance for us to detect them.

Until a few years ago astronomers assumed that the organics on Mars
mainly came from dust particles (interplanetary dust particles) from space.
Those particles are all over the Solar system. For example, around our
Earth we see the dust particles when they enter our atmosphere and cause
’shooting stars’. But what about asteroids and comets that impact with
planets from time to time? We have found that asteroids and comets appear
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to be a much more important supplier of organic molecules on Mars than
expected - one third of the organic material comes from them.

Our calculations in Chapter 3 show that 192 tons of carbon per year end
up on Mars. That is comparable to 8 truckloads. Approximately 129 tons
(67%) of carbon come from interplanetary dust particles. But asteroids
also deliver another 50 tons per year (26%) and comets provide about 13
tons (7%) of the organic material.

Our results have consequences for future Mars missions. Mars rovers
should look closely at the impact craters of asteroids. We predict that in
those places much more organic material can be found than far away from
craters.

Figure 3: Interplanetary dust particles, asteroids and comets are possible sources
of ice hidden in the permanently shadowed craters on poles of Mercury. Dust
particles deliver the most, followed by asteroids and comets deliver the least. All
three sources together could deliver the observational lower limit of water ice.
Image by Nickolas Oberg.

In Chapter 4 we focus on the planet Mercury, where surprisingly water
ice has been found, although Mercury is so close to the Sun. Ground-based
radar observations of Mercury and observations with the NASA’s MErcury
Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER)
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spacecraft, operating from 2011 till 2015, detected bright regions near the
poles of the planet inside of the craters that are permanently shadowed.
The observations showed that these regions most likely consist of water ice
with total mass equal to one millionth of water mass in the Earth oceans.

Using the most up-to-date catalogues of asteroids and comets together
with the latest model of dust particles we estimated how much water on
Mercury can be delivered by these three sources. We found that 90% will
be delivered by dust, 5% by asteroids and 5% by comets. All three sources
together are able to deliver the observational lower limit on the ice-layer
thickness in 1200 million years, which means that all water ice on Mercury
can be delivered by asteroids, comets and dust. Other sources of water on
the planet are possible but not needed according to our calculations.

Figure 4: Sketch of delivery in the exoplanetary system HR 8799. Both belts
deliver different materials, such as water, organics, minerals and metals, to the
giant planet of the system. Image by Nickolas Oberg.

The thesis concludes in Chapter 5 were we extend our research to
planetary systems around other stars. We focus on the exoplanetary system
HR 8799 which is known to host four giant planets, each of which is almost
10 Jupiter masses. The planets are so big and bright that all of them have
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been discovered by direct imaging which essentially is taking a picture
of an exoplanet. The system also contains two belts of minor bodies: an
inner and an outer belt. The inner belt is located inside of the orbit of the
innermost planet and resembles the Main Asteroid Belt of our Solar System,
the home of most asteroids. The outer belt is located outside the orbit of
the outermost planet and is similar to the Kuiper Belt. Current telescope
facilities are not sensitive enough to see possible terrestrial planets within
the HR 8799 system, should they exist.

The structure of this planetary system is very similar to the Solar
System’s: two belts and four giant planets in between. We wanted to
investigate the interaction between the planets and the belts: do minor
bodies collide with the planets; if so, how much material do they deliver to
the planets?

We found that all four planets are affected by the belts and through
this interaction water, organics, minerals and metals are delivered to the
planets. Over the lifetime of this planetary system each planet will receive
an amount of water and organics that is twice larger than the water mass
of Earth’s oceans, and the same amount of minerals and metals. The
delivered amount is small, but may be enough to be observable with large
telescopes. According to planet formation theories the giant planets will be
formed with appreciable amounts of water and organics. Therefore water
and organic detection in the planets will not mean that these materials
have been delivered by minor bodies. However, detecting large amounts of
minerals and metals may imply their delivery by the minor bodies to the
exoplanets. The upcoming James Webb Space Telescope may be able to
perform the needed observations.
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Vincent, Claudia, Kaustubh, Lucas, Löıc, Bram, Christian, Andrew, Yue, Lucia,
Teresa, Edgar, Eva, thank you for the fun meetings. Every time I travelled south
to meet with you guys, it was like a breath of fresh air.

Inge Loes’ kids: Claudia, Lucas, Nina, Vincent, Arjen, Dario, Eloi (Eloi, I
hope that one day we will meet). It is great to have a scientific family, especially
when it is a wonderful family like ours. Claudia, you are a great leader and a
caring friend. Your support over these years helped me to reach this point. I am
incredibly happy to have you as my friend.

Georgi, I am so lucky that after approaching you in Russian you still talked to
me afterwords :) Our Amsterdam and Groningen explorations have been lots of
fun. Rosita, every year I am looking forward to a conference or a meeting that we
could attend together. It is always fun with you and we can talk about everything
in the world. I could not have done it without you. You always support and cheer
me up no matter how close or far we are. Your cute animal pictures make my
days, and I am trying my best to make your conference days more fun with a bit of
prosecco. Thank you for agreeing to be my paranymph, it means the world to me!

Over these years I shared my office with three wonderful officemates. Evgenia,
Lenka and Anastasia, this one is for you. Evgenia, I was so lucky to have you as
my officemate from the very first day in Kapteyn. You had to go through times
of my bad English, my continuous complaining (I do it too often sometimes :D )
and you would always take care of me. I admire your kindness and love for the
nature. I wish every seal on this planet could get a bit of your love. There is not
enough words to express how happy I am to have you as my dear friend, and I am
immensely honoured to have you as my paranymph! Lenka, you saved me from
going nuts all by myself in the office :) You are an extremely friendly, open and
kind person. Even though your internship in Groningen was short, we became
good friends and there are no time and distance limits for it. Anastasia, we can
talk in Russian, English or even in our particular version of Italian and we will
always understand each other perfectly. Thank you for always being my greatest
fan! You celebrated all my wins even more than I did and taught me to believe
in myself. Your appreciation for Ukrainian music melts my heart every time. I
am extremely happy that we had a chance to share an office and luckily we both
travelled quite a lot, otherwise our endless chats would have never allowed us to
have any work done :) And last but not least, thank you for telling me about your
handsome officemate - it made my life!

Thanks to Bruce Willis for saving the planet from an asteroid!
Kapteyn and SRON are amazing places to work at. Every time I meet people

from other institutes I catch myself telling them about our scientific, outreach and
fun activities, and keep wondering after discovering that other institutes do not

161



ACKNOWLEDGEMENTS

have even half of that. The great Kapteyn’s and SRON’s atmosphere exists thanks
to wonderful people. Jorrit, Pavel, Pranav, Valentina, Georg, Hyoyin, Helmer,
Tirna, Sara, Eduardo, Ruslan, Kirill, Anne, Kostas, Bram, Samira - the current
and new generation of Kapteyn. Thank you for keeping the institute warm and
sweet. Joost, Andrey Baryshev, Andrey Khudchendo, Jan, Ronald, thank you
for always making happy hours, borrels, lunches and dinners fun.

I would like to acknowledge the previous generations of Kapteyn: Wouter,
Davide Punzo, Stefano, Jack, Cristiana, Davide Massari, Laura, Antonino,
Dorota, Elaheh, Manolis, Evandro, Hannah. Thank you for all the fun, food,
conversations and stories we shared over the past years. Thanks to you my
PhD went so easy and warmly. Mustafa, thank you for being a great friend. I
appreciate your open-minded and warm heart. Sampath, it has been a pleasure
to go through a PhD journey in parallel with you, and to share fun and “cloud of
sadness” moments, when we were so close to submission. Saikat, Bharat, Avanti,
Pooja, thanks to you guys I feel like I have been to India countless times. Thank
you for the food, stories, fun and a bit of partying we shared. Filippo, I have to
admit this has not been easy. However, I am very happy that thanks to Enrico you
are a part of my life. Thank you for bringing lots of craziness and fun! Davide
Punzo, thank you for your computational advises, culinary knowledge and big
heart. Marisa and Francesco, thank you for trusting and letting me into your
lives. We had lots of fun (Fra, I agree with you!) and I hope we will have even
more in the years to come. I admire the friendship you have, it is one of a kind.
Mpati, thank you for your good vibes. I always carry them with me.

Random Outing people, thank you for the parties! Each and every of them
has been le-gen-da-ry. Giulio, thank you for random fun chats and tranquillity
that you carry around. Jonas Bremer, you are one of the kindest people I have
ever met. Thank you for helping me with the plants and the Dutch translation
of the Summary. Andrea, I will pay all the money in the world to see everyday
your happy smile and a tiny fire in your eyes. Keep it burning :) Smaran, thank
you for loving me for my dark side. Your heart is kind and full of love. I wish
you and Tadeja to carry your love through hundreds of kilometres and take care
of each other no matter what. Teymur, thank you for your ability to find beauty
in everything and your tenderness. You are like one of your own scarfs - wraps
around and warms up body and heart. Daniel, I wanted to say something smart
but the only thing that comes to my mind is “po po pooooo”. I miss you a lot.
Simon, thank you for telling me that I am great every time I started complaining.
Thank you for your craziness. So much craziness! And confetti. Laurent, you are
so young, yet so mature and wise. I loved our Belgium weekend and non-stop
conversations. And it was so cool to bring you to parties and festivals with Enrico.
I felt like I have the best and the coolest teenager kid! Nika, oh Nika, it is so fun,
crazy and unpredictable with you. Keep this fire going! I love your random stories
and how easy going you are. No one will ever appreciate my ugly shoes as much
as you do.

162



Vaggelis and Jonas Lohse, guys, quite often I even forget that you are not
astronomers. I think you know more about Kapteyn and more Kapteyners than
some Kapteyners do. Vaggelis, thank you for accepting people for what they are
(except for Valerio, haha). I always feel welcomed by you. Jonas Lohse, thank
you for always choosing us over a club vacation in Turkey. I enjoyed our chats,
parties and festivals. Let there be more! Kristiina and Karlis, I am so lucky that
you are passionate about cooking and you are my friends. I praise your green
life style and love for adventures. We share many common Eastern European
things and no one can understand me better than you. Aku, thank you for all the
concerts, festivals, sports and fun. Thank you and Sonja so much for sharing your
beautiful country and real Finnish experience with us! I appreciate a lot that you
guys accept my hugs every time :) Ale, I know that no matter how grumpy I am
you will always love me, and I will always be your sister. Thank you for all the
love, fun, chill, tiny notes on my desk and random “Kachaaaaaa” that I hear right
now in my head. Olmo, I am so happy that you became a part of our family since
the very first day you ended up in our kitchen. You are kind, warm and tender. I
even do not remember anymore how it was before you. Because you are always
there to hug me and listen to all my stories. I found a dear friend in you and I
wish I could pack you in my suitcase and bring everywhere I go.

Марися, дякую за найкращу у свiтi обкладинку! Саша, дякую за те що
прихистив мене i показав Гронiнген таким як ти його любиш. Илья, спасибо
за Париж твоими глазами. Настя, спасибо за крутейшие иллюстрации! Женя,
Катя, Рита, Юля, Яна, я очень счастлива, что мы есть друг и друга. Пускай
каждый год у нас будет получаться собираться полным составом все чаще и
чаще. Надя, Дима, Аня, Игорь, Аня, спасибо за то что расстояние никогда не
помеха. Сергiй, дякую за твою незмiнну пiдтримку протягом усiх цих рокiв.
Ти завжди був поряд. Машенька, столько лет мы вместе и с каждым годом
я люблю тебя все больше! Яночка и Сашенька, ох уже эти Алые Паруса.
Кто бы мог подумать, что такой странный лагерь принесет мне две больших
любви. Яночка, спасибо за любовь на расстоянии, которая никогда не гаснет.
И огромное спасибо за вычитывание моего Резюме. Сашенька, спасибо за
твою нежность и заботу. Виталина и Артем, спасибо что доверили мне самое
ценное что у вас есть, несмотря на то что я так далеко. Данечка, мечтай о
новых планетах и они всегда тебя найдут! Соня, продолжай напоминать мне
о моем возрасте, а я попробую все молодеть и молодеть. Мой дом всегда ждет
тебя. Катя, спасибо за твою поддержку в последний год перед переездом -
во время всех интервью и рассуждений о жизни. Я очень рада, что теперь
вы с Деном еще ближе к нам. Я верю, что вы найдете идеальную страну
и идеальный город, где вы будете влюбляться друг в друга снова и снова.
Рустам, спасибо за то что я могу на тебя положиться. Ты всегда прийдешь
на помощь без лишних вопросов. Спасибо, за все странные звуки - они всегда
со мной :) Женя, ощущение того что ты была вот тут рядом на расстоянии
поезда а не самолета, всегда придавало мне сил. Ты знаешь меня от и до, и
несмотря на это все еще любишь. Спасибо! Продолжай искать свое и никогда
не сдавайся, я тобой очень горжусь.

163



ACKNOWLEDGEMENTS

Дима, Анжела, Юра, Туся, Саша, Тхора, Петя, вы моя большая семья.
Спасибо за любовь и поддержку.

Giappo, sei intelligente e ti voglio bene! Non dubitarlo mai. Grazie
agli amici casertani di Enrico: Alessandra, Roberto, Giovanni, Federica,
Matteo, Emanuele, e persino Luigi. Siete persone dolci e calorose. Apprezzo
enormemente il fatto che parliate in inglese quando ci sono io. Prometto che un
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