
Stockholm University
Department of Astronomy

Master of Science Thesis

Planets Throughout Space & Time:
A cosmochronological look at terrestrial planets

Author:

Per Calissendorff
890303-0552

per.calissendorff@live.se

Supervisor:
Erik Zackrisson

May 21, 2015



“Those worlds in space are as countless as all the grains of sand on all the beaches of the
earth. Each of those worlds is as real as ours and every one of them is a succession of
incidents, events, occurrences which influence its future. Countless worlds, numberless
moments, an immensity of space and time. And our small planet at this moment, here
we face a critical branch point in history: what we do with our world, right now, will
propagate down through the centuries and powerfully affect the destiny of our descen-
dants. It is well within our power to destroy our civilization and perhaps our species as
well.”

-Carl Sagan, Cosmos: A Personal Voyage



Abstract

Exoplanetary astronomy is a flourishing field of study at the moment, with much thanks
to the great success of missions such as Kepler and many more. Both observations and
simulations entail to a correlation between the metallicity of the host star and the occur-
rence of very massive companions, i.e. giant planets. However, a comparable correlation
is not found for smaller, rocky planets and the explanation for that remains ambiguous
and debatable. Here, we assume the paucity for plentiful amount of terrestrial planets
(defined here as planets with R “ 0.5´2.0RC orM “ 0.5´10MC) at higher metallicities
to be the cause of violent interactions with migrating giant planets. In our method we
apply the most recent results of occurrence rates for exoplanets orbiting FGKM-stars
in order to procure a planet occurrence recipe. We use semi-analytic models to predict
the cosmic star formation history and chemical evolution of the observable Universe in
order to make an assessment on the prevalence of terrestrial planets throughout cosmic
times. In our analysis we find the most prosperous cosmic age for terrestrial planets to
form around main sequence stars to be « 7.8 Gyrs ago (i.e. at redshift z « 1). Through
our calculations we estimate the number of terrestrial planets in the observable Universe
to be Np ě 6.61`12.79

´0.02 ˆ 1020. We believe these results to be further improved upon with
the efforts of forthcoming exoplanet missions such as TESS, PLATO and more.
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While it may be disappointing, I have to confess to
people who ask for my insights on the meaning of it
all that astronomy doesn’t provide any clearly useful
data on matters of sin and souls.

-Seth Shostak1
Introduction

Although being a fairly young discipline in astronomy, exoplanetary astronomy has
been very fruitful since the first discovery of planets far away from our own Solar

system some „ 20 odd years ago (Wolszczan & Frail 1992). Today, more than 1800
exoplanets have been confirmed 1 and many more exoplanet candidates are waiting for
confirmation. The first discovery of an exoplanet orbiting a Sun-like star was made by
Mayor & Queloz (1995) and serves as a celebrated milestone for exoplanetary astronomy.
Perhaps one of the most confounding aspects of that discovery at the time was that the
size of the planet was comparable to that of Jupiter but its orbital period was only a few
days, meaning the planet was very close to its host stars. This seemingly exotic object
was therefore named to be a hot Jupiter and very distinguishable from our previous
knowledge about planetary systems. Indeed, the awareness that planetary systems may
diverge substantially from our own became apparent. A question that arose from the
discovery of hot Jupiters was, how did they get there? With our current understanding
of planet formation there should not have been enough solid materials in the early pro-
toplanetary disk to form hot Jupiters at their current place (e.g. Kley & Nelson 2012),
or in situ as it is usually referred to. One explanation is that giant planets form far out
and then migrate inwards, which could disclose their massive sizes. Thus, the theory
of planet migration became increasingly more popular for explaining the occurrence of
close in orbits for giant planets.

1http://exoplanetarchive.ipac.caltech.edu/ May 21, 2015
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Chapter 1. Introduction 2

Due to the limitations on our observational techniques to find exoplanets we are often
biased towards finding these hot Jupiters, making it reasonable that it would be one of
the first kind of planet found outside our own Solar system. Actually, the shear size
and short orbits make them perfect targets for our Doppler and transit observations.
Nevertheless, as our techniques and knowledge improved we found that hot Jupiters are
generally not accompanied by low-mass planets on nearby orbits (e.g. Steffen et al. 2012).
Giant planets that migrate generally leave very little materials left for other planets to
form in their wake (e.g. Armitage 2003). Studies by Fischer & Valenti (2005; hereafter
FV05) Neves et al. (2013); Gaidos & Mann (2014; hereafter GM14) have shown that
the occurrence of giant planets increases with the metallicity content of the host star.
The strong dependence of giant planet frequency with stellar metallicity from FV05 is
shown in Figure 1.1. Such correlation is not found for less-massive rocky planets which,
according to Neves et al. (2013), are hinted to have an anti-correlation with stellar
host metallicity instead. Lineweaver (2001; hereafter L01) attempted to estimate the
prevalence of Earth-like planets around Solar-like stars through the argument that as
the probability of having a hot Jupiter increases based on the metallicity of the host
star, the probability to harbour an Earth-like planet decreases. If planet occurrence is
determined by the metallicity of the host star, there may exist a "sweet spot" in host
star metallicity where Earth-like planets have a better chance of surviving which we will
investigate and discuss in this thesis.

Here, we adopt the same strategy devised by L01 in order to measure the number of ter-
restrial (planets with sizes roughly 0.5´2RC and 0.5´10MC) planets in the observable
Universe, i.e. in the past light cone of Earth now, as well as estimating the mean age of
such planets. In our calculations we endorse more recent data of exoplanet occurrences
made by missions and surveys such as Kepler, High Accuracy Radial-velocity Planet
Searcher (HARPS) and the California Planet Survey (CPS). We use semi-analytical
models of galaxy formation with the purpose of obtaining the star formation history of
the Universe and its chemical evolution over a great range of redshifts. These parame-
ters are quantised as a planet occurrence recipe which we apply in order to predict the
number of terrestrial planets formed and anticipate how many would be destroyed and
lost due to the migration of giant planets. If our assumptions hold true, we come to
the conclusion that the Earth is relatively young for a terrestrial planet and that most
planets are a few billion years older.

We also discuss the prescriptions for terrestrial planets to be habitable. Kasting et al.
(1993) argued for a habitable zone (HZ) around host stars which could was required in
order for terrestrial planets to be able to contain water in liquid form on its surface.
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Figure 1.1: Metallicity
correlation for the occurrence of
giant planets from Doppler
studies of massive companions
with orbital periods ă 4 years.
The number above each bar on
the histogram indicate the ratio
of planets to stars in each bin.
Courtesy of Fischer & Valenti
(2005)

Nevertheless, that is but one requirement for a terrestrial planet to be habitable as we
know it. There are many variations of theories regarding habitability (e.g. Kasting et al.
1993; Kopparapu et al. 2013), some which may also depend on how strict one sets the
limits for habitability. It is not entirely certain that all of the criteria for habitability is
applicable for all of the planets predicted by our model.

The approach of this thesis starts with some background regarding previous work on
similar topics and some general theory about planet formation in Section 2. In the fol-
lowing Section 3, we go into more detail on the semi-analytical models and describe how
we analyse the data and produce the results we get, which are given in Section 4. We
explore the possibility for habitability in Section 4.5 and give our final conclusions with
a discussion lastly in Section 5. Unless otherwise stated, the results presented here will
have assumed a "cosmic concordance cosmology" with parameters ΩM “ 0.3, ΩΛ “ 0.7
and h “ 0.7. We also infer a solar metallicity as Zd “ 0.0152.



Study the past, if you would divine the future.

-Confucius

2
Background and Theory

Elements heavier than helium, or metals as they are referred to by astronomers, are
one of the fundamental ingredients for planets to be able to take form. These heavy

elements were not produced by the Big Bang or in the early Universe but are gradually
made from fusion inside stars, being built up until released when the stars explode as
supernovae. As time progress and more stars explode the Universe becomes more metal
rich and we expect more planets to be able to form. A convenient way to estimate the
metallicity content of a star is to measure its iron over hydrogen abundance and compare
it to that of the Sun, so that rFe{Hs “ log10pFe{Hqstar ´ log10pFe{HqSun « log10

Z
Zd

.

By following the trend of star formation and supernovae feedback from an early Universe
to now, one could be able to say something about the metal content of the Universe at
different epochs. Since planet formation and metallicity is correlated one can also say
something about the planet number density. Observations of both transit and radial ve-
locity methods indicate that the presence of giant planets on close-in orbits around their
host stars is strongly correlated with the metallicity of the star (FV05). Observations as
well as simulations point to such occurrences to be incompatible with the existence of
nearby low-mass planets (Armitage 2003; Latham et al. 2011). It may therefore appear
as if, according to e.g. L01 to be a selection effect to where Earth-like planets may
reside: too little metallicity and they are unable to form because of lack of material
building blocks, too much metallicity and they get destroyed by the migration of much
more massive planets. Thus, by finding the "sweet spot" for which Earth-like planets

4
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are most likely to orbit a star, we may predict how many of such planets have formed
in the Universe since the Big Bang.

2.1 Previous work

In an earlier attempt to use metallicity as a quantity to estimate the age distribution of
Earth-like planets, L01 composed the following 5-step process:

• Compare the metallicity distribution of stars in the solar neighbourhood and stars
hosting hot Jupiters in order to obtain a probability of hosting hot Jupiters. This
will then yield the probability of destroying Earth-like planets.

• Assume that the probability to produce Earth-like planets scales linearly with
metallicity.

• Combine the probability to host a hot Jupiter and the probability to form Earth-
like planets in order to estimate the probability of harbouring Earth-like planets
as a function of metallicity.

• Apply current estimates of the star formation rate in the Universe and observations
of high redshift metallicities to get the metallicity distribution of star-forming
regions as a function of time.

• Combine the probability to harbour Earth-like planets as a function of metallicity
with the metal distribution as a function of time to estimate the age distribution
of Earth-like planets in the Universe.

In order to construct a metallicity dependent function for the probability to form a hot
Jupiter, L01 applied observational Doppler data of 32 such host stars from Gonzalez
(2000) and Butler et al. (2000). These host stars were compared to samples of Sun-like
stars in the solar neighbourhood from Sommer-Larsen (1991) and Rocha-Pinto & Maciel
(1996), to which L01 notes that the hot Jupiter hosts are significantly more metal-rich
than the solar-neighbourhood star sample. The control sample of solar-neighbourhood
Sun-like stars was not searched for planets with the Doppler technique and only served
as a comparison to the metallicity distribution of Sun-like stars. Marcy & Butler (2000)
found that out of „ 500 main sequence solar-type stars, 28 harbours giant planets
on close in orbits, an average planet-finding efficiency to be 5.6%. Normalising this
planet-finding efficiency so that the 32 host stars used by L01 represents 5.6%, that is,
rescaling each bin of NpFe{Hq so that 0.056

ř

iNpFe{Hq “ 32, L01 obtains the the his-
togram shown in Figure. 2.1. L01 assumes the mass fraction of metals in the Sun to be
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Zd “ 0.016, so that the fraction of irons compared to hydrogen is Fe{H « logpZ{0.016q.

Figure 2.1: Sun-like stars in the solar neighbourhood that host Jupiter-sized planets
(dark grey) are distributed towards higher metallicities compared to the mean of the
total number of stars observed (light grey). If Jupiters preclude the existence of
Earth-like planets in the same stellar system and assuming that the production of
Earth-like planets is linearly proportional to the metallicity, we get the probability for
stars to harbour Earth-like planets according to Equation 2.2. From Lineweaver
(2001).

Also included in Figure 2.1 is the estimated relative probability that a star will host a
hot Jupiter and thus probability of destroying Earth-like planets. For a given metallicity
this is calculated by the ratio of number of stars hosting hot Jupiters and the number
of stars targeted as

PDEpFe{Hq “ NHJpFe{Hq
NpFe{Hq . (2.1)

For high metallicities, e.g. Fe{H ą 0.4, this probability predicts that more than 95%
of Sun-like stars will have Doppler-detectable hot Jupiters. The probability relation is
very steep, going down to predicting 20% of stars hosting hot Jupiters at metallicities
of Fe{H „ 0.2 and dropping to „ 5% at solar metallicity, Fe{H “ 0. L01 argues that
these predictions are supported by independent observations such as the detection of
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planet BD-10 3166 (Butler et al. 2000), which was found around a high metallicity star
with Fe{H “ 0.5, leading to a probability prediction of PDEpFe{Hq „ 1. This star and
planet detection were left out of the sample due to selection bias. The Hubble Space
Telescope (HST) monitored the globular cluster Tucanae of thirty-four thousand stars
with a mean metallicity of Fe{H “ ´0.7 for planet transits (Gilliland et al. 2000). No
planets were found, a result consistent with the probability predicted by Equation 2.1
of PDEpFe{H “ ´0.7q „ 0. However, Gilliland et al. (2000) suggests that the lack of
planets may be due to planetary stability being disrupted by the high stellar densities.

For the probability to form Earth-like planets, which L01 defines as planets within the
mass range 0.5 ă M{MC ă 2, a linearly increasing probability with increasing metal-
licity was assumed. Furthermore, the probability to form an Earth-like planet in the
low metallicity regime of PPEpFe{H ă ´1.0q was set to zero. The probability was set to
increase to its highest at the most metallic bin, Fe{H “ 0.6, so that PPEpFe{H “ 0.6q “ 1.

In order to calculate the probability of stellar systems harbouring Earth-like planets L01
simply multiplies the probability of producing Earth-like planets with the probability of
not destroying them, or in other words, probability of not producing hot Jupiters.

PHEpFe{Hq “ PPEpFe{Hq ˆ r1´ PDEpFe{Hqs (2.2)

The predicted probability of harbouring Earth-like planets is also plotted in Figure 2.1,
increasing linearly from low metallicities, reaching its peak at Fe{H “ 0.135, then gets
cut off at Fe{H ě 0.3.

The star formation history of the Universe is very important and plays a dual role in this
type of analysis. Both planet formation and metallicity build-up is directly proportional
to the star formation rate (SFR). For the mean metallicity of star forming regions in the
Universe, L01 assumes

ż t

0
SFRpt1qdt1 „ Z̄ptq. (2.3)

Since at any given time t, some star forming regions may have lower metallicity while
some regions have higher metallicity, a time-dependent Gaussian dispersion was parametrised
centred on the mean metallicity:

P pZ, Z̄ptqq “
1

σ
?

2π
exp

„

pZ ´ Z̄ptqq2

2σ2



. (2.4)
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To normalise this function, L01 assumes the mean metallicity value of OB stars derived
by Gummersbach et al. (1998) as ¯Z{Zdpt0q “ 0.63 for star forming regions today to-
gether with a dispersion of σ “ 0.3. The fraction of stars being formed at a given time t
that are capable of harbouring Earths is then estimated by the integral over metallicity
as

fptq «

ż

P pZ, Z̄ptqqPHEpZqdZ, (2.5)

where PHEpZq is derived from Equation 2.2 and P pZ, Z̄ptqq from Equation 2.4.

For the actual star formation history (SFH) of the Universe, L01 adopts results from
Barger et al. (2000) with a peak in SFR at redshift z « 5. Furthermore, L01 restricts the
attention to Sun-like stars in the mass range of 0.8 ďM{Md ď 1.2. It is then assumed
that „ 5% of the mass that forms stars form Sun-like stars within in the restricted mass
range. The star formation rate as a function of time, SFRptq, can then be multiplied by
a factor of A „ 0.05 to yield the age distribution of Sun-like stars in the Universe.

By combining the fraction of Sun-like stars, probability to harbour Earth-like planets
and SFR, an estimate for the Earth-like planet formation can be made for Sun-like stars
as:

PFRptq “ Aˆ SFRptq ˆ fptq. (2.6)

When inserting the results from the integral of Equation 2.5 into Equation 2.6, one
obtains not only an Earth-like planet formation rate for the Universe but also an age
distribution of Earth-like planets orbiting Sun-like stars. L01 estimates this age distri-
bution to have an average age of 6.4 ˘ 0.9 Gyr, i.e. « 1.8 Gyr older than the current
Earth.

Exactly what impact metallicity has for the formation of Earth-like planets is not fully
understood, although a minimum threshold on the required metallicity for Earth-like
planets to form seems obvious. Prantzos (2008; hereafter P08) utilises the same strategy
as described by L01 above but assumes that stars have no metallicity dependency for the
probability of forming Earth-like planets. Nevertheless, it has been empirically shown
by e.g. FV05 that the occurrence rate of giant planets, ergo hot Jupiters, increases
with increasing metallicity of the host star for FGK stars. Such correlation was also
parametrised by FV05 as PHJ “ 0.03pZ{Zdq2 which P08 adopts in order to estimate the
probability for Earth-like planets to avoid being destroyed by hot Jupiters and survive.
We further discuss the parametrising of the occurrence rates of planets in Section 3.1
and how it may influence our estimations.
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2.2 Hot Jupiters & Planet Migration

Hot Jupiters are gas giant planets which are thought to have migrated from distances
of several AUs to very short close-in orbits they are detected at. This subclass of planet
is normally defined as planets with masses Mp ą 0.1MJ and periods P ă 10 days. To
understand the baseline for hot Jupiters better, we give a brief summary of the current
theories for gas giant formation and planet migration in the following sections as well
as their influences on the stellar-systems hosting them.

2.2.1 Giant Planet Formation

There are currently two recognisable scenarios which explain the formation of gas gi-
ant planets such as Jupiter and Saturn. The primary one, known as the core accretion
model describes the process in which fragments of heavier elements which coagulate into
planetesimals clump together to form a solid core. When this solid core grows massive
enough and the escape velocity from its surface exceeds the thermal speed of the sur-
rounding gas, a tenuous gas envelope will start to accumulate around its core (D’Angelo
et al. 2010). A runaway gas accretion phase may occur if the pressure gradient within
the envelope fails to balance the gravitational force, making the envelope contract and
allow for more gas to be accreted. The amount of gas accreted is then determined by
properties of the protoplanetary disk and governed by gravitational interactions between
the disk and the protoplanet. Whilst embedded in the disk, the protoplanet will exert a
gravitational torque on the gas which leads to an exchange of orbital angular momentum
between the disk and the planet. Materials orbiting on the outside of the planet tend
to gain angular momentum, thus moving towards larger radii, whereas angular momen-
tum is lost for materials on the inside of the orbit of the planet, causing them to move
towards even smaller radii. As the planet depletes the gas of the disk for each orbit,
the process tends to create an annular gap in the local density distribution of the disk.
A snapshot from a simulation of a migrating massive planet forming a gap is shown
in Figure 2.2. The direction of the motion of the planet is then locked to the viscous
evolution of the disk and will move together with the direction of the gas flow, which
may cause an inward migration on the planet.
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Figure 2.2: Snapshot from a simulation of a planet-disk interaction for "Type-II"
migration in which a sufficiently massive planet opens up a gap in the gas disk. The
massive planet is depicted by the yellow dot and the central star has been removed. A
full movie showing the interaction as a function of mass is available at
http://jila.colorado.edu/~pja/planet_migration.html. Courtesy of Armitage
(2007).

The other scenario for giant planet to form is that they originate from disk instabilities.
Much like stars that form through the gravitational collapse of interstellar clouds, it
has been suggested by Boss (1997) that gas giant planets may form in similar ways.
The theory proposes that through gravitational instabilities of a protoplanetary disk
may lead to fragmentation of self-gravitating clumps. If conditions for disk instabilities
prevail, planets may form directly out of the gas phase of the disk in a much shorter
period of time compared to the core accretion model. Planets forming through the disk
instability model gain most of their augmentation of gas immediately and gather plan-
etesimals subsequently, which sediment to its heavy element core. One can differentiate
the formation models as disk instability being top-down and initially rapid, whereas core
accretion is initially slow and bottom-up.

Core accretion is favoured for high-metallicity systems where heavier elements are more
abundant (e.g. Boss 2010). With an increased supply of heavier elements, more and
heavier cores can be produced (e.g. Ida & Lin 2004). Spectroscopic Doppler surveys
have shown an empirical correlation between host star metallicity and the occurrence
of giant planets (e.g. FV05; Johnson et al. 2010). This strong correlation has often
been taken as a strong argument for core accretion being the dominant and more promi-
nent model for gas giant formation. Nevertheless, Doppler surveys are more sensitive to

http://jila.colorado.edu/~pja/planet_migration.html
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planets close to their host star and stronger spectral lines are shown in metal-rich stars,
giving rise to a bias towards detecting massive planets on close-in orbits in metal-rich
systems.

The disk instability model is still a good candidate to explain the observed giant planets
orbiting very metal-poor stellar-systems such as HD 155358 and HD 47536, both of
which have metallicities [Fe/H]“ ´0.68 (Cochran et al. 2007). It has also been suggested
through simulations and theoretical work of e.g. Boley (2009) that disk instabilities may
occur at very large radii where gas giant planets may form in situ. Due to the limitations
on our current detection techniques, observational support for planets at very large orbits
is scarce but this may improve in the future.

2.2.2 Planet Migration Influences

Gravitational interactions with the gaseous disk at the early stage of planet formation
causing giant planets to migrate inwards, also known as "Type II"-migration (e.g. Ward
1997), is not the only way for planets to migrate and change their orbital periods. Planet-
planet scattering for instance, causing a change in orbital period through loss or gain of
angular momentum via ejection of other planets or planetesimals may occur long after
the gas has dissipated from the disk (e.g. Chatterjee et al. 2008). Secular perturbations
and orbital disruptions may also occur from interactions with distant binary companions
by e.g. the Kozai-Lidov mechanism (Petrovich 2015).

Our earlier detections of hot Jupiters suggested that they are part of single-planet sys-
tems only, as they do not have companions on similar orbits (Ford 2014; Steffen et al.
2012). Results from Kepler transit photometry and Doppler radial velocity surveys show
that low-mass planets on close-in orbits are extremely common around stars that do not
host hot Jupiters (e.g. Bonfils et al. 2013; Fressin et al. 2013). The lack of observed
low-mass planets around hot Jupiter hosts is often explained by the migration mecha-
nism of the more massive planet being hazardous for the less massive planets (e.g. L01;
P08). It is thought that the more massive planets interact with the less massive planets
by, either ejecting them from the stellar system or colliding with them, destroying the
low-mass planets in the process. Indeed, simulations by Mustill et al. (2015) show that
high eccentricity migration of giant planets often destroys all low-mass planets on close-
in orbits. The outcome may vary some, with some cases where the low-mass planets
get destroyed by colliding with the star or ejected from the system. In some cases the
giant planet accretes the low-mass planets and the core of the surviving giant planet
gets enriched with heavy materials, which also increases the probability of it becoming
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a hot Jupiter. This latter case is supported by observations of giant planets on close-in
orbits that have enriched cores such as H149026b (Wolf et al. 2007).

The knowledge of stars mass and metallicities may give clues to the role of planet migra-
tion in the observed population of exoplanets. Armitage & Rice (2005) argues that the
correlation between giant planets and stars with high metallicity found by FV05 is not
at all surprising. As the metallicity of the star increases, so does the surface density of
planetesimals which in turn decreases the time scale for core accretion. They further ar-
gue that metallicity may well be the most prominent parameter, more so than gas disk
mass and gas disk lifetime, in determining the probability of giant planet formation.
With and increased amount of heavy elements there would also be more planetesimals
to interact with post gas disk, leading to further interplay between giant planet and
planetesimals.

Host star metallicity is undeniably a key factor in determining the outcome of a plane-
tary system. N-body simulations by Cossou et al. (2014) for instance, show that high-
metallicity systems have a much higher success rate for producing giant planet cores
close to the host star, as well as multiple giant planet cores. Although the correlation
between metallicity and giant planet formation they find is somewhat stronger than most
observations, their finding is consistent with high-metallicity being a requirement for gas
giants to form in multiple systems (Dawson & Murray-Clay 2013). Cossou et al. (2014)
also find no correlation between metallicity and the occurrence of "super-Earths" (which
they define as planets smaller than 1.5 ´ 2RC), a result that is consistent with most
observations (e.g. Buchhave et al. 2012). It has also been suggested by Benítez-Llambay
et al. (2015) that increased metallicity, and thereby more solids and infalling material,
can induce a heating torque which halts ongoing migration of giant planet cores. They
argue that such mechanism could explain the pile-up of giant planets found orbiting
high-metallicity stars whereas super-Earths have no need for enriched metallicities to
form.



We can allow satellites, planets, suns, universe, nay
whole systems of universes, to be governed by laws,
but the smallest insect, we wish to be created at once
by special act.

-Charles Darwin3
Method & Procedure

In this section we describe our method used in this work and go into more detail on
what data we use, what assumptions we make and how we acquire the results we get.

Our first step is to define a means to describe the occurrences of planets without having
to physically observe them. We propose a way to estimate the probability for a star of
a certain mass and metallicity to host planets, a type of planet occurrence recipe one
could say. Much like the strategy of L01 and P08, we assume smaller rocky planets to
to be less abundant at very high metallicities where giant planets form instead. Before
we go into detail on the ingredients in our recipe, we illustrate some different definitions
of planets and disclose what goes into our estimations.

3.1 Planet Recipes

Both L01 and P08 prescribe their own recipes for the probability of stars to harbour
Earth-like planets which we described in Section 2.1. Quite a lot has happened in the
field of exoplanetary astronomy since then, e.g. the great success of Kepler has yielded
over a thousand confirmed exoplanets1 (Lissauer et al. 2014). We have much better
means to make statistical estimates on the occurrence rates of planets orbiting stars to-
day than ever before. We therefore produce our own estimates based on the occurrence
rates of both low-mass planets and giants derived by recent transit and RV-surveys. In
the following sections we give a more general description of the more recent works in the

1http://www.nasa.gov/kepler/discoveries
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literature concerning occurrence rates and exoplanet surveys.

3.1.1 Planet Exposition

There are several ways to categorise observed exoplanets depending on their size and
their mass. A common way to go about the classification of an exoplanet is to compare
its features with those of planets in our Solar system, i.e. calling exoplanets with similar
size or mass to that of Earth to be Earth-like and planets comparable to Jupiter to be
Jupiter-like. Different literature may have other definitions of mass- and size limits as
well as other names for the symbolism to Solar system planets. For instance, Buchhave
et al. (2014) define three regimes of planet radii ranging from ă 1.7RC for Earth-like
planets, 1.7 ´ 3.9RC for gas-dwarfs and ą 3.9RC for ice- and gas giants. Others may
want to divide these regimes into several subgroups, e.g. Dressing & Charbonneau (2015;
hereafter DC15) define Earth-like planets to have radii between 1 ´ 1.5RC and super-
Earths to have 1.5 ´ 2.0RC. Petigura et al. (2013) use Kepler data to determine the
occurrence rate of terrestrial planets with radii 1 ´ 2RC. These definitions can vary a
lot depending on the method used to observe the planets with and the actual sample
size. As Kepler utilises the transit method in order to detect exoplanets, it obtains
information regarding the radius of the planet but no detail about its mass. Doppler,
or radial velocity (RV) surveys on the other hand retrieve knowledge about the mass of
the planet but not its radius.

In order to clarify the convention adopted here, we step away from the definition L01
makes of Earth-like planets being planets within the mass range 0.5 ă M{MC ă 2.0
and select a broader variety of planets. We assign terrestrial planets to be of size
Rp « 0.5 ´ 2RC, or have masses M « 0.5 ´ 10MC. Our definition may seem quite
generous and includes both smaller rocky planets as well as what some literature defines
as super-Earths. Nevertheless, by having a wider array of rocky-planets we obtain more
stringent observational statistics for our purposes. Furthermore, when we use the notion
terrestrial planet we refer to planets in the designated mass and size range and do not
impose any special prospects on habitability.

We regard giants as planets more massive than Á 30MC (or Á 0.1MJ) or with radii
Rp Á 3.9RC. We also drop the "ice/gas" prefix to our definition of giant planets and
only consider their actual size and mass, paying no attention to their composition. We
do not consider planets between these two mass- and size regimes for our calculations,
assuming that they do not affect the occurrence of terrestrial and giant planets. In our
definition of giant planets we do not distinguish the subclass of hot Jupiters from our
definition of giant planets. Our planet recipe consists of occurrence estimates for giant
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planets on small orbits ă 2.5 AU, a territory where giant planets are seldom accompa-
nied by terrestrial planets (e.g. Batygin & Laughlin 2015; Ford 2014; Latham et al. 2011).

Our definitions are argued for to be consistent with the observational data and the dif-
ferent metallicity-dependent power laws for the occurrence rate of giant planets, which
we discuss in Sections 3.1.2 & 3.1.3 respectively.

Compilations of confirmed exoplanet populations can be obtained from e.g. http:

//exoplanets.org/. In Figures 3.1, 3.2, 3.3 & 3.4 we see plots of the confirmed exo-
planets mass and radii plotted against their host star metallicity and mass. Although a
trend between host star metallicity and planet size may be hinted from those plots, one
has to keep in mind that these results are from different surveys of varying methods and
that the observations are highly biased towards short orbits and massive planets. The
differences in the number of exoplanets in each population is due to some planets not
having well determined characteristics from their observed measurements.

Figure 3.2: Exoplanet population
plotted with planetary radii against
host star metallicity. Courtesy of Han
et al. (2014).

Figure 3.1: Exoplanet population
plotted with planet mass against host
star metallicity. Courtesy of Han
et al. (2014).

http://exoplanets.org/
http://exoplanets.org/
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Figure 3.3: Exoplanet population
plotted with planet mass against host
star mass. Courtesy of Han et al.
(2014).

Figure 3.4: Exoplanet population
plotted with planetary radii against
host star mass. Courtesy of Han et al.
(2014).

A vast majority of stars are thought to form in multiple systems (e.g. Kroupa 2002), yet
most exoplanets are observed orbiting single stars (e.g. Mullally et al. 2015). This may
be due to an observational effect as eclipsing binaries can sometimes dilute the observa-
tions and masquerade as a planet detection (e.g. Petigura et al. 2013). Planets belonging
to binary star systems have been confirmed (e.g. Doyle et al. 2011), although most of
these detections are to be considered as giant planets to our definition (Mp ě 0.1MJ).
Simulations have shown the circumbinary environment to be friendly to planet forma-
tion and that one should expect terrestrial planets to join the growing demographics
of circumbinary planets (Bromley & Kenyon 2015). In our work we assume planet for-
mation to be the same for single as well as for binary stars, something that does not
necessarily have to be the case. We also assume that all stars have the same probability
to harbour planets at a given stellar mass and metallicity.
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3.1.2 Occurrence Rates

The earlier work by L01 and P08 considered only solar- and similar to solar type stars to
harbour terrestrial planets. Their samples of stellar populations constituted FGK spec-
tral type stars with masses ranging from 0.8´ 1.2 Md. Later observations have shown
that less massive stars may also harbour Earth-sized planets. As it turns out, accord-
ing to e.g. Dressing & Charbonneau (2013; herafter DC13); Mulders et al. (2015) and
more, the occurrence rate of smaller sized planets is higher around low mass M-dwarfs
than for more massive stars. Swift et al. (2013) argue that terrestrial planets orbiting
M-dwarfs may be as much as twice as abundant compared to G-dwarfs and occurs three
times more frequent than for F-type stars. We present parts of several occurrence rate
estimates from different surveys in Table 3.1, some of which are used in later calculations.

The definitions of exoplanet class may differ for each reference in Table 3.1. For instance,
Fressin et al. (2013) defines giant planets as planets with radii ą 6RC, implying that
their occurrence rate for our definition of giants with radii ą 3.9RC becomes too low
when attached to our definition. Our definition of the regimes for terrestrial- and giant
planets is quite generous and enclose all other regimes for the tabulated values presented
here. Therefore we can see the values in Table 3.1 as lower limits on the occurrence rates
within our planet mass and size regimes.

Table 3.1: Samples of occurrence rates of number of planets per star from the
literature that we make use of in our calculations. The full range of occurrence rates
for different planetary radii, mass, period and host star types can be seen within the
respective reference. We display the orbital period in days which corresponds the
orbital radius presented in some of the literature.

Reference Method Spectral type Period (days) Planet type Occurrence
Bonfils et al. Doppler M-dwarfs 1-100 1´ 10MC 0.710
Bonfils et al. Doppler M-dwarfs < 100 100´ 1000MC 0.030
Cassan et al. µ-lens KM-dwarfs „ 102 ´ 104 5´ 10MC 0.62
Cassan et al. µ-lens KM-dwarfs „ 102 ´ 104 100´ 3000MC 0.17
DC13 Transit M-dwarfs <50 0.5´ 1.4RC 0.51
DC15 Transit M-dwarfs <100 1.0´ 1.5RC 0.678
DC15 Transit M-dwarfs <100 1.5´ 2.0RC 0.608
Fressin et al. Transit Sun-like < 85 0.8´ 1.25RC 0.184
Fressin et al. Transit Sun-like < 85 1.25´ 2.0RC 0.230
Fressin et al. Transit Sun-like < 418 6´ 22RC 0.052
Howard et al. Transit Sun-like < 50 8´ 32RC 0.013
Petigura et al. Transit Sun-like <100 1´ 2RC 0.262
Petigura et al. Transit Sun-like <100 4´ 16RC 0.045
Tuomi et al. Doppler M-dwarfs 1-100 3´ 10MC 1.08
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The occurrence rates tabulated in Table 3.1 have some discrepancy between the two
observational modes. Others have also pointed this out and Wang et al. (2015a) identify
the estimated occurrence rate for hot Jupiters to be a factor of 2-3 smaller for transit
surveys compared to Doppler. This difference could be explained by Doppler surveys
systematically targeting stars with higher metallicity as they give rise to stronger spec-
tral lines (Lovis & Fischer 2010). Another plausible reason for the difference could be
that transit surveys may misidentify hot Jupiters as smaller planets by being subjects
to photometric dilution and contamination of subgiant stars. Wang et al. (2015a) inves-
tigates this probability to find that 12.48% of hot Jupiters are misidentified by Kepler
and advise that the estimated occurrence rate of hot Jupiters by Kepler surveys should
be revised upwards.

Kepler mission surveys that utilise the transit method in order to detect exoplanets suffer
greatly from the difficulty of detecting planets on large orbits. With increasing orbital
period around its host star, a planet has an increased chance of being aligned in such
way that it goes unnoticed by our observations. Petigura et al. (2013) took Kepler data
of Sun-like stars and estimated an occurrence rate of planets with radii R “ 1´ 2RC on
periodical orbits less than 100 days to be increasing linearly with the logarithm of the
period. This linear relation is shown in Figure 3.5, obtained from Petigura et al. (2013),
where they proceed to extrapolate the occurrence rate up to higher orbits. For our planet
occurrence recipe we assume the occurrence of terrestrial planets to be 0.4 planets per
FGK-star. This occurrence rate is based on the extrapolated value to P „ 400 days by
Petigura et al. (2013) with a generous adaptation to account for smaller planets.

3.1.3 Mass-Metallicity Correlation

Both simulations and observations suggest that giant planets are more bountiful at
metal-enriched environments and the list for supporting a correlation between stellar
host metallicity and the occurrence rate of giant planets grows ever longer (e.g. Ar-
mitage & Rice 2005; Johnson et al. 2010). Buchhave et al. (2014) analysed more than
2000 high-resolution spectra of Kepler Objects of Interest (KOI), yielding parameters
of 405 stars orbited by 600 exoplanet candidates. In their survey, they placed planets
into three regimes depending on the planet sizes; small rocky planets with R ă 1.7RC,
gaseous dwarfs with radii 1.7 ă R{RC ă 3.9 and giant planets with R ą 3.9RC. They
examine the metallicity of the host stars of these planet regimes and find that the me-
dian metallicity for smaller planets is sub-solar whereas giant planet hosts have a median
metallicity of „ 1.5 times that of the Sun.
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Figure 3.5: Fraction of stars having nearly Earth-sized planets p1´ 2RCq with any
orbital period up to a maximum period P . The cumulative distribution of planet
occurrences reaches 20.4% at P “ 50 d, in other words, 20.4% of Sun-like stars
harbour a 1´ 2 RC planet with an orbital period P ă 50 d. The linear increase in
this cumulative quantity corresponds to planet occurrence that is constant in equal
intervals of logP . Modest extrapolation to P “ 400 days yield that „ 5.7% of Sun-like
stars host planets of size 1´ 2 RC with orbital period of P “ 200´ 400 days.
Courtesy of Petigura et al. (2013)

With increasing evidence for a metallicity-correlation, FV05 proposed that the occur-
rence rate of Jupiter-sized giant planets orbiting FGK-type stars can be described by a
simple power law on the form2

fGiantspFe{Hq “ f010arFe{Hs (3.1)

FV05 found the parameters to be f0 “ 0.03 and a “ 2, which we have compile together
with other literature results in Table 3.2. The metallicity recipes of Neves et al. (2013)
contains two cases, one for the HARPS sample only and one for a combination of both
the HARPS M-dwarf sample and the CPS M-dwarf sample.

It has also been suggested by e.g. Johnson et al. (2010); Montet et al. (2014) that
the occurrence rate of giant planets increases monotonously with increased stellar mass.
Mulders et al. (2015) argue for a stellar mass drop in occurrence rates, suggesting that
giant planet formation and migration rates increase with stellar host mass. Clanton
& Gaudi (2014) estimates that the occurrence rate of giant planets (they define giant

2Same power law as we discussed in Section 2.1.
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planets to be in the mass range 50 ă M{MC ă 104) orbiting M-dwarfs is a factor of
2.2 smaller than for FGK-type stars. In combination with the metallicity correlation of
Equation 3.1, they propose a mass-metallicity power law function on the form

fGiantsprFe{Hs,M˚q “ f010arFe{HsM b
˚, (3.2)

where M˚ “ M{Md. Values derived from the literature to fit the parameters in the
power law function are presented in Table 3.3.

We plot these power laws against a range of metallicities from ´0.5 ď rFe{Hs ď `0.5
in Figure 3.6. Some of these power laws are derived from samples of stars with more
or less reserved boundaries of metallicities and mass. For instance, the power law of
FV05 is argued to be valid in the metallicity range in the figure but most of the stars
in the sample used by Montet et al. (2014) had metallicities in the range ´0.6 ă [Fe/H]
ă `0.2. Nevertheless, we apply these power laws describing the occurrence rate of giant
planets to our calculations, bearing in mind that they may not very well represent the
population outside their designated mass- and metallicity range.

We note that there is quite a huge difference in the estimation of the a parameter be-
tween Neves et al. (2013) and GM14 for M-dwarfs. From Table 3.2 we gather that the
estimation of a “ 1.06 by GM14 is much lower than both the HARPS pa “ 1.97q and
the combined HARPS & CPS sample pa “ 2.94q found by Neves et al. (2013). GM14
also point out this discrepancy and make an attempt to explain why this is. By substi-
tuting some of the stars in their sample for the Neves et al. (2013) HARPS sample they
calculate a similar power law parameter of a “ 1.99, suggesting that the fault lies not

Table 3.2: Metallicity power law parameters for Equation 3.1.

Reference Spectral type f0 a

Fischer & Valenti FGK 0.03 2
Neves et al. HARPS M 0.02˘ 0.02 1.97˘ 1.25
Neves et al. Comb.3 M 0.03˘ 0.02 2.94˘ 1.03

Table 3.3: Mass-metallicity power law parameters for Equation 3.2.

Reference Spectral type f0 a b

Gaidos & Mann FGK 0.070 1.80˘ 0.31 „ 1
Gaidos & Mann M 0.070 1.06˘ 0.42 „ 1
Montet et al. M 0.039`0.056

´0.028 3.8˘ 1.2 0.8`1.1
´0.9

Johnson et al. FGKM 0.07 ˘ 0.01 1.2 ˘ 0.2 1.0˘ 0.3

3Combined sample of HARPS and CPS M-dwarfs.
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in the methodology. The most likely explanation is that the difference comes from the
exact distribution of metallicities in the samples themselves. Another important issue
to consider is the very steep power law, depicted by the green line in Figure 3.6 (Montet
et al. 2014), which shows a greater occurrence rate for giant planets orbiting M-dwarfs
than most of the FGK-type power laws (e.g. FV05; GM14). The reason behind this
steep power law with a “ 3.8 is most likely due to the sample itself and the definition of
giant planets by Montet et al. (2014). By only considering planets of Jupiter mass and
above, Montet et al. (2014) exclude a 0.7MJupiter massive planet with a rather metal-
poor host, [Fe/H]“ ´0.19, which Neves et al. (2013) include in their estimate of the
shallower power law of a “ 2.94. It would appear that the small sample sizes of M-dwarf
giant planet hosts make the power laws very sensitive to outliers from the expected trend
and that the inclusion of a single additional planet can change the slope of the power
law drastically.

Another difference that may affect the estimated power laws is the orbital periods of the
detected planets in the different surveys. Most RV surveys include only orbital periods
of less than 4 years, (e.g. FV05 and Johnson et al. 2010 restrain orbits to P ă 2.5 AU
and GM14 to P ă 2 years) making such surveys incomplete for longer periods. One way
to go about the limited range of orbital periods detectable by RV surveys is to include
data from microlensing surveys, which Montet et al. (2014) do and extrapolate the oc-
currence rate for periods up to P ď 20 AU. Some concerns about including microlensing
to RV surveys that Clanton & Gaudi (2014) explore is that the targeted stars can vary
quite a bit. Distant M-dwarfs near the Galactic bulge targeted by microlensing surveys
may have a very different metallicity distribution compared to nearby M-dwarfs targeted
by RV-surveys.

3.1.4 Probability to Harbour Terrestrial Planets

In the estimation on the probability to form an Earth-like planet, L01 assumed a gradu-
ally increasing probability with increasing metallicity of the host star. One would expect
the necessity of a minimum metallicity for a star in order to host a terrestrial planet,
but a well defined trend of a large number of terrestrial planets at higher metallicities
remains unobserved. L01 further explains that one reason for this may be due to the
observed trend of increased occurrence rate of giant planet hosts at higher metallicities.
Giant planets that formed at several AU may due to interactions with the gaseous pro-
toplanetary disk and loss of angular momentum migrate inwards towards the host star.
The migration of a massive giant planet destroys the disk and any smaller planets in
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Figure 3.6: Occurrence rate of giant planets described by power laws of
Equations 3.1 & 3.2 and parameters from Tables 3.2 & 3.3. Parameters for M-dwarfs
are evaluated at a mass of 0.4 Md and FGK types at 1 Md. Note how the occurrence
rate described by Montet et al. (2014) (green line) for M-dwarfs differs from other
M-dwarf giant host metallicity recipes. This is most likely an effect from the definition
of a "giant" planet where Montet et al. (2014) limit their sample to planets more
massive than 1 Jupiter. The black and blue lines of Gaidos & Mann (2014) represent
the power law for forming giant planets adopted in our planet occurrence recipe for
harbouring terrestrial planets. A plot in log-scale of the occurrence rate is shown in
Figure 3.7.

its path. Gravitational scattering interactions between planets are also only favourable
for the more massive planets, likely to eject the less massive planets from the stellar
system. It is therefore argued by L01 and P08 likely that at higher metallicities when
giant planets have a higher probability to be formed, the probability of them being a
hazard for and destroying terrestrial planets during their migration phase increases as
well.

For our planet recipe we impose the occurrence rate of terrestrial planets harbouring
FGK-stars to be fp,FGK “ 0.40. This value is based on the value Petigura et al. (2013)
find for the occurrence rate of planets of size R “ 1 ´ 2RC, extrapolated to orbits
P ă 400 days for Kepler FGK-stars. We further assume the occurrence rate of planets
orbiting M-dwarfs to be fp,M “ 1. That most, if not all M-dwarf stars host low-mass
planets with R “ 0.5 ´ 2.0RC seems to be the consensus of both Kepler transit and
Doppler RV surveys (e.g. DC15; Bonfils et al. 2013; Tuomi et al. 2014). For our es-
timation of the probability for stars to form giant planets that impede the possibility
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Figure 3.7: Same as Figure 3.6 with log scale on occurrence rates for a more detailed
view at the low-metallicity ends of the power laws. Some of the power laws were not
derived for the metallicity range plotted here and may not be very well represented.
Power laws with additional mass-correlation are evaluated with M “ 0.4Md for
M-dwarfs and M “ 1.0Md for FGK-stars.

for low-mass planets to inhabit the stellar-system we apply the power laws derived by
GM14. We assign M-dwarfs to be of mass 0.08 ´ 0.6Md and FGK-stars to be of mass
0.6´ 1.2Md. This choice of definition is made in order to attempt to be consistent with
the surveys our parameters are obtained from. The evolution of our planet occurrence
recipe and those of L01 and P08 as functions of metallicity is portrayed in Figure 3.8.
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Figure 3.8: Probability for harbouring terrestrial planets according to different
planet occurrence recipes. The blue line depicts the metallicity relation derived by
Lineweaver (2001) and the red line the relation used by Prantzos (2008). The black
solid line represents our planet recipe where we assumed the occurrence rate of
terrestrial planets of ď 0.4 in accordance with the result of Petigura et al. (2013) and
apply the occurrence rate of giant planets to match the power law of Gaidos & Mann
(2014). The black dashed line is the probability for M-dwarfs to host terrestrial
planets for our planet occurrence recipe, where the adopted occurrence rate for
terrestrial planets to be ď 1 according to the results of Kepler (e.g. Dressing &
Charbonneau 2015) and RV-studies (e.g. Tuomi et al. 2014). The rose-tinted area
describes the regime to which where have actual observations of terrestrial planets.

The planet occurrence recipe is calculated from the occurrence rates described above,
with a gradually increasing probability to form terrestrial planets from [Fe/H]ě ´2.2 to
its maximum occurrence at [Fe/H]« ´1.2. The probability to form terrestrial planets is
then assumed to be constant and flat towards higher metallicities. We then apply the
power law for estimating the occurrence of giant planets on short orbits and subtract it
from the terrestrial planet occurrence rate in order to estimate how many stars will har-
bour terrestrial planets. A comparison of our planet occurrence recipe and the already
existing works of L01 and P08 is preformed and the result is shown in Table 4.1.

3.2 The Semi-Analytic Model

Our method of estimating the number of terrestrial planets in the observable Universe
requires insight on the cosmic star formation history (SFH) and chemical evolution from
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a very young Universe until this very day. A good way to obtain these quantities is to
apply simulations of galaxy formation over a large volume and length of time. Because
the process of galaxy formation involves a wide variety of physical processes and non-
linear physics, the task of simulating galaxy formation is far from trivial. The two main
paths to bypass this issue are N-body/hydro-dynamic (smooth particles) simulations, a
technique that attempts to numerically solve the physical processes inherent to galaxy
formation; and semi-analytic modelling, a technique that constructs a coherent set of
analytic approximations which to describe the same physics.

Because N-body/hydro-dynamical methods attempts to solve the nonlinear physics be-
hind galaxy formation directly they can be more accurate in some aspects. On the other
hand, they are quite expensive computationally whereas semi-analytic models make good
use of approximations which facilitates the inclusion of more kinds of physical processes
and bigger samples of galaxies (Henriques et al. 2009). The two different simulation
techniques have shown good consistency on scales much larger than their resolution lim-
its with restricted physical properties and for individual galaxies (e.g. Helly et al. 2003;
Stringer et al. 2010). As we are mostly interested in the SFH and chemical evolution of
many galaxies over large volumes, the semi-analytic model seems like a good choice of
method to go with. A more general description of how the semi-analytic models used
here work is given in Section 3.2.1.

For the purposes of this project we make use of GALFORM4 (Cole et al. 2000) from
the Durham semi-analytic model group and the open source Galacticus5 (Benson 2011)
semi-analytic models. We will refer to them as the Durham- and Galacticus models and
give a comparison of the two different models in Section 3.2.2 and the different results
they yield in Section 4.

3.2.1 Theory

The semi-analytic models presented here apply a hierarchical galaxy formation approach
which is based on a cold dark matter Universe-model (ΛCDM). By taking the results of
state of the art N-body simulations such as the Virgo Consortium Millenium Simulation
(Springel et al. 2005), one obtains structures of the cosmic web. These structures are
based on the cosmology applied to the simulations where initial fluctuations are ran-
domly distributed and density patterns follow through gravitational instabilities. Snap-
shots from a simulation showing the time evolution of such density patterns formed by

4http://icc.dur.ac.uk/index.php?content=Research/Topics/O8
5https://sites.google.com/site/galacticusmodel/

http://icc.dur.ac.uk/index.php?content=Research/Topics/O8
https://sites.google.com/site/galacticusmodel/
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dark matter haloes can be seen in Figure 3.9. These dark matter haloes are the cradles
of hierarchical galaxy formation which requires knowledge on the abundance of such
haloes, their masses, angular momentum and their formation history. The assembly of
dark matter haloes can be extracted from the N-body simulations in the form of merger
trees, where the haloes can be identified by some percolation algorithm, e.g. friends-of-
friends. A schematic illustration of a merger tree for a dark matter halo is shown in
Figure 3.10.

Figure 3.9: Time evolution of the formation of a massive halo from the
Millennium-II Simulation. From left to right: 100, 40 and 15 Mpc/h in comoving
units. From top to bottom z “ 6, 2, 1 and 0. Courtesy of Boylan-Kolchin et al. (2009)
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Figure 3.10: Schematic of a dark matter halo merger tree. Horizontal lines represent
timestamps of snapshots in the evolution of the history of the halo, corresponding to
the N-body simulation or Monte-Carlo realisation of the merger tree. The mass of the
halo is depicted by the size of the circle, which grows through merger events between
haloes and by accretion of objects below the halo mass resolution. The final halo is
shown at t5. Courtesy of Baugh (2006).

With dark matter haloes in place, one can assign other physical properties to them such
as a gas cooling, star formation, supernovae and galaxy mergers. These properties are
implemented differently depending on the semi-analytic model and are continually being
improved and developed further. A simple overview of the typical processes incorporated
into semi-analytic models is shown Figure 3.11. Semi-analytic models are at the mercy
of our current understanding of the physical properties implemented into them as well
as the quality of the underlying simulation. For a more in-depth description of semi-
analytic models we refer the reader to the review on hierarchical galaxy formation by
Baugh (2006).
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Figure 3.11: A schematic overview of the different ingredients and processes
involved of a hierarchical galaxy formation model. Figure originally from Cole et al.
(2000) and later adapted by Baugh (2006).

3.2.2 Model Data Comparion

The models at our disposal extracted data from simulated galaxies in comoving volumes
of size p64{hq3 and p62.5{hq3 respectively for the Durham and the Galacticus model,
where h “ 0.73 km s´1 Mpc´1. From our models we obtained the following quantities
from the evolution of galaxies in their respective comoving volume:

Stellar mass: Each galaxy was composed of star particles of different masses. This
was true for both of our models, although the resolution of the Durham model was
limited to galaxies and star particles M ą 106Md.

Stellar age: Each stellar particle had its own age from the time it formed. According
to the cosmology used here, the Universe is 13.46 Gyrs old and the youngest stars
born at redshift z “ 0.0 were formed at that time. The oldest stars from our models
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were formed at redshift z “ 10.073, corresponding to an age of the Universe as
« 0.46 Gyr.

Stellar metallicity: Each stellar particle also had a metallicity content. In the Galacti-
cus model the metallicity of the stellar particles was ranging between a lower and
an upper value of predetermined metallicity bins. The bins were chosen to give
a good enough resolution to match our planet recipe (see Section 3.1.4) with val-
ues ranging between ´2.2 ď rFe{Hs ď `1.0 with steps of 0.2 dex. In addition
to those metallicity bins a lower limit of 0 and upper limit were added to signify
metallicities outside our range which did not contribute to our planet estimations.
We randomly distributed the metallicity value between the lower and upper bin
for each stellar particle in order to assign its metallicity and apply the lower and
upper bin values as uncertainties.

Disk/Spheroid part: Each stellar particle was either part of the disk or the spheroidal
component of the galaxy. For the Galacticus model we designated galaxies with
more than half of its mass as disk components to be disk dominated and vice versa
for spheroid dominated galaxies. For the Durham model we did not have masses of
the disk/spheroidal parts but instead assumed galaxies with greater scale heights
of the disk to be disk dominated and galaxies with greater bulge scale heights to
be spheroidal dominated.

We compare the data of two models at redshifts, z “ 0.0, 0.5 & 2.0, corresponding to
lookback times of tlookback « 0, 5 & 10 Gyrs. We chose these three redshifts as they
represent the Universe at very different times during a long portion of its entirety.

Both our models predict a similar amount of « 36000 galaxies in their respective co-
moving volume at redshift z “ 0.0. However, the properties of these galaxies were quite
different for each model in terms of mass, age and metallicity distributions. The dif-
ference in mass of the galaxies at redshift z “ 0.0 can be seen in Figure 3.12. The
Galacticus model clearly predicts three distinct mass-regimes for its galaxy population
as low-mass between MGal À 107Md, intermediate mass for 107Md À MGal À 1010Md

and high-mass for MGal Á 1010Md. The Durham model on the other hand predicts a
smoother distribution of masses for galaxies, centred at „ 109Md. The reason that the
Durham model does not predict any galaxies of masses ă 107Md is due to the limitation
of its resolution. In total, the Galacticus model predicts „ 4.5 times the mass of the
Durham model, most of which comes from the high-mass regime. The trend of differ-
ent mass-regimes in the Galacticus model and higher total mass is also seen at higher
redshifts, seen in Figures 3.13 & 3.14. In Figure 3.14 we plotted the mass distribution
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at redshift z “ 2.0 and make note of the mass difference between the two models being
somewhat higher, with Galacticus predicting „ 5.7 times the more total stellar mass
than the Durham model.

Figure 3.12: Mass distribution of
galaxies at redshift z “ 0 predicted by our
semi-analytic models. The Durham model
predicted a total number of NGal “ 35816
galaxies whereas Galacticus predicted
NGal “ 35657. The light blue bars
represent the Galacticus model and the
yellow bars the Durham model. The
histogram bars are transparent, so that
bars overlapping the same mass-bins will
appear green.

Figure 3.13: Mass distribution of galaxies
at redshift z “ 0.5 predicted by our
semi-analytic models. The Durham model
predicted a total number of NGal “ 36803
galaxies whereas Galacticus predicted
NGal “ 39255. The histogram bars are
transparent, so that bars overlapping the
same mass-bins will appear green.
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Figure 3.14: Mass distribution of
galaxies at redshift z “ 2 predicted by our
semi-analytic models. The Durham model
predicted a total number of NGal “ 36767
galaxies whereas Galacticus predicted
NGal “ 43836. The histogram bars are
transparent, so that bars overlapping the
same mass-bins will appear green.

Not only is the mass distribution of galaxies very different for the models but the metal-
licity distribution as well. In Figures 3.15 & 3.16 we plot the mass-weighted mean
metallicity against the mass of the galaxies for both models at redshift z “ 0. We
also estimate a mean value for the mean-metallicity for galaxies in mass-bins of size
∆ log10 100.5, displayed by the red dots in the figure. Both models predict higher metal-
licity towards galaxies of higher mass, which appears reasonable as massive galaxies
may have undergone merger-events that triggered starbursts, thus creating more stellar
mass and higher rate of supernovae to distribute heavy elements later on. The Durham
model does not entail anything about galaxies ă 107Md but the Galacticus model pre-
dicts these galaxies to be very metal deficient. On the other hand, the Durham model
predicts very few galaxies with super-solar metallicity whereas the Galacticus model
anticipates almost all galaxies ą 1010Md („ a third of all galaxies) to have more than
two times the solar metallicity.
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Figure 3.15: Mean-metallicity distribution of galaxies in the Durham semi-analytic
model. The black dots represents disk-dominated galaxies, the cyan dots
spheroid-dominated galaxies and the red line with dots is the mass-weighted mean
value of each mass-bin of size 0.5 dex. The model predicts 34471 p« 96%q
disk-dominated and 1345 p« 4%q spheroid-dominated galaxies.

Figure 3.16: Mean-metallicity distribution of galaxies in the Galacticus
semi-analytic model. The black dots represents disk-dominated galaxies, the cyan
dots spheroid-dominated galaxies and the red line with dots is the mass-weighted
mean value of each mass-bin of size 0.5 dex. The model predicts 23599 p« 66%q
disk-dominated and 12058 p« 33%q spheroid-dominated galaxies.
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The evolution of the metallicity predicted by the models and show that the Galacticus
model has developed galaxies with high metallicity already at redshift z “ 2. In Fig-
ures 3.17 & 3.18 we show the mass-weighted mean metallicity distribution of galaxies
at redshifts z “ 0.0, 0.5 & 2.0 for the Durham and the Galacticus model respectively.
The Durham model shows a distribution of metallicities centred upon a mean value that
increases over time. The inclusion of low-mass galaxies in the Galacticus model gives
rise to the low-metallicity spike seen to the left in Figure 3.18.

Figure 3.17: Mean-metallicity evolution
of galaxies predicted by the Durham
semi-analytic model for redshift
z “ 0.0, 0.5 and 2.0, corresponding to
lookback times tlookback « 0, 5 and 10 Gyr.
The redshifts z “ 0.0, 0.5, and 2 are
plotted as histograms of colours red, blue
and green respectively. The histogram bars
are transparent, so that overlapping bars
in the same metallicity bin may appear in
a different colour. The histograms are
normalised to the total number of galaxies
at each redshift.

Figure 3.18: Mean-metallicity evolution
of galaxies predicted by the Galacticus
semi-analytic model for redshift
z “ 0.0, 0.5 and 2.0, corresponding to
lookback times tlookback « 0, 5 and 10 Gyr.
The redshifts z “ 0.0, 0.5, and 2 are
plotted as histograms of colours red, blue
and green respectively. The histogram bars
are transparent, so that overlapping bars
in the same metallicity bin may appear in
a different colour. The histograms are
normalised to the total number of galaxies
at each redshift.

We also compare the mass-weighted mean stellar age of the galaxies predicted by the
models, shown in Figures 3.19 & 3.20 where we again include a mean value of the mean-
age in mass-bins of size 0.5 dex. The Durham model predicts a mean age of galaxies
in the mass range of 108 ´ 1010Md to be « 8 Gyrs whereas Galacticus shows a great
increase in mean age for increasing stellar mass of the galaxies. We also see from Fig-
ure 3.20 that most low-mass galaxies are disk-dominated and that spheroid-dominated
galaxies tend to be more massive and old.



Chapter 3. Method & Procedure 34

Figure 3.19: Mean-age distribution of galaxies in the Durham semi-analytic model.
The black dots represents disk-dominated galaxies, the cyan dots spheroid-dominated
galaxies and the red line with dots is the mass-weighted mean value of each mass-bin
of size 0.5 dex. The model predicts 34471 p« 96%q disk-dominated and 1345 p« 4%q
spheroid-dominated galaxies.

Figure 3.20: Mean-age distribution of galaxies in the Galacticus semi-analytic
model. The black dots represents disk-dominated galaxies, the cyan dots
spheroid-dominated galaxies and the red line with dots is the mass-weighted mean
value of each mass-bin of size 0.5 dex. The model predicts 23599 p« 66%q
disk-dominated and 12058 p« 33%q spheroid-dominated galaxies.
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3.2.3 Literature Comparison

When we compare the raw data from our semi-analytic models with each other we note
that they disagree on several points. We can further examine the star formation rate
(SFR) of the models and compare them to that of observations. Ultraviolet (UV) con-
tinuum emission is dominated by short-lived massive stars in all but the oldest galaxies.
Thus with a given stellar initial mass function (IMF), UV-observations can be used a
direct measure of the SFR. Galaxies with extremely high SFR (i.e. starburst galaxies)
tend to be filled with dust which absorbs UV light and re-radiates it in the thermal
infrared (IR) (Sparke & Gallagher 2007). Such radiation can therefore be used as a sen-
sitive tracer for young stellar populations and the cosmic star formation history (SFH).
Madau & Dickinson (2014) compiled recent UV- and IR-observations of star formation
rates at redshifts up to z « 8 and 4 respectively and estimates a best-fit function for the
cosmic SFH as a function of redshift as

SFRpzq “ 0.015 p1` zq2.7

1` rp1` zq{2.9s5.6 . (3.3)

We calculate the SFR from our semi-analytic models by adding up the mass that
formed at different times and divide it by the time difference between that and next
interval. The Galacticus model has a slightly different cosmology, with parameters
pΩM ,ΩΛ, hq “ p0.25, 0.75, 0.73q which we adjust for when we calculate the SFR of the
model. Our semi-analytic models only provide us with stars up to redshift z « 10, which
we plot together with Equation 3.3 in Figure 3.21. In the figure we also include a sample
of the observational measurements compiled by Hopkins (2004); Lanzetta et al. (2002);
Madau & Dickinson (2014), depicted by the different symbols. We restrict the observa-
tional data to a small selected sample in in the figure just to visualise the trends of the
observations. We also include a plot of the SFH as a function of lookback time instead
of redshift in which we exclude the observational data points, seen in Figure 3.22. We
further extrapolate the SFR from our models to redshift z “ 20 where we assume the
first stars to have been formed (Visbal et al. 2012).
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Figure 3.21: Cosmic star formation history. The blue and red lines show our
semi-analytic models calculated SFR in solar masses per comoving Mpc3 and the
black line is the fitted function of Equation 3.3 (Madau & Dickinson 2014). The data
points with symbols represent observational data with errors from the literature as
following: The gray diamonds represent observational data from Lanzetta et al.
(2002), the purple markers compiled results from Barger et al. (2000) (diamonds) and
Giavalisco et al. (2004) (triangles) by Hopkins (2004). The magenta markers are
results compiled by Madau & Dickinson (2014) obtained from Bouwens et al.
(2012a,b) (diamonds) and Cucciati et al. (2012) (triangles). Errors in redshift is
excluded in the figure to avoid cluttering. At redshift z Á 10 the SFR flattens out to
steeply decline at redshift z « 20 where we assume the first stars to be formed.
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Literature Figure 3.22: Cosmic star formation

history as a function of time. The blue and
red lines show our semi-analytic models
calculated SFR in solar masses per
comoving Mpc3 and the black line is the
fitted function of Equation 3.3 (Madau &
Dickinson 2014). Here we can clearly see
that the Galacticus model predicts a
higher SFR in the early history of the
Universe. At later times the Galacticus
SFR has subdued to become lower than
that of the Durham model, yet still higher
than the that of the literature. This will
later have some impact on the estimated
typical age of stars predicted by the
models, see Section 4.2.
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Compared to the literature value of the SFH, our models overestimate the star formation
rate at redshifts betwixt 2 À z À 8. Nevertheless, the SFH up to redshift z À 2 is fairly
consistent amongst both models and the literature, which corresponds to the longest
time interval in the history of the Universe ptlookbackpz “ 2q « 10 Gyrs). We should
point out that even though the SFR estimated by the Galacticus model, indicated by
the black line in Figure 3.21, is much higher than both the Durham model and the
literature value, it is still within observational error measurements (e.g. Hopkins 2004;
Hopkins & Beacom 2006; Lanzetta et al. 2002). From the SFH we could estimate the
stellar density per comoving volume and Mpc3 at different redshifts, which we plotted
in Figure 3.23.

The star formation rate at different epochs may be obtained from the measured lu-
minosities of high-redshift galaxies, but obtaining estimates for metallicities is not as
straightforward and usually requires spectroscopic measurements to be well constrained
(e.g. Kewley & Ellison 2008). Nevertheless, a simple function of redshift for the metal-
licity content of stellar populations in the redshift range of 0 À z À 3 was derived by
Kewley & Kobulnicky (2007) as

Z˚ “ Zd10´0.15z. (3.4)

It should be noted that this relation is not very well constrained and should be taken as
an illustrative measure of the metallicity only. It does however, fit well with the local
Universe metallicity survey of Gallazzi et al. (2008) who find the metallicity at the local
Universe to be „ 1.04Zd. We plotted the mass-weighted mean metallicity of our models
and Equation 3.4 over redshifts z “ 0 ´ 10 in Figure 3.24. Note that for the chemical
evolution we calculate the mass-weighted mean metallicity of the stellar particles from
the semi-analytic models. The more massive galaxies as well as more massive stellar
particles have high metallicity. In other words, the mass-weighted mean value is greater
than the most common bin in Figures 3.17 & 3.18 where we plotted the mean metallicity
of galaxies normalised to the total number of galaxies.
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Mpc3. The blue and red lines show the
stellar density at given redshifts estimated
by our semi-analytic models and the black
line shows the literature value described by
Equation 3.3 from Madau & Dickinson
(2014).
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Literature Figure 3.24: Cosmic chemical evolution.

The blue and red lines show our
semi-analytic models estimated
mass-weighted mean metallicity of the
newborn stellar population in logarithm of
solar units, [Fe/H]. The black line display
the metallicity of newborn stars according
to Equation 3.4 derived by Kewley &
Kobulnicky (2007).

A difference in a much greater mass-weighted mean metallicity is evidently shown in
Figure 3.24 for the Galacticus model. This could be because of the very massive galaxies
predicted by the model are also metal-rich, skewing the mean value upwards. These
many differences displayed by the semi-analytic models and the literature will show
their marks when we apply our planet recipe, which is discussed in Section 4. The
metallicities obtained from our models at low redshifts are fairly consistent with the
findings of observational surveys by Gallazzi et al. (2008) and simulations by Nagamine
et al. (2001), suggesting that most metals are locked up in high-massive galaxies with
older stellar populations.



Chapter 3. Method & Procedure 39

3.3 Data processing

In this section we go into a bit more detail on some of the calculations we made regarding
the initial mass function, metallicity distribution from our models and how we deal with
short-lived stars.

From the cosmic SFH we calculate the expected stellar mass per comoving volume per
Mpc3 to form at redshifts z “ 0´20 with a resolution of ∆z “ 0.05. In order to convert
the stellar density ρ˚ into total stellar mass in the sky, we calculate the concentric co-
moving volume up to said redshifts and slice it into bins of same redshift resolution. We
do this by subtracting the inner concentric comoving volume from the outer comoving
volume in said steps of ∆z “ 0.05. The stellar density per comoving volume and Mpc3

is shown in Figure 3.23 and the slices of comoving volumes is plotted in Figure 3.25.
The comoving volume is calculated using the cosmology calculator of Wright (2006)6

with the cosmology adopted here.
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Figure 3.25: Concentric comoving volume in slices of ∆z “ 0.05 of the entire sky.
Calculated from the cosmology calculator by Wright (2006).

6http://www.astro.ucla.edu/~wright/CosmoCalc.html

http://www.astro.ucla.edu/~wright/CosmoCalc.html
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3.3.1 Initial Mass Function

An empirical function that describes the distribution of initial masses for a population
of stars is often referred to as the initial mass function (IMF). The number of stars in
a specific mass range from a given mass of a stellar population is evaluated by

ξpMq “ ξ0

ż Mu

Ml

M´αdM (3.5)

where ξ0 is a normalisation constant, the limits Ml and Mu are the lower and upper
boundaries to which stellar masses one is interested in and α is the power law index.
For our calculations we assume the revised IMF derived by Kroupa (2001), but we
acknowledge that there are several other choices such as the log-normal IMF of Chabrier
(2003). The Kroupa IMF can be described by a broken power law as

α “

$

’

’

’

’

’

’

’

&

’

’

’

’

’

’

’

%

0.3 if 0.01 ăM˚ ă 0.08

1.8 if 0.08 ăM˚ ă 0.5

2.7 if 0.5 ăM˚ ă 1.0

2.3 if 1.0 ăM˚ ă 125

(3.6)

where M˚ “ M{Md. We assume the IMF to be both universal and constant in time.
We compile the mass ranges we use in our calculations together with the number of stars
per solar mass and fraction of mass locked up in the mass range estimated by the IMF
in Table 3.4. The number of stars per solar mass displayed in the table is multiplied by
the mass of newborn stars estimated from our semi-analytic models to yield the number
of stars per redshift bin that we consider potential terrestrial planet hosts.

This choice of IMF is not fully consistent with L01 where it was assumed that 5% of the
stellar mass was converted into solar-type stars in the mass range M “ 0.8 ´ 1.2Md.
Instead, we get that « 6.4% of the mass is converted into stars of said mass range.
Although this difference may seem small in terms of percentile units, one must keep in
mind that increasing the fraction of stellar mass converted to stars from 0.05 to 0.064 in-
creases the total number of stars formed by 28%. Nevertheless, for the results tabulated
in Table 4.1 we apply our choice of IMF to the calculations with the planet occurrence
recipes from L01 and P08.
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Table 3.4: Stellar mass ranges used in our calculations. Nstars is the number of stars
per Md calculated from Equation 3.5 and Mfrac is the fraction in percent of total
mass locked up in the mass range.

Mass range pMdq 0.08-0.60 0.60-0.80 0.80-1.00 1.00-1.20 0.13-1.34
Nstars (per Mdq 2.135 0.082 0.041 0.025 2.295
Mfracp%q 42.12 5.67 3.67 2.70 55.71

3.3.2 Metallicity Distribution

In order to associate a metallicity to the stars forming at each redshift step of ∆z we
construct a metallicity distribution function. Similar to how we estimate the SFR from
our models, we look at how much stellar mass has formed during small time intervals
and what metallicity the star particles has. Each star particle is assigned to a metallicity
bin in the range from ´3.0 ă [Fe/H] ă `1 with steps of 0.1 dex. We then calculate
how much stellar mass is confined within each bin and normalise it to the total mass
of stars formed in that time interval, thus constructing a probability distribution of
metallicities at specific redshifts. This is done for ě 50 redshifts with time intervals of
„ 260 Myr. This probability distribution is then interpolated to fit the redshift resolu-
tion of ∆z “ 0.05 in concordance with our SFR calculations. The mass that formed at
each redshift step would then have a fraction of mass corresponding to the metallicity
probability distribution. We also plot the mass-weighted mean metallicity in Figure 3.24.

Our planet occurrence recipe does not allow for terrestrial planets to form at metallicities
[Fe/H] ă ´2.2, leaving lower metallicities unnecessary for our estimations albeit useful
for plotting purposes.

3.3.3 Isochrones

Stars do not live forever and will eventually exhaust their hydrogen fuel, leave the main
sequence and reach their final evolutionary stage. How long a star will fare on the main
sequence is determined by parameters such as mass and metallicity. We have already
determined these two factors in previous sections for our calculations, which we can use
in order to figure out how many of the host stars in our estimations will have perished.
From the stellar evolution models by Bressan et al. (2012) we acquire the appropriate
isochrones7 to aid our calculations. These isochrones tell us how long stars of a certain
mass and metallicity will stay on the main sequence, which we include in our calculations.

7http://stev.oapd.inaf.it/cgi-bin/cmd

http://stev.oapd.inaf.it/cgi-bin/cmd
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Combining our IMF calculations together with the metallicity distributions and the
SFR, we acquired insight on the number of stars with certain metallicities and their age.
Comparing then to the isochrones, we removed the number of stars that did not meet
the criteria for a prolonged life on the main sequence. As we are only working with
rather low-mass stars here, we do not concern ourselves with stars going supernovae
upon completing their life-cycles. However, we assume that planets harboured by stars
that evolve off the main sequence are destroyed along with their host star.



There are more things in heaven and earth, Horatio,
Than are dreamt of in your philosophy.

- Hamlet (1.5.167-8), Hamlet to Horatio

4
Results

Here we present the results from our calculations. We investigate the differences in
our models and recipes by altering various parameters, thus creating several more

scenarios for possible outcomes. Our planet occurrence recipe is compared to those of
L01 and P08 in Section 4.1.1, with their results for our two semi-analytic models shown
in Table 4.1. We further compare the results from the models in Section 4.1.2, as well
as the different results we get if we swap the SFR from the models with the theoreti-
cal cosmic SFH from Equation 3.3. We probe different combinations of power laws in
Section 4.1.3 and in Section 4.1.4 we investigate the effects of our assumptions to the
planet occurrence recipe, such as the gradual cutoff at the lower metallicity end. In
Section 4.1.5 we make estimates of the number of terrestrial planets when our planet
occurrence recipe is applied to more constrained stellar host parameters. We dub this
the observational regime, which includes the mass- and metallicity range for host stars
to which we have confirmed detections of terrestrial planets to date.

We further use our methods to estimate the number of main sequence stars in the
observable Universe in Section 4.2 and compare the results with other estimates found
in the literature. As an illustrative measurements, we also investigate our methods
applied to the Large Magellanic Cloud and galaxies of similar mass to the Milky Way in
Sections 4.3 & 4.4. Lastly, in Section 4.5 we apply our methods to estimate the number
of terrestrial planets in the habitable zone of their host star and give a brief discussion
about the prospects of habitability.

43
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4.1 Number of Terrestrial Planets

Through our methods we estimate the number of terrestrial planets in our past light
cone, conversely, the number of terrestrial planets in the observable Universe. We define
the number of terrestrial planets as Np and their typical age as t̄age.

To briefly summarise our results: Within the observational regime of host star metal-
licity and mass where we have detected and confirmed the presence of terrestrial plan-
ets, we estimate a total number of terrestrial planets in the observable Universe to
be log10pNpq « 20.425`0.439

´0.025. The typical age of those planets is estimated to be
t̄age « 7.81`1.21

´0.28 Gyr. By lifting the conservative restrictions of the observational regime
and include stellar hosts of a wider range of metallicities, we estimate the number of
terrestrial planets in the observable Universe to be log10pNpq ě 20.820`0.468

´0.001 and their
typical age to be t̄age « 7.94`1.13

´0.20 Gyr. The errors are estimated to be our lower and
upper limits based on the variation of star formation rates, metallicity distributions from
the semi-analytic models and intrinsic errors in the power laws for the occurrence rate
of giant planets.

4.1.1 Planet Occurrence Recipes

Because the work of L01 and P08 did not include M-dwarfs or observational occurrence
rates for their planet recipes, we focus the comparison of the recipes to FGK-stars in
particular. For the Durham model our planet occurrence recipe yields log10pNpq “

18.850, which is almost 50% more than the estimated number with the L01 recipe
(log10pNpq “ 18.679) but 4% lower than the estimated number with the P08 recipe
(log10pNpq “ 18.868).

In comparison to the Durham model, Galacticus systematically predicts an increase in
the number of planets for all planet recipes. The main reason for this discrepancy comes
from the difference in total stellar mass predicted by the Galacticus model which has
a much higher SFR at older times, something that is also reflected on the estimated
typical age of the planets. However, our planet occurrence recipe estimates the num-
ber of terrestrial planets with the Galacticus model to be log10pNpq “ 19.021, which is
lower than if we apply the planet formula of either L01 (log10pNpq “ 19.049) or P08
(log10pNpq “ 19.176). Despite having a much more generous range of metallicities for
potential terrestrial planet hosts, our recipe predicts a lesser number of terrestrial plan-
ets. The reason behind this comes from the metallicity distribution predicted by the
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Galacticus model, which will produce enough giant planets to reduce the number of
terrestrial planets orbiting FGK-stars by a significant amount in our case. This effect is
illustrated in Figure 4.1 where we plotted the time evolution of the planet occurrence
recipes for different metallicity distributions.

Table 4.1: Results from our semi-analytical models for different planet-recipes
prescribed in Section 3.1. All results are made with our assumption of the IMF so
that « 6.4% of the total stellar mass is converted into FGK-stars in the mass range
0.8´ 1.2Md.

Model: Durham Durham Galacticus Galacticus
Recipe Spectral type log10pNpq t̄age (Gyr) log10Np t̄age (Gyr)
Lineweaver FGK 18.679 7.29 19.049 8.83
Prantzos FGK 18.868 7.54 19.176 8.90
This work FGK 18.850 7.75 19.021 8.96
This work FGKM 20.921 7.74 21.288 9.07
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Figure 4.1: Probability for FGK-stars to harbour terrestrial planets over cosmic
time. The black lines show the evolution of our planet occurrence recipe derived in
this work, the blue line the work of Lineweaver (2001) and the red line that of
Prantzos (2008). The solid lines show the cosmic evolution when adopting the
metallicity distribution of the Durham model, the dashed lines the metallicity
distribution predicted by Galacticus and the dotted lines the metallicity evolution of
Equation 3.4. The green dashed line acts as an indicator for when the Sun was
formed. Note that the planet occurrence recipes from Lineweaver (2001) & Prantzos
(2008) have been used here with our SFR and metallicity distributions and not in
accordance to their original estimates.
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4.1.2 Model Comparison

Leaving the L01 and P08 planet occurrence recipes behind and fixating on the one pre-
sented in this work, we narrow down the research to our different models instead. In
Figure 4.2 we show the estimated number of terrestrial planets for each model at differ-
ent redshifts in bins of size ∆z “ 0.05. We can see from the figure that the Galacticus
model predicts more planets for most of the time at redshifts z ď 9, with a peak in
number of planets for both models at z „ 2. This substantial production of planets at
earlier times for the Galacticus model is then translated into an older typical age. A
plot of the typical age of planets at redshifts z ď 3 is shown in Figure 4.3. Because not
much time has elapsed between higher redshifts, the typical age of terrestrial planets is
similar above redshift z ě 3. We also compare the fraction of terrestrial planets above a
certain age threshold, shown in Figures 4.4 & 4.5 for redshifts z “ 0.0, 0.2, 0.5, 1.0 & 2.
Note the broader shape of the Galacticus model, indicating a higher terrestrial planet
population above the different age thresholds.

In order to account for plausible deficiencies with the SFH from our semi-analytic mod-
els, we explore the outcome of combining the literature SFR of Equation 3.3 from Madau
& Dickinson (2014) with the metallicity distributions our models predicted.

The resulting number of terrestrial planets in the observable Universe is log10pNpq “

20.820 for the metallicity distribution of the Durham model and log10pNpq “ 20.825 for
the Galacticus model. These results are both lower than the results of the SFH from
the respective model, due to the overall reduced SFR predicted by the literature (c.f.
log10pNpq “ 20.921 for Durham and log10pNpq “ 21.288 for Galacticus). The typical age
of planets is also very similar when comparing the two metallicity distributions, being
t̄age “ 7.98 and 8.00 Gyr for the metallicitiy distributions of the Durham and Galacticus
model respectively (c.f. t̄age “ 7.74 and 9.07 Gyr from the corresponding SFR of each
model). We further probe the effect of the two different metallicity distributions applied
to the literature same SFH for some special scenarios in Section 4.1.4.

4.1.3 Power Law Variation

By probing different combinations of planet recipes (i.e. occurrence rate power laws
for giant planets), metallicity distributions and SFR we get quite varied results. The
parameters for the power law (fGiants “ f010arFe{HsM b

˚) describing the occurrence of
giant planets in our planet recipe was obtained from GM14 as f0 “ 0.07, b “ 1 with
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Figure 4.2: Logarithm of the
estimated number of terrestrial
planets in the sky in different redshift
bins of size ∆z “ 0.05 from our planet
occurrence recipe and semi-analytic
models. The models predicts about
the same amount of planets at redshift
z « 9, about „ 250 million years after
terrestrial planets started to form at
redshift z “ 14.6. We also include an
estimate of the number of planets
predicted by the theoretical values
from Equation 3.3 and 3.4, depicted
by the black line in the figure. The
number of planets drops steeply at
redshift z « 0 because the comoving
volume at lower redshift is so small.
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Figure 4.3: The typical age of
terrestrial planets at specific redshifts
predicted by our planet occurrence
recipe and semi-analytic models. We
also include an estimate of the
number of planets predicted by the
theoretical values from Equation 3.3
and 3.4, depicted by the black line in
the figure.

a “ 1.06˘ 0.42 for M-dwarfs and a “ 1.80˘ 0.31 for FGK-stars. We listed a few other
power law indices in Table 3.3 which we also tested together with our semi-analytic
models. For the Durham model we modestly change our result by a reduction of „ 10%
in total amount of terrestrial planets in the observable Universe when we apply the
power law index of Neves et al. (2013) for our M-dwarfs. For the Galacticus model the
difference is greater however, with a reduction of „ 30% in total amount of terrestrial
planets. The power laws described by GM14 and Johnson et al. (2010) yield the same
results for each semi-analytic model within three decimals marginal. The estimated typ-
ical age of terrestrial planets does not change by more than a few million years for the
different combinations except for the Neves et al. (2013) power law with the Durham
model, where the average age is increased to 7.85 Gyr from 7.74 Gyr.
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Figure 4.4: Fraction of planets
at different redshifts above a
certain age predicted by our
planet occurrence recipe and the
Durham semi-analytic model.
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Figure 4.5: Fraction of planets
at different redshifts above a
certain age predicted by our
planet occurrence recipe and the
Galacticus semi-analytic model.

The power law fitted to our planet occurrence recipe carried an uncertainty of σa,M “

˘0.42 for M-dwarfs and σa,FGK “ ˘0.31 for FGK-stars. Introducing these errors as up-
per and lower limits to the occurrence rate of giant planets altered the estimated number
of terrestrial planets by a maximum of ď 10% for FGK-stars and ď 2% for M-dwarf.
These errors are not presented in the tables to avoid cluttering.

4.1.4 Metallicity Relevance

Because some parts of our planet recipe is based on guesswork, e.g. the gradual cut-
off at the lower metallicity end, we want to examine the robustness of this conjecture.
We experiment with some different scenarios and compile noteworthy combinations and
their results in Table 4.2. These cases also involve iterations with the metallicity distri-
butions from our semi-analytic models applied to the theoretical SFH calculated with
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Equation 3.3.

By assuming a flat occurrence rate at the lower metallicity end to [Fe/H]“ ´2.2, we see
how our gradual cutoff effects the estimated number of terrestrial planets. For both semi-
analytic models the change is small, with an increase just above „ 3% for the Durham
model and « 0.5% for the Galacticus model. We also probe the event of a flat occurrence
rate at low metallicity with a steep drop in occurrence rate to zero at [Fe/H]“ ´1.2. In
this case the Durham- and Galacticus models lost „ 6% and 0.5% of the planets they
had with a gradual cutoff towards lower metallicities respectively, suggesting that most
terrestrial planets are formed at higher metallicities. We also probe the event of an ab-
sent need for heavy elements in order to form terrestrial planets and let the occurrence
rate be flat at lower metallicities, extending all the way to zero. This case is not very
different from the case with a flat occurrence to [Fe/H]“ ´2.2, yielding very similar
results. The difference between the two cases is the largest for the Durham model, with
log10pNpq “ 18.6 more terrestrial planets formed in the no cutoff scenario. As it is very
unlikely that terrestrial planets would be able to form at this extremely low metallic-
ity regime, the result vouches for this many stars to be unable to form terrestrial planets.

In order to further investigate the importance of the metallicity distributions for the
estimated number of terrestrial planets in the observable Universe, we run our calcu-
lations without including the prevalence of giant planets. In other words, we include
a case for which the probability to form terrestrial planets gradually increased from
´2.2 ă[Fe/H]ă ´1.2 to its maximum occurrence and that they do not get destroyed by
giant planets. The results of this case is displayed in Table 4.2 under the note "No giant
planets". The difference from our standard case was again modest, only an increase in
number of terrestrial planets by 1 ´ 3% and À 10 million years difference in mean age
for both models. This case also scrutinises the relevance of our theory that giant planets
destroy terrestrial planets in their vicinity.

We also probe the effect of applying the different metallicity distributions obtained from
the semi-analytic models to the SFH of the literature for these cases. We note that the
results are quite robust, only yielding a modest difference of À 5% in number of planets
between the two metallicity distributions for the cases tabulated in Table 4.2.
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Table 4.2: Results for special scenarios from our calculations using different
combinations of star formation rates and metallicity distributions from our
semi-analytic models and theoretical estimates from the literature with Equation 3.3.
All results in the table are for FGKM-stars in the range M “ 0.08´ 1.2Md except for
the special cases noted as "Observational regime" where we only assume host stars
with M “ 0.13´ 1.34Md and ´0.55 ă Fe{H ă `0.33 to be able to harbour terrestrial
planets.

SFR Z´distribution log10pNpq t̄age (Gyr) Notes
Durham Durham 20.937 7.77 No cutoff
Galacticus Galacticus 21.290 9.07 No cutoff
Literature Durham 20.831 8.00 No cutoff
Literature Galacticus 20.823 8.00 No cutoff
Durham Durham 20.935 7.77 Cutoff at [Fe/H]ă ´2.2
Galacticus Galacticus 21.290 9.07 Cutoff at [Fe/H]ă ´2.2
Literature Durham 20.830 8.00 Cutoff at [Fe/H]ă ´2.2
Literature Galacticus 20.823 8.00 Cutoff at [Fe/H]ă ´2.2
Durham Durham 20.892 7.69 Cutoff at [Fe/H]ă ´1.2
Galacticus Galacticus 21.283 9.06 Cutoff at [Fe/H]ă ´1.2
Literature Durham 20.792 7.93 Cutoff at [Fe/H]ă ´1.2
Literature Galacticus 20.816 7.99 Cutoff at [Fe/H]ă ´1.2
Durham Durham 20.927 7.73 No giant planets
Galacticus Galacticus 21.303 9.06 No giant planets
Literature Durham 20.823 7.97 No giant planets
Literature Galacticus 20.835 7.99 No giant planets
Durham Durham 20.513 7.53 Observational regime
Galacticus Galacticus 20.864 9.02 Observational regime
Literature Durham 20.425 7.81 Observational regime
Literature Galacticus 20.400 7.96 Observational regime

4.1.5 Observational Regime

In order to further test the restrictions of our planet occurrence recipe, we include a case
where we only allow an occurrence rate for planets within the confined metallicity range
we have observations of confirmed terrestrial planets. This case is noted as "Observa-
tional regime" in Table 4.2 and displayed by the shaded area in Figure 3.8. We restrict
this observational regime to metallicities between ´0.55 À[Fe/H] À `0.33, according to
most metal-poor terrestrial planet host star (Kepler-444, Campante et al. 2015) and the
most metal-rich terrestrial planet host star (Kepler-407, Marcy et al. 2014) observed so
far. In addition to a metallicity limit we also include restraints on the mass of the host
star to be within the interval M “ 0.13´ 1.34Md. This mass constraint is based on the
least massive and most massive star observed to harbour terrestrial planets and not cor-
related to the metallicity constraint we imposed (Kepler-42 and Kepler-21 respectively,
Borucki et al. 2011).
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Compared to the calculation of our original planet occurrence recipe and its restrictions,
the observational regime shows a decreased number of terrestrial planets by « 60% for
both metallicity distributions predicted by our models. In other words, our planet oc-
currence recipe predicts « 2.5 times more terrestrial planets than what is observed in
the planet host samples we have today. Our planet occurrence recipe also predicts an
older terrestrial planet population. In the observational regime we estimate the typical
age of planets to be t̄age “ 7.53 Gyr for the Durham model and t̄age “ 9.02 Gyr for the
Galacticus model. With the full appliance of our planet occurrence recipe, we get an
increase of the typical age by « 210 Myr and « 50 Myr for the Durham and Galacticus
model respectively.

When we examine the different metallicity distributions from the semi-analytic models
applied to the literature value of the cosmic SFH, we get the number of terrestrial planets
to log10pNpq “ 20.425 & 20.400 for the Durham and Galacticus model metallicity dis-
tributions respectively. Although the Galacticus metallicity distribution predicts fewer
terrestrial planets, the typical age is « 150 Myr higher than what the Durham model
predicts (c.f. t̄age “ 7.81 Gyr for the Durham metallicity distribution and t̄age “ 7.96
Gyr for Galacticus). The difference in typical age is generally smaller for the other cases
with the same SFH tabulated in Table 4.2. This discrepancy is due to the chemical evo-
lution predicted by the different models and the strict constraints on metallicity in the
observational regime. For the Durham model metallicity gradually builds up over time
and estimates more terrestrial planets at lower redshifts. The metallicity distribution
from Galacticus model on the other hand predicts planets to form even at high redshifts,
albeit fewer as the metallicity is sufficient enough to produce giant planets instead.

4.2 Number of Stars in the Observable Universe

In Table 4.3 we give the estimated number of stars in the observable Universe, N˚, for
our three different cosmic SFH as well as their average age. We also compare the es-
timated average age of stars with some of the literature found. We need to point out
that the mean age of stars we estimate with the literature SFH of the best fit function
derived by Madau & Dickinson (2014) as t̄age « 8.00, differs slightly from the value they
prescribe in their review of t̄age « 8.30 Gyr. As we use the same cosmology as Madau
& Dickinson (2014), we believe this discrepancy is caused by the different treatment of
long-lived stars with isochrones and numerical differences such as resolution in timesteps.
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Table 4.3: Number of stars in the observable Universe and their typical age. The
values estimated in this work are lower limits with uncertainties from using different
cosmologies.

SFR N˚ t̄age (Gyr)
Durham 9.57`0.45 ˆ 1020 7.77`0.19

Galacticus 2.20`0.21 ˆ 1021 9.07`0.23

Literature 7.59`0.75 ˆ 1020 8.00 `0.21

Madau & Dickinson - 8.30
Gallazzi et al. - 9.00

We can also compare our estimated number of stars in the observable Universe to other
estimates found on the web. NASA estimated the number of stars to be on the order
of „ 1021 in 2005 by looking at the Hubble Deep Space Image of the Virgo Cluster and
assuming that the sky was uniform with approximately the same amount of stars and
galaxies over all directions. This number ranges a lot depending on what assumptions
one makes. On the European Space Agency (ESA) webpage one finds the approximate
number of stars in the observable Universe to be between 1022 ´ 1024 by assuming all
visible galaxies to be similar to the Milky Way in number of stars 1. The NASA FERMI
mission measured gamma rays in order to estimate all the stars that has ever shone in
the observable Universe, yielding « 5.9ˆ 1021 stars (estimated from an average density
of 1.4 stars per 100 billion cubic lightyear)2.

4.3 Large Magellanic Cloud

As a simple exercise, we can apply our planet recipe to the Large Magellanic Cloud
(LMC) and estimate how many stars of our neighbouring galaxy harbour terrestrial
planets. Studies by Kim et al. (1998) of the LMC have suggested a disk stellar mass of
MLMC « 2ˆ 109Md which is thought to not have undergone any starburst epochs in its
lifetime. A stellar age and metallicity distribution of field stars found in the LMC by
Piatti & Geisler (2013) is presented in Table 4.4. From this data we can simply apply
the stellar mass of the Large Magellanic Cloud to our initial mass function to estimate
the number of stars that could potentially harbour terrestrial planets that avoid being
destroyed by voracious giant planets. With this simple data at our disposal we obtain
the of the number of terrestrial planets in the LMC to be of order log10pNpq « 9.634
with a typical age of t̄age Á 5.51 Gyr.

1http://www.esa.int/Our_Activities/Space_Science/Herschel/How_many_stars_are_there_
in_the_Universe

2http://www.spaceflightnow.com/news/n1211/01fermi/#.VUZKCXWsU8o

http://www.esa.int/Our_Activities/Space_Science/Herschel/How_many_stars_are_there_in_the_Universe
http://www.esa.int/Our_Activities/Space_Science/Herschel/How_many_stars_are_there_in_the_Universe
http://www.spaceflightnow.com/news/n1211/01fermi/#.VUZKCXWsU8o
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Table 4.4: Age and metallicity of field stars in the Large Magellanic Cloud obtained
from Piatti & Geisler (2013).

Age Metallicity
(Gyr) Fe/H
1.2 -0.32
2.0 -0.50
2.6 -0.55
3.2 -0.59
4.0 -0.69
5.0 -0.71
6.4 -0.80
8.1 -0.87
10.1 -0.91
12.7 -0.89

Perhaps the most interesting result from this estimation is that even though the LMC
has quite metal-poor stellar population, we estimate that most terrestrial planets are
almost 1 Gyr older than Earth. Another reason which makes our result alluring is that
the LMC, being a close neighbour to the Milky Way, will be a good candidate to make
future extragalactic exoplanet observations in to test our results. Such observations may
already be possible with e.g. microlensing techniques (Dominik 2012; Jetzer 2008).

4.4 The Milky Way

From our semi-analytic models we obtain a number of galaxies of similar mass as the
Milky Way which we can use to assess a rough estimate of the number of terrestrial
planets in our galaxy. By extracting the galaxies from the models within the mass range
4.6 ´ 6.43 ˆ 1010Md, we have a sample of galaxies within the estimated stellar mass
range of the Milky Way (Licquia & Newman 2013; McMillan 2011). As we already
know both the chemical evolution and the SFH of these galaxies from our models, we
can apply our planet occurrence recipe and estimate the number of terrestrial planets
and the typical age of said planets for each galaxy. Our estimates suggest that the
number of terrestrial planets in a galaxy of similar mass as the Milky Way should be
log10pNpq « 10.958´ 11.122. Both our models predict very similar amount of terrestrial
planets for galaxies in this mass range, with the lower and upper limit suggested here
coming from the stellar mass constraints of the Milky Way. However, the mass-weighted
mean age ranges from 7.77 Gyr to 8.44 Gyr for the Durham and Galacticus model re-
spectively. This discrepancy between the models is due to the very old population of
stellar particles the Galacticus model predicts, depicted by the red line in Figure 4.6
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where we plot the age distribution of terrestrial planets in galaxies of this mass range.

If we compare this result to the literature, we find that our estimates predict an older
population of terrestrial planets compared to e.g.Lineweaver et al. (2004), where the
average Earth-like planet in the Galaxy is estimated to be « 5.5 Gyr. Guo et al. (2009)
estimates the number of terrestrial planets in the Milky way to be log10pNpq « 10.658,
whereas we estimate the number to be at least twice as much. However, Guo et al.
(2009) estimates the number of terrestrial planets in the habitable zone which could
explain the disparity. Our estimate of the average age of t̄age „ 7.77 ´ 8.44 Gyr is also
older than the average age of Earth-like planets orbiting FGK-stars that L01 appraises
to be 6.4 ˘ 0.9 Gyr. The star formation history and chemical evolution of the Galaxy
may not be very well represented by our models, which does not necessarily account
for the same epochs of starbursts as the Milky Way have undergone (Rocha-Pinto et al.
2000).
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4.5 Habitability

Much of the work in exoplanetary astronomy of late has been towards finding exoplan-
ets within the habitable zone (e.g. Farr et al. 2014; Guo et al. 2009; Kopparapu 2013).
Indeed, this was one of the main purposes of the Kepler mission3 and these days we
are able to make some statistics on the presence of exoplanets in the habitable zone
of low-mass stars (e.g. Bonfils et al. 2013; Tuomi et al. 2014; DC15). Definitions of

3http://exep.jpl.nasa.gov/documents/ExoplanetCommunityReport.pdf

http://exep.jpl.nasa.gov/documents/ExoplanetCommunityReport.pdf
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the habitable zone may vary some in the literature, but the most accepted definition
is the moist greenhouse habitable zone of Kasting et al. (1993). This definition of the
habitable zone describes the distance from the host star to which a planet may have
sustained liquid water on its surface. The simplest depiction would be that a distance
too far from the star would cause the water to freeze whereas a distance too close would
cause the water to evaporate from the surface of the planet. Because stars of various
masses exposes the planet to different amount of flux, the habitable zone is dependent
on the spectral type of the star as well as the size of the planet. Stars of low mass
such as M-dwarfs have their habitable zone quite close to the host star, making detec-
tions of planets in the habitable zone of such stars a possibility (e.g. Quintana et al.
2014). However, due to the limitations of our current technology, observing terrestrial
planets in the habitable zone of Sun-like stars has proven to be quite a predicament.
Both Doppler and transit method techniques suffer greatly when trying to detect terres-
trial planets on wider orbits around Sun-like stars as those planets do not interact with
the host star above current noise levels. Nevertheless, to go about this issue one usually
applies modest extrapolation of shorter orbits unto longer ones (e.g. Petigura et al. 2013).

Recently, Kopparapu et al. (2013) revised the constraints of the moist greenhouse hab-
itable zone to include terrestrial planets of a wider range of sizes and host stars with
lower surface temperatures than those derived by Kasting et al. (1993). Other defini-
tions involve the total amount of flux hitting the planet to be within a certain range,
e.g. FP “ 0.25 ´ 4.00FC (Petigura et al. 2013). Generous definitions may include the
distances of an early Mars and Venus as outer and inner limits for the habitable zone
(e.g. Selsis et al. 2007). Cloud formation due to planetary rotation was investigated
by Yang et al. (2014a), suggesting that stable atmospheres may be more common than
earlier believed. Recent Kepler data of the occurrence rate of planets orbiting M-dwarfs
in a vivid selection of definitions of habitable zones is tabulated by DC15.

An analogous interpretation to express terrestrial planets in the habitable zone is the
common usage of the name "η-Earth". Just as with the habitable zones themselves,
η´Earth may have various definitions in the literature, albeit the meaning is in prin-
ciple the same. Here we employ our calculations to estimate the number of terrestrial
planets in the habitable zone, or how many η´Earths we expect there are in the ob-
servable Universe. Extrapolation of planet occurrences found by Kepler has yielded a
fraction of fη « 0.1 planets with size R “ 1 ´ 2RC per Sun-like star in the habitable
zone (Batalha 2014; Petigura et al. 2013). Kopparapu (2013) revised the occurrence rate
of rocky planets (R “ 0.5´ 1.4RC) in the habitable zone estimated by DC13 to include
planets of size R “ 0.5´ 2.0RC to be fη « 0.5. By applying these occurrence rates for
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terrestrial planets in the habitable zone to our calculations, we wind up with the results
shown in Table 4.5.

Our results of the estimated number of η´Earths is based on current occurrence rate
estimates of terrestrial planets the habitable zone of Kopparapu et al. (2013). This def-
inition involves a habitable zone of which the planet receives roughly the stellar flux of
FP « 0.35 ´ 1.01FC, also known as the maximum greenhouse- and moist greenhouse
limit. We could easily apply a different definition and other occurrence rate, however
that would only scale our results accordingly to the difference in planet occurrence
rates. From our calculations we obtain the number of η´Earths in the observable Uni-
verse to be log10pNηq ě 20.509`0.464

´0.003, with a typical age of t̄age « 7.98`1.09
´0.23 Gyr. The

uncertainties of our estimates originate from the results of our different SFH, metal-
licity distributions and giant planet occurrence power law. If we restrict ourselves to
the observational regime of which terrestrial planets have been observed, the estimated
number of η´Earths in the observable Universe is reduced to log10pNηq ě 20.107`0.291

´0.021,
with the typical age of t̄age « 7.82`1.20

´0.28 Gyr.

4.5.1 Discussion on Habitability

A question that remains open at the moment is whether M-dwarfs can be associated with
habitability in the same sense as Sun-like stars (Scalo et al. 2007). Extreme Ultraviolet
(EUV), X-ray radiation and flares exhibited by low-mass stars may drastically erode a
stable atmosphere and therefore the prospects of habitability (e.g. Luger & Barnes 2015;
Scalo et al. 2007; Segura et al. 2005). Sengupta (2015) investigated the ratio between

Table 4.5: Results for our estimation of the number of η´Earths in the observable
Universe as well as the mean age. Here we applied the same planet recipe discussed in
Section 3.1 but reduce the occurrence rate of terrestrial planets to fit that of the
observed in the habitable zone. The note "Observational regime" indicates where we
only counted host stars with M “ 0.13´ 1.34Md and ´0.55 ă Fe{H ă `0.33 to be
able to harbour terrestrial planets.

SFR Z´dist log10Np t̄age (Gyr) Notes
Durham Durham 20.611 7.75 FGKM
Galacticus Galacticus 20.973 9.07 FGKM
Literature Durham 20.509 7.98 FGKM
Literature Galacticus 20.511 8.00 FGKM
Durham Durham 20.196 7.54 Observational regime
Galacticus Galacticus 20.544 9.02 Observational regime
Literature Durham 20.107 7.82 Observational regime
Literature Galacticus 20.086 7.97 Observational regime
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EUV and bolometric luminosities of low-mass stars hosting planets in the habitable zone.
The survey estimated that only a handful of the M-dwarfs with confirmed planets in
the habitable zone met the criteria for having Earth-like habitable conditions. Another
issue with low-mass hosts is that due to the habitable zone being so close to the star,
planets within it may experience synchronous rotation and be tidally locked (Kasting
et al. 1993). Such planets would have a constant "day"-side towards the host star and
an everlasting "night"-side facing the other way. Volatile compounds that make up the
atmosphere and oceans of the planet may freeze out to form a giant ice cap on the dark
side, causing an atmospheric collapse if it gets too cold (Segura et al. 2005). Whether
tidally locked planets can attain hospitable environments or not remains disputable but
some simulations and theories suggest that they may achieve Earth-like conditions under
special circumstances (e.g. Angerhausen et al. 2014; Joshi et al. 1997; Yang et al. 2013,
2014b). Yang et al. (2013) argue that cloud formation may greatly increase the plane-
tary albedo and reduce the surface temperatures, a phenomenon that may even reduce
the contrast between day- and nightside of the planet. The presence of substellar water
clouds and the proposed clement surface conditions of tidally locked planets is something
that may be detectable with upcoming missions such as the James Web Space Telescope.

Another subject for debate is the prevalence of wet water worlds, dry desert worlds and
the possibility for such planets to be habitable (e.g. Goldblatt 2015). Interior structure
of the planet plays an important role in regulating the temperature of the planet via heat
losses from the core and drives the long term volatile cycling between interior, atmo-
sphere and oceans on the planet (Noack et al. 2014; Tackley et al. 2014). Plate tectonics
can determine the outcome for land mass and depths of the oceans of the planet (Sleep
2005). As we can see, there are many parameters to consider than just the distance to
the host star when it comes to habitability of the planet. There is also the matter of the
longevity of a planet to be within the habitable zone, or the continuous habitable zone
(CHZ) as it may be referred to (Rushby et al. 2013). As the host star evolves during its
lifetime, so does the habitable zone as well. Rushby et al. (2013) compiled estimates of
the CHZ for stars of different masses and compared them to the position of the Earth
and the exoplanet Gliese 581d, seen here in Figure 4.7. The habitable zone may even
evolve along with the star so that planets do not enter the habitable zone until after the
star has evolved away from the main sequence (Guo et al. 2010). As low-mass stars do
not evolve very quickly and stay on the main sequence for a long time, the CHZ is wider
around them. Because M-dwarfs are much more common than other types of stars and
have wide CHZs, they have become targets of high interest for astrobiologists in the
pursuit of habitable worlds.



Chapter 4. Results 58

Figure 4.7: Continuous Habitable Zones for 1, 5, 10 and 50 Gyr for stars with mass
ranging from 0.2´ 1.2Md. Earth and Gliese 581d are included for reference. Note the
scale change of both axes for the 50 Gyr CHZ in the bottom right plot. Courtesy of
Rushby et al. (2013).

It has also been suggested by e.g. Cockell (2014) that the habitable worlds may not
at all have the requirements we demand of them. By examining more extreme, rarely
encountered habitats on Earth which are more common on other planetary bodies, we
may expand our description of habitability. We do not consider a Galactical habitable
zone or dangerous events for habitability such as supernova-sterilisation for our calcula-
tions (Gonzalez 2005, 2014; Gonzalez et al. 2001; Lineweaver et al. 2004). In none of our
calculations do we account for the possibility of exoplanetary moons to be habitable,
which may very well contribute to the number of habitable worlds (e.g. Heller et al.
2014; Hinkel & Kane 2013). Neither do we cover the possibility of free-floating planets
to be habitable (Badescu 2011).



I told her we were going to get married, and all she could talk about
was frogs. She said there’s these hills where it’s hot and rains all the
time, and in the rainforests there are these very tall trees and right
in the top branches of the trees there are these like great big flowers
called... bromeliads, I think, and water gets into the flowers and makes
little pools and there’s a type of frog that lays eggs in the pools and
tadpoles hatch, and grow into new frogs and these little frogs live their
whole lives in the flowers right at the top of the trees and don’t even
know about the ground, and once you know the world is full of things
like that, your life is never the same.

— Masklin, Terry Prattchet’s The Bromeliad Trilogy

5
Conclusions

Progress in our understanding of the formation and evolution of planetary sys-
tems has been remarkably favourable in recent years. Exoplanetary astronomy is

indeed in a flourishing state and with upcoming space missions such as PLATO and
TESS, the prospects for further development are looking good. While much effort in
exoplanetary research is going towards trying to find systems reminiscing of our own,
we have learned that although the Solar system seems to be a rare specimen, terrestrial
sized planets are quite abundant in the Galaxy. In this work we asses the number to
be to be log10pNpq „ 20.82 ´ 21.29 in the observable Universe. In the following sec-
tions we discuss the meaning of the results we obtained, as well as some of assumptions
we made in our estimates. We also give some insight to future prospects in Section 5.2.1.

5.1 Discussion

The planet occurrence rates adopted here are composed from the most recent results
from transit and RV surveys. However, these methods are not without their limitations.
The Kepler mission utilises the transit method in order to detect exoplanets which be-
comes increasingly difficult with increasing orbital radius of the planet. Doppler surveys
also suffer from the same limitation in the way that low-mass planets on large orbits
do not interact enough with the host star to cause signals above noise level. These is-
sues limits the observed occurrence rates of terrestrial planets to shorter periods, which

59
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has to be corrected for incompleteness. In turn, estimates via extrapolation of planet
occurrence rates to longer periods can sometimes be quite bold (e.g. Petigura et al. 2013).

Another way to go about this problem is to complement one method with another, for
instance RV with microlensing studies (e.g. Clanton & Gaudi 2014; Montet et al. 2014).
The advantage of microlensing is that such surveys may detect planets at much longer
periods than what RV generally do for the same type of planets. However, combined
surveys are not without their flaws either. Doppler surveys typically target stars in
the Solar neighbourhood of a few pc away, whereas microlensing targets are usually at
distances d ą 1 kpc away in the direction of the Galactic bulge (Rolleston et al. 2000).
The characteristics of targets from those different methods may not be the same or at all
well determined (Gaudi et al. 2002). We discussed earlier in Section 3.1.3 that estimates
of the occurrence rate of giant planets may change drastically for a small sample when
the metallicity distribution of targeted stars and detected planets is altered.

Our method, especially the planet occurrence recipe, is very sensitive to the statistical
estimates of the occurrence rates of planets. We assume a maximum occurrence rate
of 0.4 terrestrial planets per FGK-star and 1 per M-dwarf. These occurrence rates are
based on extrapolations of planets on shorter orbital periods and were corrected for
incompleteness in the surveys they were obtained from. One may want to be more cau-
tious when applying these occurrence rate estimates and limit the value to planets on
shorter orbits where we have better statistics of confirmed exoplanets.

5.1.1 Planet Occurrence Recipe

One might argue that our planet occurrence recipe for harbouring terrestrial planets is
quite generous. We have not observed any terrestrial planets (or any planets at all1)
orbiting main sequence stars below [Fe/H]ă ´0.8, yet we assume a near-full occurrence
rate even at this low metallicity. The reason behind the lack of detected planets at
lower metallicities is not necessarily because there are no planets orbiting metal-poor
stars, but rather because of the limitations in observations. RV surveys have a limited
range and thus cannot observe potential planet hosts that are very far away and metal
deficient. Faint, distant stars go undetected by e.g. Kepler, not to mention that it is
quite difficult to accurately determine the metallicity of faint stellar populations (e.g.
Mann et al. 2013). We introduced an "observational regime" to our planet occurrence

1http://exoplanets.org/, May 21, 2015

http://exoplanets.org/
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recipe to which we argued that the most metal-poor and metal-rich host stars observed
serves as boundaries. These boundaries are very susceptible to change as our observa-
tional techniques improve and better constraints of target host stars can be acquired. In
fact, the most ancient and metal-poor planetary system confirmed to date was observed
by Campante et al. (2015) to be orbiting a host star of [Fe/H]“ ´0.55. Earlier mea-
surements of the same star have yielded metallicities ranging down to [Fe/H]ď ´0.70
(Soubiran et al. 2008), suggesting that we may already want to revise our observational
regime this very moment.

We probed our assumption of the gradual cutoff at the low-metallicity end of our planet
occurrence recipe in Section 4 & Table 4.2. We noted that the results were not signifi-
cantly altered by replacing the steadily decreasing probability to form terrestrial planets
with a steep drop instead. The gradual cutoff itself was based on the heavy element
abundance left in the minimum mass solar nebula in order to form a terrestrial planet,
which we set as [Fe/H]ě ´2.2. This limit can be questioned as not necessarily all of the
heavy elements end up in the planets. Nevertheless, we expect there to be a lower limit
to the probability of which to be able to form a terrestrial planet based on the heavy
element abundance. Below a certain threshold metallicity there would be insufficient
building materials to form a terrestrial planet. Other literature sometime assume this
threshold to be at Z ě 0.1Zd (e.g. L01; P08), where stars would most likely struggle
to build any planets. Hasegawa & Pudritz (2014) estimate the minimum metallicity for
low-mass planets (as they define as Mp ď 30MC) to form is [Fe/H] » ´1.8, although
arguing that this number probably only serves as an upper limit to the minimum metal-
licity.

5.1.2 Semi-analytic Models

When we calculate the metallicity distributions from the semi-analytic models we divide
the raw metallicity data from the models into bins with steps of ∆[Fe/H] = 0.1 dex.
This choice of bin size is a bit of an exaggeration of the metallicity resolution from the
Galacticus model, for which we have bins of twice that size. If we assume that our
estimated metallicity distribution was wrong by a factor of ˘0.1 dex, our final results
stay the same within a margin of two decimals. This is because most of the predicted
mass formed by our estimates would still be confined to the metallicity range where the
planet occurrence recipe predicts plentiful amount of terrestrial planets. The difference
becomes greater if we limit the calculations to FGK-stars only however. This effect is
most likely because of the enhanced sensitivity in the planet occurrence recipe for those
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type of stars (see e.g. Figure 3.8).

From the comparison of our two semi-analytic models and the literature in Sections 3.2.2
& 3.2.3, we note that the star formation rate of the Galacticus model is inconsistent
with that of the best-fit function from the literature (Madau & Dickinson 2014) and the
Durham model, albeit still within observational errors. The evolution of heavy elements
in the Universe is also very different between the models. One might argue that due
to the huge discrepancy between the two models, it is very improbable that they both
reproduce the actual star formation history and chemical evolution of the Universe at
the same time. We show that these two different models, one with quite similar star
formation history as the literature and one with noticeably different, yield dissimilar
results for both the number of terrestrial planets as well as the typical age. The star
formation history from the literature and the Durham model predict the number of ter-
restrial planets in the observable Universe to be of order log10pNpq „ 20.82´20.92, with
an average age of t̄age “ 7.97˘ 0.23 Gyr. With the star formation history predicted by
the Galacticus model however, the terrestrial planet population is „ 0.3´0.4 dex higher
and roughly one Gyr older.

The mass resolution of the Galacticus made it possible to include galaxies of lower mass
(ď 107Md) into our calculations. Due to the limitations of the simulation, the low-mass
galaxies may not be very well resolved themselves and not act as ideal representatives of
the galaxy population (A. Benson 2015, private communication). As it turns out, those
galaxies are often extremely metal-deficient and thus unable to host terrestrial planets
(see e.g. Figure 3.16). This is not very surprising as many low-mass galaxies become
quenched in star formation quite early and do not produce many new stars that may
enrich the coming generations with metals (Weisz et al. 2015). Regardless, the inclusion
of low-mass galaxies is negligible compared to the amount of stars and terrestrial planets
estimated from the high-mass galaxies.

An interesting result from our calculations is that if we compare the cosmic star for-
mation rate with the planet formation rate, we get a slight delay in planet formation.
This effect is also discussed by L01 and suggested to be because of the time needed for a
sufficient growth of heavy elements to be able to produce planets. We estimate the offset
in formation rates for our models to be „ 340´ 520 Myrs. This delay in planet forma-
tion compared to star formation is lower than the „ 1.5 ˘ 0.3 Gyr L01 estimates. Our
models predict terrestrial planets to be able to form very early on in the history of the
Universe due to the anticipated development of heavy elements at a young cosmic age.
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We illustrate this effect in Figure 5.1 where we plot the star formation rate, depicted by
dashed lines, for both our semi-analytic models, the literature value from Equation 3.3
and L01. In the same plots we include the planet formation rates, shown as solid lines,
which is the number of terrestrial planets formed per year per comoving Mpc3. We also
include a zoomed in version of all the star and planet formation rates together in the
same plot where we scale the formation rates to the total amount of planets and stellar
mass formed, seen in Figure 5.2. Same as in Figure 5.1, the dashed lines depicts the star
formation rate and the solid lines the terrestrial planet formation rate (PFR).
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Figure 5.1: Cosmic formation rate for both stars (dashed) and terrestrial planets
(solid) as function of time. The dark green dashed line indicate the time when the Sun
formed. The blue and red lines show the formation rate calculated from the Durham
and Galacticus semi-analytic models respectively. The black lines show the literature
star formation rate from Equation 3.3 derived by Madau & Dickinson (2014) and the
planet formation rate, which we estimate from the metallicity evolution described by
Equation 3.4 from Kewley & Kobulnicky (2007). The brown lines show the formation
rate we obtain if we apply the metallicity distribution and star formation rate that
Lineweaver (2001) used. Note the earlier start for the star formation rates (dashed
lines) in all of the plots compared to the planet formation rate. This effect is due to
the need for a build up of heavier elements to make planets. The delay is less apparent
for the Galacticus model where the chemical evolution is much higher at earlier times.

5.1.3 Stellar Characteristics

In our calculations we only consider stars on the main sequence to harbour terrestrial
planets. We set our mass range of FGKM-stars to M “ 0.08 ´ 1.2Md, which is to try
and be consistent with the earlier work of L01, albeit with the inclusion of low-mass
M-dwarfs. We also argue for this spectral type range as the more extensive exoplanet
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Figure 5.2: Cosmic formation history for both stars (dashed) and terrestrial planets
(solid). Same as in Figure 5.1 but scaled to show the fraction of formation rate of the
total amount of stellar mass and terrestrial planets formed. Note the offset for planet
formation rate predicted by Lineweaver (2001) compared to the star formation rate,
seen here by the brown lines. The build-up time for heavier elements required to
produce terrestrial planets is „ 340´ 520 Myr for our models. As the metallicity for
the literature is calculated here with Equation 3.4, the onset for terrestrial planets
begin « 90 Myr after the first stars formed. With the planet occurrence recipe of
Lineweaver (2001) where the minimum metallicity threshold is at [Fe/H]« ´1, the
delay for the literature metallicity to initiate terrestrial planet formation is increased
to « 630 Myrs.

missions survey these type of stars (e.g. Kepler, HARPS, CPS). Planets orbiting more
evolved giant and subgiant stars have been observed however (e.g. Johnson et al. 2010,
2011; Veras et al. 2015). Theories also suggest that white dwarfs may be able to host
planets without the need for capturing free floating planets (e.g. Veras et al. 2013). Ob-
servations of white dwarfs have indicated that the occurrence rate of planets orbiting
white dwarfs is probably lower than that of main sequence Sun-like stars (Fulton et al.
2014). In our calculations we assumed all planets to be lost once the star moved on
from the main sequence. As most of the planets in our estimates are harboured by very
low-mass and long-lived M-dwarfs, the removal of planets orbiting FGK-stars no longer
on the main sequence becomes insignificant.

Whether planets can form and survive in all environments in the Universe is unclear.
Globular clusters were once thought most likely unable to host planets (Gonzalez et al.
2001), but later observations have detected several giant planets orbiting stars in glob-
ular clusters (e.g. Quinn et al. 2012). Simulations have also indicated that hot Jupiters
could form quite easily in globular clusters (Shara et al. 2014). If scattering events due to
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gravitational interactions with nearby stellar companions are common in globular clus-
ters, they may not be very hospitable to low-mass terrestrial planets. It has also been
argued that elliptical galaxies may very well support accommodation of terrestrial plan-
ets in the habitable zone (Suthar & McKay 2012). We attempted to investigate if there
was any difference between disk- or spheroid-dominated galaxies to harbour terrestrial
planets (e.g Figure 3.16 and 3.20). For the Galacticus model we defined galaxies that
were more massive in their disk part to be considered as disk-dominated and vice versa
for spheroid-dominated. For the Durham model this was defined by the scale lengths
instead, which is a less reliable approach due to scale lengths being dependent of how
angular momentum is treated by the model. The results showed that most metal defi-
cient and therefore planet-barren galaxies were low-mass disk-dominated galaxies whilst
the most massive galaxies where spheroid-dominated and rich in metals. These results
may be ameliorated by examining our method on individual galaxies with enhanced
resolution.

In Section 3.1 we discuss the relation between stellar metallicity, mass and planet oc-
currence. Good measurements of the metallicity of stars can sometimes be difficult to
obtain, especially for low-mass stars such as M-dwarfs (e.g. Casagrande et al. 2008).
Other typical characteristics of stars may be better suited for determining the occur-
rence rates of planets, e.g. effective temperature (Howard et al. 2012).

5.1.4 Caveats

One of our major assumptions in this work is that giant planets on short orbits de-
stroy low-mass planets during the migration phase of the giant planet. We assumed
that low-mass planets were completely destroyed, not just ejected from the system and
lost. Scattering events between planet-planet interactions are a plausible explanation to
companions being ejected from a system and becoming free-floating planets that inter-
act with neighbouring stars (Wang et al. 2015b). It has been suggested by e.g. Veras
& Raymond (2012) that planet-planet scattering cannot alone explain the population
of these rogue planets and give some other examples of how they might appear, e.g.
forming via disk instabilities or representing the low-mass tail of the stellar initial mass
function. We did not account for any possibility of rogue planets becoming entangled
with stellar systems in our calculations.

The assumption that hot Jupiters are seldom accompanied by other planets only holds
for other low-mass planets on short orbits. Surveys by Ngo et al. (2015); Wright et al.
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(2009) present detections of giant planet companions to hot Jupiter hosts on very wide
orbits, ě 50 AU. These giant planets are not included into the planet occurrence recipe
presented here as the power law adopted only observed giant planets on short orbits,
ď 2.5 AU. However, our assumption that all giant planets on orbits shorter than 2.5 AU
removes all terrestrial planets is not iron-clad either. A few examples of multiplanetary
systems with terrestrial planets orbiting on the inside of a giant planet companion have
been detected (e.g. Gliese 676 system, Anglada-Escudé & Tuomi 2012). Simulations by
e.g. Mandell et al. (2007) show that super-Earths might be able to form in the planetary
disk after a hot Jupiter has swept by, although only in the habitable zone if no giant
planet is present within ď 2.5 AU. Therefore, our assumption that all giant planets de-
stroy any prevalence of terrestrial planets may seem a bit strict. We probed the effect of
having no giant planets to our calculations and gave the results in Table 4.2. We noted
that due to the overall high probability for M-dwarf stars to form terrestrial planets as
well as their shear number, the consequence of having no giant planets was not all too
substantial. The effect was much stronger for FGK-stars where „ 20% of the potential
terrestrial planets were destroyed, also reducing the typical age by „ 200 Myr.

There is also a question regarding "Good Jupiters". Planetary migration is not fully
understood and indeed, we are in the presence of a Jupiter-sized planet that may have
undergone a migration phase in the early solar system (see e.g. Agnor & Lin 2012). Yet,
it stopped at a location where it is beneficial to our planet rather than destroying it.
Evidently, not all giant planets undergo a voracious migration phase.

Another important issue to keep in mind is our scaling of the probability to form terres-
trial planets orbiting M-dwarfs. As seen in Figure 3.8 and displayed by the dashed black
line, the underlying probability (most noticeable at the lower metallicity end where giant
planet formation is suppressed) to form terrestrial planets is scaled to the fit the occur-
rence rate of terrestrial planets orbiting M-dwarfs of À 1 from the solid line, describing
the probability for Sun-like stars to form terrestrial planets of À 0.4. As this is done
by simply rescaling and increasing the probability from the original probability to form
terrestrials we used for Sun-like stars, we infer that the probability to form terrestrial
planets is higher for low-mass stars with the same metallicity as their more massive
counterparts. Since metallicity of a star is described by a fraction of its total mass, a
low-mass star with the same [Fe/H] fraction as a high-mass star would actually have
less total metal content. Our assumption here is that a low-mass M-dwarf would, even
at the same metallicity, have an increased probability to form a terrestrial planet than
a more massive star would. The question however, lies in whether the protoplanetary
disk of a star with enough metals to form a number of planets will form several, smaller
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terrestrial planets or few, larger giant planets.

5.2 Summary

By combining results from interdisciplinary fields of astronomy such as exoplanet ob-
servations, planet formation theory, galaxy formation simulations and cosmology, we
obtain means to estimate the number of terrestrial planets in the observable Universe.
We summarise the results from our findings as following:

• By comparing the semi-analytic models with literature values we note that bet-
ter constraints for simulations of galaxy formation on cosmic scales are essential
for this purpose. The number of stars in the observable Universe and thus also
the number of terrestrial planets can be modified by as much as a full order of
magnitude depending on the star formation assumed. We find that the number of
stars in observable Universe, N˚ „ 9.57`2.63

´1.98ˆ 1020 is somewhat lower than cruder
estimates found on the web.

• Through our calculations we estimate the number of terrestrial planets in the
observable Universe to be of the order of log10pNpq ě 20.820`0.468

´0.001, with a typical
age of t̄age « 7.94`1.13

´0.20 Gyr. We estimate the typical terrestrial planet to be older
than that predicted of Earth-like planets by L01 by « 1.5 Gyr and « 3.3 Gyr older
than the Earth. We estimate the number of terrestrial planets in the habitable
zone (log10pNηq ě 20.509`0.464

´0.003, with t̄age « 7.98`1.09
´0.23 Gyr) to be on the same order

of magnitude as earlier estimates by Wesson (1990).

• By including low-mass stars as planet hosts we greatly increase the number of
planets in the observable Universe. Our results imply a robust measurement for
the number of terrestrial planets which does not vary much for different cosmic
metallicity evolutions, nor when applying stricter constraints for the probability
of stars to harbour them. Our results also suggest that Sun-like stars are more
sensitive to variations in heavy element abundance in terms of being able to host
terrestrial planets compared to low-mass stars. Furthermore, we obtain that the
number of terrestrial planets destroyed by the presence of migrating giant planets
is of the order of log10pNlostq « 19.0. We expect more stars to form giant planets
that migrate than stars with inadequate materials to form terrestrial planets.

• Our results indicate that the observable Universe has been habitable for a very
long time and that we expect terrestrial planets to abide in distant as well as
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nearby galaxies. We also expect the more massive galaxies to harbour more and
older planets per stellar mass than less massive galaxies.

• Our method is easily applied to single targeted galaxies (e.g. the Large Magellanic
Cloud, see Section 4.3), provided sufficient data is available. Our models can also
produce estimated values of the number of planets for Milky Way massive galaxies.
Although, we argue for models of individual galaxy formation simulations to be
able to make better assessments for this.

• Spheroid-dominated galaxies are presumed more likely to harbour terrestrial plan-
ets compared to disk-dominated galaxies according to our semi-analytic models.

• Including estimates of the number of planets in the observational regime, where we
have confirmed detections of terrestrial planets, reveal that our planet occurrence
recipe predicts « 2.5 times more terrestrial planets than what is observed today.

The results we obtain can be used as a landmark for other similar studies using the same
methodology. Our work also give semi-analytic models a new area to work with, as the
results are very dependent on the performance of the simulations. A good representative
model of the Milky Way would be very interesting to probe with our planet occurrence
recipe, as the results could be beneficial for future exoplanet surveys in estimating which
areas are most probable to harbour terrestrial sized planets.

5.2.1 Future Prospects

We believe all of our occurrence rate estimates to improve with the aid of current and
future space missions, e.g. the K2 mission (Howell et al. 2014), the TESS mission (Ricker
et al. 2014) and the PLATO mission (Rauer et al. 2014). Expanded searches for exo-
planets targeting stars of a broader variety will help refining the current interpretation
of potential terrestrial planet hosts. Observations of protoplanetary disks at different
stages may provide better constraints to planet formation theories for host stars of vary-
ing mass and metallicity. We also expect additional developments in galaxy formation
and high-redshift observations will aid in placing further constraints on the star forma-
tion history and chemical evolution of the Universe, thus also benefiting our estimates.

This research has made use of the Exoplanet Orbit Database and the Exoplanet Data
Explorer at exoplanets.org.
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