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Zusammenfassung

Die Suche nach extrasolaren Planeten und deren Charakterisierung ist ein Forschungsgebiet,
welches sich so rasant entwickelt wie kaum ein anderes im Bereich der Astronomie. Uber das
letzte Jahrzehnt wurden grofle Fortschritte beziiglich der Anzahl der Planetenentdeckungen
und der Vermessung ihrer Eigenschaften gemacht. Die bislang bei weitem erfolgreichste Meth-
ode, die Transitmethode, trug mehr als 2000 bestétigte Planeten zur Gesamtzahl von 2900
Entdeckungen bei. Aufgrund dieser grofien Anzahl an entdeckten Planeten sind nun statistis-
che Analysen von Planeteneigenschaften moglich. Das Hauptziel des Pan-Planets Projektes
und dieser Doktorarbeit ist die Berechnung der Haufigkeit von sogenannten heiflen Jupitern
um M-Zwerge, auch rote Zwerge genannt. Wie in Abschnitten und beschrieben,
scheinen M-Zwerge auf theoretischen Modellen basierend eine andere Verteilung von Plane-
tentypen zu besitzen als groflere FGK-Zwerge. Transitprojekte wie Kepler konnten bereits
grofe Erfolge aufweisen und ermoglichten es, die Haufigkeit von Felsplaneten um verschiedene
Sterntypen genau abzuschatzen. Allerdings waren diese Projekte bei M-Zwergen aufgrund
ihrer geringen Anzahl im Sichtfeld (< 3000) fiir die Studie von heiflen Jupitern aufgrund ihrer
intrinsischen niedrigen Haufigkeit weniger erfolgreich. Das Pan-Planets Projekt beobachtete
mehr als 65000 M-Zwerge, was eine im Vergleich bedeutend grofiere Anzahl darstellt.

In Kapitel [1] gebe ich zunichst einen Uberblick iiber alle fiir diese Doktorarbeit relevanten
Themen. Ich beschreibe die Geschichte der Exoplanetenwissenschaft, diskutiere die Defini-
tion von Planeten, definiere verschiedene Planetentypen und fasse die derzeitigen Erkenntnisse
zur Planetenentstehung, M-Zwergen und Methoden zur Planetenentdeckung zusammen. An-
schlieBend gebe ich einen Uberblick iiber die derzeitigen Planetenentdeckungen, diskutiere
das Konzept von habitablen Planeten und schlieffle das Kapitel mit einer Beschreibung ab,
wie Planeten mit beobachtbaren Transits bestatigt und nachbeobachtet werden kénnen.

In Kapitel [2] beschreibe ich zunachst das Pan-Planets Projekt und die Verarbeitung der
Beobachtungsdaten. Diese ist eine aufwendige Aufgabe, die das Entwerfen von automatis-
chen Verarbeitungsroutinen, Bildverarbeitungsprogrammen fiir das automatische Maskieren
von systematischen Fehlern, Lichtkurvengenerierung und Signalerkennung beinhaltet. Um
eine Analyse der statistischen H&ufigkeit von Exoplaneten durchfithren zu koénnen, miissen
zundchst die M-Zwerge im Sichtfeld von Pan-Planets identifiziert werden. Dieser Punkt ist
essentiell: je genauer die M-Zwerge in den Daten identifiziert sind, desto besser kénnen die
Planetenhéufigkeiten abgeschétzt werden. Im Sichtfeld von Pan-Planets gibt es Bereiche mit
starker interstellarer Extinktion, die zu einer Rotung der Sterne fithrt. Daher ist es notig,
die Sterne moglichst genau zu charakterisieren und hierfiir auch die Extinktionseffekte zu
entfernen. Ich demonstriere die Genauigkeit unserer Methode der M-Zwerg Klassifizierung
und fiihre verschiedene Konsistenzchecks durch. Ein Konzept fiir Monte-Carlo-Simulationen
wird von mir erarbeitet und durchgefiihrt, um die Erfolgsrate von Pan-Planets beziiglich der
Entdeckung von Planeten abzuschétzen. Ich fithre diese Analyse fiir verschiedene Stern- und
Planetenradien durch.

In Kapitel [3| diskutiere ich die Nachbeobachtungen, die fiir unsere Pan-Planets Kandidaten
mit dem Fraunhofer Teleskop Wendelstein Wide Field Imager (FTW WEFI) und dem Mec-



Donald Otto Struve ES2 Spektrograf durchgefithrt wurden. Alle Planeten werden durch
Parameterabschatzung der Transitkurve charakterisiert und anschliefend mit Photometrie
und Spektroskopie genauer tiberpriift, um den Sterntyp und das Transitmodel zu verbessern.
Mit diesen Daten erstelle ich eine Falschpositiv-Analyse fiir alle Planetenkandidaten und
beschreibe die finale Liste an gepriiften Kandidaten in vier Kategorien: Planeten um M- und
FGK-Zwerge, bedeckungsveranderliche M-Zwerg Doppelsterne und verdnderliche Sternsys-
teme. Anschliefflend beurteile ich die Implikationen unserer Entdeckungen im Kontext der
Planetenhéufigkeiten mit Hilfe der Monte-Carlo-Simulationen. Fiir die Haufigkeit von heiflen
Jupitern um M-Zwerge berechne ich einen Wert von O.llfg:gg% bei einer Konfidenz von 95%.
Fiir den Fall, dass sich unsere M-Zwerg Kandidaten als Falschpositive herausstellen, berechne
ich ein Oberlimit von 0.34% fiir die Haufigkeit. Diese Ergebnisse sind wesentlich niedriger als
die der bisherigen Transit- und Radialgeschwindigkeitsprojekte, welche nur Oberlimits von
etwa 1% berechnen konnten. Wiahrend dies noch nicht die Vorhersage bestétigt, dass heifle
Jupiter um M-Zwerge wesentlich seltener sind, kann nun bereits festgestellt werden, dass diese
zumindest ebenso selten sind wie um heiflere FGK-Zwerge, bei denen H&ufigkeiten zwischen
0.3%-0.6% festgestellt wurden.

In Kapitel [4] beschreibe ich die Entdeckung eines ungewohnlich grofien, neptunartigen Plan-
eten mit einem Radius von R, = 3.47T578 Ry, der im offenen Cluster Praesepe (M44) in
der K2 Kampagne 5 entdeckt wurde. Planetenentdeckungen in offenen Clustern sind bislang
eine Seltenheit mit derzeit 14 bestatigten Entdeckungen und sind von grofier Relevanz auf-
grund der bekannten Alter, Entfernungen und Metallizitdten ihrer Zentralgestirne. Offene
Cluster sind aulerdem oftmals jung (< 1Gyr) und die Planetenentstehung kénnte anders
ablaufen aufgrund der haufigeren gravitativen Wechselwirkungen mit benachtbarten Sternen.
Die Beobachtung von Clustersternen, die Planeten beherbergen, kénnte deshalb zu neuen
Einblicken in die Unterschiede der Planetenentstehung fiihren. Ich gebe einen Uberblick tiber
unsere Nachbeobachtungen, charakterisiere das Zentralgestirn des Planeten, validiere den
Planeten statistisch und diskutiere eine Anomalie, die ich bei dem Planetenradius festgestellt
habe. Nur wenige Planeten um M-Zwerge auflerhalb von offenen Clustern besitzen Radien
oberhalb von 3 Rg. Die wenigen bekannten Planeten sind auflerdem gréfler als unsere Ent-
deckung und wesentlich starkerer Strahlung ausgesetzt, was vermutlich zu einer Vergréflerung
des Planetenradius fiihrt. Unsere Entdeckung ist bereits der zweite Planet in einem offenen
Cluster mit einer derartigen Anomalie und wir diskutieren verschiedene Erklarungsansitze
fiir diesen Effekt.

Meine Schlussbemerkungen und eine Zusammenfassung der Doktorarbeit finden sich ab-
schlieflend in Kapitel



Summary

Planet studies are one of the fastest-growing branches in astronomy. Over the past decade,
advances have been made with a continually rising number of exoplanet discoveries and the
more accurate study of their properties. The by far most successful detection technique is
the transit method which contributes more than 2000 exoplanets to the total number of 2900
discoveries. Due to this large sample, the statistical assessment of planet populations has
become possible. The primary goal of the Pan-Planets survey and this thesis is the determi-
nation of the hot-Jupiter occurrence rate around M-dwarfs. As described in sections [I.4] and
M-dwarfs seem to be peculiar in that their planet distributions appear to be different
to that of FGK-dwarfs based on theoretical models. While transit surveys such as Kepler are
very successful in discovering planets and estimating the occurrence rates of rocky planets,
the small M-dwarf samples (< 3000) of those surveys have limited the statistical study of
the M-dwarf hot Jupiter occurrence rate. The Pan-Planets survey observed a substantially
larger number of M-dwarfs compared to other projects with more than 65000 M-dwarf targets.

In chapter |1} I provide an overview of all topics that are relevant to this thesis. I describe the
history of exoplanet science, define the status of a planet, list different planetary types and
summarize planet formation, M-dwarfs and planet detection methods. After this, I provide an
overview of planet discoveries, briefly discuss the concept of planet habitability and conclude
this chapter with a discussion of how to follow up transiting planets.

In chapter [2] T first describe the Pan-Planets survey and data reduction. The data reduction
of Pan-Planets is a challenging task that encompasses writing automatic pipelines, creating
image-processing scripts for automatic masking of systematics, light curve creation and sig-
nal detection. In order to perform the statistical occurrence-rate analysis, one first has to
identify the M-dwarf target sample. This is a critical point: the more robustly M-dwarfs are
identified, the more stringent occurrence rate limits can be established. The Pan-Planets field
has a high amount of interstellar extinction which reddens the individual stars. Therefore,
a significant task is the proper stellar characterization of the target stars which incorporates
extinction fitting. I demonstrate the accuracy of our M-dwarf selection method and perform
various consistency checks. Next, a concept for Monte Carlo simulations has to be planned
and executed in order to estimate the detection efficiency based on the data. I estimate the
detection efficiency of Pan-Planets for various planet and star radii based on these data.

In chapter |3 I detail the follow-up efforts of our Pan-Planets targets with the Fraunhofer
Telescope Wendelstein Wide Field Imager and the McDonald observatory Otto Struve tele-
scope with the ES2 spectrograph. All planet candidates are characterized by transit-shape
fitting and followed up with photometry and spectroscopy in order to determine the stellar
type of their host stars and improve the transit model. Using all of the obtained data, I
perform a false-positive probability analysis on all planet candidates. I detail the final list
of vetted candidates in our target categories, planet candidates around FGKM-dwarfs, M-
dwarf binaries and variable systems, and give a summary of the current status. Finally, 1
determine the impact of our discoveries by providing a new upper limit for the occurrence
rate for M-dwarf hot Jupiters based on our candidate set and the results from our Monte



Carlo simulations. Assuming one confirmed detection, I estimate the occurrence rate to be
0.117037% at a 95% confidence limit. In case of a null detection, I estimate an upper limit
of 0.34%. These results are more constrained than the previous occurrence rate estimates
based on radial velocity surveys and transit surveys which placed upper limits down to 1%.
While this does not yet confirm the prediction that M-dwarf hot Jupiters are more rare, it

can already be established that hot Jupiters are at least as rare as around hotter FGK-dwarfs.

In chapter 4| I describe the discovery of an unusually large Neptunian planet with a radius
of R, = 3.47f8:g§ Rg that was found in the Praesepe cluster (M44) during the K2 campaign
5 survey. Planet discoveries in clusters are quite rare with 14 confirmed detections so far and
are of great interest for follow-up characterization due to the known age, distance and metal-
licity of their host stars. Furthermore, many open clusters are young (< 1Gyr) and planet
formation might be different to the more frequent gravitational interaction with neighbouring
stars. Studying planet-hosting cluster members might therefore gain further insight into this
difference in formation. I provide an overview of our follow-up layout, characterize the host
star, validate the planet statistically and discuss an anomaly which I detected in the planet’s
radius. There are very few known M-dwarf field stars that host planets with radii above 3 Rg
and those receive significantly more stellar flux and are much larger than this planet. It is
the second cluster planet with such an anomaly, hence we provide possible explanations for
this effect.

Finally, I provide concluding remarks and a summary in chapter



Chapter 1

Theory

My God, it’s full of planets! They should have sent a poet.

Mixture of quotes from the movies Contact and 2001: A Space Odyssey

Note: Unless indicated otherwise by providing a source, figures were created by me.

1.1 History

Already very early on in the history of humanity, ancient scientists and philosophers discussed
the nature of the stars that we can see in the night sky. Our own Solar System consists of
a single star, rocky planets and gas giants in various sizes, several dwarf planets and dozens
of moons. This lead to the century-spanning discussion of whether other stars also possessed
their own planets or not - if our Solar System was a unique exception and whether other
types of stellar systems would be possible. Greek astronomers and philosophers already
hypothesized that the stars we see in the sky are just like the Sun and each represents a
miniature systerrﬂ However, with no data to base actual theories on, it was nothing more
than a philosophical discourse. The idea got picked up again by Giordano Bruno in the
Renaissance era, stating: ”Innumerable Suns exist. Innumerable earths revolve around these
- Living beings inhabit these Worlds”ﬂ Swedenborg] (1734)) first proposed concrete ideas on
planet formation, the so-called nebular hypothesis, stating that interstellar gaseous nebulae
and clouds could collapse under their own gravitational forces and compress into stars and
planets. This was further expanded on and published by Immanuel Kant in his ” Universal
Natural History and Theory of the Heavens” (Kant, [1755]).

The first indication for the existence of a planetary companion was found by |[Campbell et al.
(1988) who detected a periodic signal in the radial velocity curve of Gamma Cephei. Due to
a low signal to noise (S/N) ratio, the publication was eventually retracted but the existence
of that planet was finally confirmed by Hatzes et al. (2003]).

!Epicurus: ”There are infinite worlds both like and unlike this world of ours. We have to think of living
creatures in all of these worlds” (Epicurus - The Extant Remains, Cyril Bailey, 1926).

2Sadly, Giordano Brunos ideas proved to be quite unpopular with the clergy and he got burned alive by
the inquisition in 1600 for heresy. Charges included ”claiming the existence of a plurality of worlds” (Luigi
Firpo, Il processo di Giordano Bruno, 1993).
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The year 1992 marked the first discovery of a confirmed exoplanet. Wolszczan and Frail| (1992)
detected two large rocky planets, so-called super-Earths, in orbit around a pulsar. This was
an early indication that the variety of planets in the galaxy is much greater than in our
own Solar System. The first exoplanet orbiting around a main-sequence star was discovered
in 1995, a Hot Jupiter (HJ) exoplanet around the main-sequence star 51 Pegasi (Mayor and
Queloz, 1995). It was detected by measurements of the radial velocity over time, as were most
confirmed planets in the first years thereafter. Again, this planet - a gas giant larger than
Jupiter, orbiting its star on an orbit closer than that of Mercury - was entirely unexpected in
its type with no analogy in our Solar System. The first successfully confirmed exoplanet with
the transit method was HD 209458 b, published by |Charbonneau et al. (2000) and Henry
et al.| (2000). This method proved to be the most effective both in number of detections and
ways to subsequently characterize the star and planet.

The search for extrasolar planets has seen extremely rapid growth over the past years. With
dedicated telescopes, instruments and surveys being deployed over the last decade, every year
leads to more discoveries than the previous. As of July 2016, more than 2900 exoplanetsﬂ
have been discovered, the majority of them with the transit method.

1.2 Planets: Introduction

1.2.1 Definition

With the rising number of exoplanet detections year by year, it became a necessity to improve
upon the definition on what actually makes up a planet and, subsequently, an exoplanet.
Hence, after the IAU general assembly in 2006, the following criteriaﬂ for a planet in our
Solar System were set:

e 7is in orbit around the Sun”

e "has sufficient mass for its self-gravity to overcome rigid body forces so that it assumes
a hydrostatic equilibrium (nearly round) shape”

e "has cleared the neighbourhood around its orbit”.

Slightly confusing, the working definition of an exoplanet was set several years earlier, before
the proper redefinition of a planet took place. For such a celestial body, there are additional
criteria to be consideredPt

o 7Objects with true masses below the limiting mass for thermonuclear fusion of deuterium
(currently calculated to be 13 Jupiter masses for objects of solar metallicity) that orbit
stars or stellar remnants are ’planets’ (no matter how they formed). The minimum
mass/size required for an extrasolar object to be considered a planet should be the same
as that used in our Solar System.”

o "Substellar objects with true masses above the limiting mass for thermonuclear fusion of
deuterium are ’brown dwarfs’, no matter how they formed nor where they are located.”

3Based on data collected by www.exoplanets.org (Han et al., [2014).
“http://www.iau.org/news/pressreleases/detail /iau0603/
Shttp://w.astro.berkeley.edu/ basri/defineplanet/TAU-WGExSP.htm
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e "Free-floating objectﬁﬁ i young star clusters with masses below the limiting mass for

thermonuclear fusion of deuterium are not ’planets’, but are ’sub-brown dwarfs’.

Hence, one should keep both definitions in mind for the status of a true exoplanet, although
they are not precise in several areas. There is no proper quantification of what constitutes
”clearing the neighbourhood”: Pluto’s orbital path overlaps with Neptune’s, so has Neptune
cleared its orbit? What constitutes a ”"nearly round” shape? Several suggestions have been
put forward to improve the definition (Soter, [2006; Margot, 2015|) but so far, none have been
accepted by the TAU.

In case of an exoplanet detection, the naming procedure is as follows: the first detection ends
with the suffix ”b” to the name of the staIE] with all further detected planets being named
chronologically in alphabetical order. The order of detection determines the suffix, not the
orbital distance to the star, which has the (usually not used) suffix "a”.

1.2.2 Planet types

There is a variety of planets and planet-like objects, both in our Solar System and beyond.
The first-order distinction has to be made between terrestrial, i.e. rocky, and gas planets.

Rocky planet: Rocky (or terrestrial) planets are small in size. They consist mostly of

either iron, silicates or ice depending on where their formation took place. Mercury is
an example for an iron-rich planet which formed very close to the Sun. Most planets
and moons in our Solar System, including Earth, consist mainly of silicates. Ice- or
water-based planets do not exist in our Solar System and formed farther away from the
Sun, however, several moons around Jupiter and Saturn like Europa and Enceladus fit
into that group.
One kind of rocky planet that does not exist in the Solar System is the so-called super-
Earth. This is a group of planets with masses larger than Earth’s but with a density
much greater than that of gas giants. Super-Earths have been discovered to be quite
common (Dressing and Charbonneau, 2013; Silburt et al., [2015) with some systems
consisting mostly of such planets (Crossfield et al., [2015).

Gas planet: Gas planets make up the largest planets. It is assumed that they consist of an
outer gas layer, mostly molecular hydrogen, a middle layer of liquid metallic hydrogen
- due to the enormous pressure - and a molten rocky core (see section . Generally,
gas planets can be divided into two categories, Neptune-sized and Jupiter—sizedﬂ plan-
ets. The larger gas planets in our Solar System, Jupiter and Saturn, are also called gas
giants and consist mainly of hydrogen and helium. The smaller gas planets Neptune and
Uranus, are so-called ice giants and their mass is mostly made up by large quantities of
heavier elements like oxygen or nitrogen. Their density is therefore higher which makes
it difficult to distinguish between low-density super-Earths and ice giants.
There are methods to characterize gas giants by their outer atmosphere and albedo, for

6See sections @l and for further information.

"The name of the star is usually determined through the catalogue with which it was identified. In case
of larger surveys like Kepler or Super-WASP, the name is instead assigned based on the project name and a
number in order of detections.

8Some further distinguish Saturn-sized planets, i.e. gas planets having about 0.7 Ry.
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example the Sudarsky classification (Sudarsky et al. 2000, 2003|). The model differen-
tiates between 5 classes of atmospheric models which are sorted by their equilibrium
temperature, starting with the coolest:

Class I: Ammonia These planets are found in the outer regions of planetary systems
with low temperatures of less than 150 K and a high albedo of about 0.57. Both
Jupiter and Saturn belong to this group.

Class II: Water vapor Planets with higher temperatures than class I whose atmo-
spheres are dominated by water clouds. They have the highest albedo of all classes
at about 0.81 and temperatures of less than 350 K.

Class III: Cloudless With equilibrium temperatures between 350 K and 800 K, plan-
ets of this class do not form clouds. Too hot to form water clouds and too cold for
silicate or iron grains, they appear clear with a slightly blue colour due to Rayleigh
scattering and have a low albedo of 0.12.

Class IV: Alkali metals and CO The orbits of these very hot planets (>1000 K) are
closer than Mercury and their atmospheres are dominated by alkali metals, with
strong Potassium and Sodium lines. CO-molecule absorption is also very strong in
the infrared and the overall albedo of this class is the lowest at 0.03.

Class V: Silicates Nowadays being called hot Jupiters, these planets have the highest
equilibrium temperatures of > 1400 K. Their atmospheres are mostly dominated
by silicates and they have a relatively high albedo of 0.55.

This method is only applicable to the subset of gas giants, e.g. Neptune and Uranus
cannot be classified with it.

There is a kind of gas planet that was not expected to exist and is unknown in our
Solar System, the so-called Hot Jupitersﬂ They are class V planets according to the
Sudarsky classification and have very short planetary periods of less than ten days. The
very first discovered planet with a measured radius, HD 209458 b, is such a hot Jupiter
(Charbonneau et al., 2000; [Henry et al., |2000)). They likely formed through migration
processes (see section which leads to the question of whether they still occur
around the smallest stars, M-dwarfs (see chapter [2)).

Free-floating planet: Free floating planets{r_U] are planetary-mass objects that do not orbit
a star. Based on gravitational microlensing surveys (see section , they seem to
be quite common in the Milky Way, possibly numbering in the billions. They most
likely form through two different processes: during the planetary migrations phase in
the formation of a stellar system, planets may get ejected. An alternative process is
that the collapsing dust cloud that does not contain enough matter for the formation
of a star and instead ends in the birth of a brown dwarf or planet-sized object. This
process - or another unknown process - has to occur since the amount of free-floating
planets is too high to be explained by ejection alone (Veras and Raymond} 2012]).

9Called Hot Neptunes for smaller radii.
10Also called rogue planets or starless planets.
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1.3 Formation

The development of a theory of stellar and planetary formation has been an ongoing process.
The number of exoplanet discoveries over the last years has progressed to a point where
statistical analysis is now possible. At the same time, more and more powerful computers
have enabled simulations of this formation process to a more precise degree. The established
working theory is at least capable of describing the full time-scale of the development from
dust grains to planets.

1.3.1 Star formation

The formation of a planet is closely linked to the formation of its host star. Vast clouds of
dust, chemically enriched with small amounts of metalﬂ from previous stellar life-cycles,
are in hydrostatic equilibrium, e.g. the kinetic energy from the gas pressure balances the
gravitational attraction :Prialnik, . Stars usually do not form isolated but rather in
large star-forming regions “. One such region is shown in Figure

Figure 1.1: Hubble image of the horsehead mnebula, a star-forming region
located in the Orion constellation. One can see thin wisps of gas and
dust which are only wvisible in this false-colour infrared image. (Source:

http://hubblesite.org/newscenter/archive/releases/2013/12/image/a/)

At some point, possibly by external perturbation, a part of the cloud contracts. Initially,
it collapses isothermally but once a threshold in the central density is reached, the core
becomes optically thick, i.e. photons get absorbed before leaving the core. This leads to
strong heating and the contraction slows considerably. At about 1000 K, molecular hydrogen
becomes dissociated which subsequently cools the core. This accelerates the contraction of

11n astronomy, any element heavier than helium is considered a ”metal”.
12 Also called stellar nurseries.
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the cloud and heats the centre again to central temperatures of about 10000 K, at which point
the core stabilizes.

The angular momentum of the cloud is conserved, leading to rotation of the floating dust and
gas around the centre of mass. In most cases, this leads to the subsequent formation of a
disk (Haisch et all) 2001)). The centre keeps accreting mass from the surrounding disc. After
about 10000 years, the protostar reaches 1 My and further contracts on a Kelvin-Helmholtz
timescaleE], converting the gain in potential energy from contraction into heat and radiation.
In this state, it is fully convective and in hydrostatic equilibrium and moves on the so-called
Hayashi track (Beccari and Carrarol 2015). Finally, the star contracts and temperatures in
the core rise until the star is able to burn hydrogen in nuclear fusion. At this point, the star
reaches the Zero Age Main Sequence (ZAMS) and starts its life on the main sequence track.

1.3.2 Planet formation

In-fall of gas from the surrounding cloud and viscous dissipation leads to a heating up of
the disc. Most lighter elements and molecules evaporate and migrate outwards, leaving only
heavier elements like iron behind. Eventually, the disc compresses into a very thin layer and
reveals the star to the observer.

Figure shows an image taken with the Hubble Space Telescope (HST), displaying an
active starforming region where at least two protoplanetary discs are located. One can see
the surrounding clouds of dust and gas that are illuminated by the newly born stars, the
protoplanetary discs and, in the case of HH 30, two jets of material that are ejected by the
star during its accretion process. Further overlaid is an image of HL. Tau, upper left quadrant,
taken with ALMA which is presumably proof for the existence of three exoplanets with masses
between 0.2M; and 0.55M; and distances between 13.2 and 68.8 AU (ALMA Partnership
et al. [2015; Dipierro et al., 2015). However, there is some doubt whether all gaps were formed
by planets (Gonzalez et al., [2015). One of the two current theories on how most planets form
is the core-accretion/gas-capture model (Pollack et al., |1996} Perryman, [2000)).

1.3.3 Core-accretion/gas-capture

The core-accretion/gas-capture (CA-GC) model is, as the name indicates, a two step process
(Hubickyj et al. 2004]). The first step consists of solid matter coagulation/accretion. While
the star is being born in the centre, small dust molecules in the disc may collide randomly
and sometimes stick together due to Van der Waals forces (Scheeres et al. 2010). This pro-
cess takes place over the first 100.000 years of the disc’s lifetime. During this time, a few
bodies - called planetesimals - may form and reach diameters of more than 1km. Their mass
gain is slowly increasing as their cross-section is growing, not only due to their rising size but
further due to their starting gravitational pull. Their masses become high enough to decouple
from the surrounding disc gas and dust and enter Keplerian orbits around the star. Since
their gravitational pull allows them to attract more material, those planetesimals are growing
faster and faster. When their masses and radii become equivalent to that of the Moon, those
so-called protoplanets sometimes collide with each other which further increases their mass.
After about 1 Myr, a few protoplanets are massive enough (about 10 Mg) to enter the second
phase of planet formation. They bind and accumulate the surrounding gas from the disc.

13].e. the approximate time it takes a star to radiate away its kinetic energy based on its current luminosity
rate.
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Figure 1.2: Superimposition of the star HL Tauri and its surroundings (upper half) with
data taken with the ALMA telescope. Another protoplanetary disc, HH 30, is visible
in the lower half of the figure, adapted with enlargement of the relevant region (lower
left quadrant). The red regions mark the magnified areas. Data from ALMA (upper
red quadrant) lead to the conclusion that there are already fully-developed planets in the
disc, although there is an ongoing discussion about the actual number of detected plan-
ets (Gonzalez et al., [2015). (Source: http://www.eso.org/public/images/eso1436b/ and
http://www.eso.org/public/news/es01436/)

Since this creates a new source of matter flow, the following mass growth is rising exponen-
tially. At the same time, the protoplanets exert an even stronger gravitational pull on other
nearby bodies, leading to migration or, in other cases, orbit destabilization which can send
protoplanets into the star or throw them out of the stellar system. The accretion ends when
either all gas has been absorbed or the star is shining bright enough to push the remaining
gas out of the stellar system due to radiation pressure. The typical timescale for the lifetime
of a disc is 10 Myr and the mass development of a planet during that time is illustrated in
Figure|1.3

The CA-GC model is capable of describing the whole process from small dust molecules to
gas giants. However, accretion by Van der Waals forces becomes rather inefficient for larger
sizes (cm and mm-size), so-called pebbles, before gravity starts having an effect. Ice cannot
be formed closer to the star and the remaining silicated ] cannot pass several millimetres in
size (Youdin and Shu, 2002), therefore it is not entirely clear how planetesimals can form in
such a short time span (Youdin and Shul |2002)). Although it seems plausible that massive

MTron and other metals are still liquid close to the star.
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Figure 1.3: Timescale for the mass developement of a planet in the core-accretion/gas-capture
model with masses of accreted planetesimals (solid line) and gas (dotted line). One can see
the initial phase of pure solid matter accretion (first Myr) and the runaway accretion of gas
and matter in the final phase (8 Myr and onwards). (Taken from Alibert et al. (2005)))

gas planets like Saturn could still be created in time (Dodson-Robinson et al., [2008), general
consensus is that another mechanism should at least add to this process.

The Pebble-accretion model attempts to resolve this issue (Chambers, 2016)). Ice-rich pebbles
that form outside of the snow line can form if they are more ”sticky” than the silicate-based
counterparts. They drift inward due to gas drag and may aid in creating larger-sized plan-
etesimals in a short timescale.

In addition, the formation of the terrestrial planets (Mercury, Venus, Earth, Mars) together
with the asteroid belt cannot be modelled sufficiently as of now (Izidoro et al. |2015). How-
ever, the CA-GC model has made strides over the last 10 years and managed to close many
of the open questions concerning timescales.

1.3.4 Gravitational instability

Gravitational instability (GI) seems to be a plausible alternative formation mechanism at
least for massive planets. A strong indication that GI seems to contribute in the formation
is the analysis of Chondriteﬁ (Youdin and Shul 2002)). While they have sizes of several
centimetres and more, they consist of many small millimetre-sized particles that seemed to
have been molten together in only one or several events. Therefore, they cannot have formed
through small accretion of silicates.

Massive particles, as large as they could get by accretion, tend to gather in the middle of the
disc plane. This creates a very thin layer with a high density that can become unstable when

5Meteorites that were formed at the early phases of the Solar System.
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the following criterion is fulfilled (Youdin and Shul 2002):

Q-cp

Qp W'G'Zp<

1, (1.1)

where () denotes the Keplerian rotation rate, ¢, the velocity dispersion and Zp the surface
density. Since there is a direct relation with the rotation rate €2, the outer region of the
disc has a higher possibility of fulfilling this criterion and fragmenting into a planet. Further,
cooling time scales have a direct effect on whether or not disc fragmentation occurs (Gammie,
2001) and the outer area of the disc has both less stability and lower cooling times. Therefore,
it is assumed that GI dominates the formation mechanisms for distances larger than 50 AU
(Kley and Nelson) 2012} Rice et al., 2015) and up to 100 AU (Boley, [2009).

Although this process is generating a planet very fast, a rare combination of further factors
have to add up, including tidal shearing and internal pressure (Kratter and Murray-Clay,
2011). GI seems to contribute only a minor fraction of formed planets which is backed up
by observational evidence (Rice et al., 2015)). However, some of the exoplanets observed with
direct imaging (see section|1.5.3) may have formed that way (Kratter and Murray-Clayl [2011]).
Since GI can only work at larger distances and migration seems to occur only very rarely at
those distances (Forgan and Rice, [2013)), planets of the inner zone have to be formed by other
processes. There are constraints for the frequency of planet formation by the GI model: Less
than 8% are thought to have formed by GI for stars of stellar types FGKM (Janson et al.,
2012).

1.3.5 Migration/orbital evolution

The existence of Hot Jupiters, discovered by transit and radial velocity surveys (see below),
brought forth questions that need to be addressed by formation models. As it turns out, model
calculations in the core-accretion/gas-capture already predicted the existence of such planets
before they were discovered (Lin and Papaloizou, |1979; |Goldreich and Tremaine, [1980). Since
the amount of material close to the star is not sufficient to create gas giants and temperatures
are too high for matter to solidify, they must have either formed elsewhere and then moved
inwards or collected the material on their way closer to the star. Generally, there are three
different migration processes.

Type I Migration

This is the earliest type of migration that can occur. A protoplanet that has gathered enough
mass to influence its surroundings can excite density waves in the disc due to its gravitational
pull. This happens when the protoplanet’s epicyclic frequency

;204
r dr

K (r*Q) (1.2)
where Q is the differential rotation frequency and r the distance to the star, is a multiple
of another forcing frequency, for example the disc’s rotation period; in this case, k = Q
(Armitage and Rice, [2005). Depending on the characteristics of the system, the resonance -
a so-called Linblad resonance - occurs inside or outside of the orbital radius. This leads to
matter flow and a subsequent torque that affects the protoplanet’s orbit due to the increase
or decrease in angular momentum. Most of the time, protoplanets undergo this migration
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on an inward-going spiral (Lubow and Idaj, [2010). A simulation of this process is shown in
Figure [1.4] in the left panel.

Type 11 Migration

Planets that undergo the type I process with a mass higher than that of Jupiter can have
a different outcome: they further clear a large gap around their orbital radius. The torques
generated by the planet cause material on the inside of the orbital radius to loose angular
momentum (Kley and Nelson| 2012) while material on the outside is gaining angular momen-
tum, feeding the planet further. This pulls the planet inwards, likely the way Hot Jupiters are
being formed. The timescale for this process is rather long with about ~ 10° years
, but short enough to happen before the disc dissipates. A simulation of this
process is shown in Figure in the right panel.

Type 111 Migration

There are different definitions of type III migration. Lubow and Ida (2010) describe it as
a runaway coorbital migration. The coorbital torque saturates with low viscosity
. If the migration of the planet is fast enough and therefore its movement through the
disc creates turbulent viscosity, the coorbital torque starts exerting an effect and increases or
decreases the rate of migration. An alternative interpretation of type IIT migration, discussed
in |Cloutier and Lin| (2013), occurs when gravitationally unstable gaps are being created by a
massive planet. This creates negative pressure that can quickly move the planet outwards to
twice the previous orbital radius.

Figure 1.4: Tllustration of type I (left) and type II (right) migration. In this simulation,
a 2-dimensional hydrodynamic model with a planet on a fixed radius was created. On the
left-hand panel, a low-mass protoplanet excites a resonance in the disc, leading it inwards
with the torque clearly visible in the matter stream. In the right panel, a 10 M; body was
simulated which clears a large gap in the disc (taken from Armitage and Rice| (2005)).
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Orbital evolution

Planetary bodies interact with each other and their star. A classic example for this effect
is the orbital evolution of Uranus and Neptune, which probably got scattered by the more
massive giants Jupiter and Saturn during their formation and therefore migrated outwards
(Thommes et al., 2002). It is presumed that there was not enough building material to allow
for those planets to form at their current orbits which further strengthens that assumption.

Orbit circularization

Tidal interaction between a star and its planet is strongly dependent on the orbital distance
r, even more so for the timescale of orbit circularization (t ~ 1% Heath and Doyle, 2004).
Planets that are close to their star, such as Hot Jupiters and Hot Neptunes, are therefore
affected by very strong tidal forces which lead to circularization on short timescales. Most
planets closer than 0.1 AU have been shown to possess circular orbits (Matsumura et al.,
2008) as a consequence.

Tidal locking

As described above, the tidal interaction between a star and a planet is rapidly decreasing
with the orbital distance r. After a certain timescale t, the planet is in synchronous rotation
with the star, i.e. one side of the planet is constantly facing the star just as the Moon is
facing the Earth. For a given initial rotation period Py, stellar mass M and planetary friction
parameter QEG], the timescale for tidal locking is entirely dependent on r (Heath and Doyle,
2004)):

= POQW (ﬁ)ﬁ . (1.3)

A planet’s orbit will therefore circularize faster the closer it is to its host star and the more
massive the star is. Different planet compositions (and subsequently the friction parameter
Q) can further affect the timescale. For Hot Jupiters, this process takes place in the order
of 10° yr, meaning that any Hot Jupiter should be tidally locked. This leads to a variety
of effects. The magnetic dynamo of the planet, generated by its rotation, is significantly
weakened which leads to a weaker magnetosphere and subsequently higher rate of particle
loss due to stellar winds. The flux difference between the star-facing and the opposite side
of the planet creates a temperature gradient. However, there is a redistribution of thermal
energy across the planet as several measured Hot Jupiter thermal maps show (Knutson et al.,
2007; Stevenson et al., [2014). For the case of HD189733b, temperatures differ by only 25%
between the bright and dark side.

Resonant orbits

In systems with multiple planets, there is frequent gravitational interaction. Orbital migration
or planet-disc interaction can lead to resonances where the planets periodically come close to
each other in time intervals close to integer ratios of their orbital periods. This significantly
increases the effect of the mutual gravitational interactions which either ends in destabilized
orbits due to oscillation or, in other cases, stabilized orbits. Such unstable resonances have

6For an Earth-like planet with oceans one assumes Q = 13, higher values for gaseous planets.
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created gaps in the Saturn rings while the Galilean moons Ganymede, Europa and o devel-
oped a 1:2:4 resonance which stabilizes their orbits, shown in Figure Resonant orbits

4:1 ‘ ‘ ‘ ‘
0 T 27T 3T

Figure 1.5: Ilustration of orbital resonance between the three Galilean moons Ganymede
(blue), Europa (green) and Io (red) which orbit Jupiter. The ratios given in the figure
correspond to their orbital period ratios.

can create systems that otherwise would destabilize quickly, such as Kepler-11 with its 5
interior planetd|’] that are packed closely to the star with minimal deviations in their orbital
inclination. Planets b, ¢ and d, e, f orbit in resonance (Lissauer et al. 2011]).

1.4 M-dwarfs

M-dwarfs, the smallest and lowest-mass main-sequence stars with the spectral type M, are
the most common stars in the Milky Way. They make up 70% of all stars (Henry et al., 1994)
but due to their low luminosity and effective temperature, most are only visible at fainter
magnitudes and in the infrared. Average values for effective temperature Tog, stellar radius
R4, mass M,, luminosity L, and absolute magnitude My are given in Table

Type | Teg [K] Ri [Re] My [Mg] Li [Le] My [mag]
MO 3800 0.62 0.60 7.2 9.34
M1 3600 0.49 0.49 3.5 9.65
M2 3400 0.44 0.44 2.3 10.1
M3 3250 0.39 0.39 1.5 11.2
M4 3100 0.26 0.20 0.55 12.1
M5 2800 0.20 0.14 0.22 16.0
M6 2600 0.15 0.10 0.090 16.6
M7 2500 0.12 0.090 0.050 17.4
M8 2400 0.11 0.080 0.030 18.8
M9 2300 0.08 0.075 0.015 19.8

Table 1.1: Properties of different M-dwarf subclasses (Kaltenegger and Traub) 2009).

"Kepler-11 also has a 6th planet that is orbiting farther away and does not interact with the interior planets.
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M-dwarfs are of particular interest to the scientific community for a variety of reasons. The
S/N of transits and radial velocity shifts are stronger for smaller stellar radii and stellar
masses, respectively. This makes them ideal targets to search for small planets and M-dwarfs
have been the focus of several RV surveys (Bonfils et al., 2005, 2007, [2013)). However, those
surveys focused on the brightest M-dwarfs in the sky and were limited by low sample sizes,
making some statistical assessments difficult.

Furthermore, M-dwarfs may be the easiest route towards detecting habitable planets (Scalo
et al., 2007). The Liquid-Water Habitable Zone (LWHZ) is much closer to the star (see
section and, due to the stronger S/N of a transit, smaller, Earth-sized planets can be
discovered more easily. Also, atmosphere spectroscopy during the planet’s transit has a larger
signal strength due to the more favourable radius ratio between planet and star compared to
larger main-sequence stars. It should be further pointed out that, since M-dwarfs are fainter
and therefore the observed stars are closer to Earth, those worlds might be the best-suited
targets for interstellar visits.

There are still open questions surrounding planet formation in planetary systems. M-dwarfs
have the lowest masses of all main-sequence stars and there is growing evidence that their
planetary systems may be different to those of higher-mass FGK-dwarfs. Various studies and
theoretical models (Laughlin et al.l 2004; Ida and Linj 2005} Johnson et al., [2010; Mordasini
et al., [2012)) have lead to the conclusion that the frequency of hot Jupiter planets may be
much lower in M-dwarf systems.

There are several different theories on how such planets may form, e.g. in situ (Hansen and
Murray, 2013) like in our Solar System, inward-migration after formation in the outer regions
(Swift et al., 2013)) or a combination of both processes (Hansen and Murray, 2012; |Alibert
et al., [2013; |Cossou et al., |2014)). However, none can explain this observed difference to a
sufficient degree. Redistributing the available planet mass of a planetary disc into several
smaller planets does not solve this since the total heavy-element mass contained in M-dwarf
planetary systems appears to be higher than in FGK-dwarfs. This is very puzzling, consider-
ing that the total disc mass of young M-dwarf systems is lower, based on measurements with
imaging (Mulders et al 2015b).
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1.5 Planet detection methods

There are a variety of different detection methods, each having strengths and weaknesses.
In order to create a comprehensive view of planets, their properties and distribution, each
technique therefore has to be utilized.

1.5.1 Timing

The category timing encompasses four distinctly different techniques, each of them having
led to several successful planet detections.

Pulsars

The first detection of extrasolar planets by |Wolszczan and Frail (1992)) was made with the
timing method by measuring the extremely regular radio signals of pulsar@ PSR B1257+12.
It is a so-called millisecond pulsar which, as the name implies, emits a signal in the kHz range
at an extremely time-constant period with changes of less than 10~ ss™! (Perryman) 2000).
Perturbations from orbiting planets therefore create detectable signal deviations with timing
amplitudes of

B My p\2/3

assuming a pulsar mass of 1.35 Mg and a circular planet orbit. The three planets detected in
PSR B1257+412 came as a big surprise to the science community for various reasons. Not only
were they the first discovered extrasolar planets, two of them have super-Earth dimensionﬂ
with masses of 3.9 and 4.3 Mg. Somehow, those planets survived the violent transformation
of a massive star into a pulsar without being swallowed or thrown out of the system. The fact
that the pulsar is further located in a globular cluster just added to the scientist’s bafflement.

Pulsations

Many stars, notably subdwarf B star@ show periodical luminosity variations due to pul-
sations (Heber, 2009; Lutz et al.l |2009). Those variations usually occur at short-period or
long-period timescales, but in some cases, stars can exhibit both variabilities at the same time
while having very low perturbations in their timings. |Silvotti et al.| (2007)) used this to detect
the first exoplanet with pulsation timing around the star V391 Pegasi. By comparing the
observed to the calculated pulsation timings in an O-C diagram (Sterken, 2005), they could
determine that a planet with a minimum mass of 3.2 M E is orbiting the star with a period
of 3.2yr.

18 A pulsar is a rapidly spinning neutron star which emits strong radio signals along a narrow cone due to
its very strong magnetic fields.

YHence, the first planet detection was already of a planet type that does not exist in our Solar System.

208mall, low-mass (0.5Mg) stars that consist almost entirely out of helium, have very high effective tem-
peratures of around 30000 K and are positioned at the extreme horizontal branch of the Hertzsprung Russel
Diagram.

2More precisely, dependent on the inclination of the system, the mass is 3:2M1

sing °
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Eclipsing binaries

The process of star formation leads to a high fraction of stars that are gravitationally bound
to at least one other star. Raghavan et al. (2010) estimate the multiplicity of binary systems
to be 33% £ 2%. In the case where the system’s inclination is edge-on from Earth’s point of
view, the stars eclipse each other and periodically decrease the overall brightness while doing
so. In a 2-body system, this process is very time-stable which means that perturbations by
a third body can be visible in an Observed-Calculated (O-C) diagram where it will lead to
a periodic change between slightly too late and too early eclipses. Lee et al.| (2009) detected
such a perturbation in the eclipsing binary system HW Vir. It consists of an M-dwarf and a B
subdwarf that orbit each other very closely with a period of 2.8 hours. Over the course of 20
years, they measured variations that are consistent with two massive planets with minimum
masses of 8.5Mj and 19.2 Mﬂ However, the existence of planets in this system has been
disputed by Horner et al.|(2012). It is therefore still unclear whether eclipsing binary timing
has yielded a successful planet detection or not.

Transit timing variations (TTV)

Not only eclipsing binaries or pulsating planets can be used for photometric timing analysis,
transiting planets themselves can give clues to the existence of further planets orbiting the
same system. The high-cadence, high-precision and long-term data collected by the Kepler
space telescope yielded an unprecedented amount of transiting planets that were suggested
to be used for such a study even before the launch of the telescope (Holman and Murray,
2005). The first claimed detection was an additional planet around WASP-3 (Maciejewski
et al. |2010), but it had to be retracted later on after a publication by Montalto et al.| (2012).
However, the method has proven to be extremely successful in confirming exoplanets and/or
characterizing planet’s masses in multiple systems (see section .

Timing methods are very effective in their respective fields with 23 detections as of July
2016[2_31 Their distribution in semi-major axis and planetary mass are shown in Figure
Although other techniques have higher detection rates, timing is very well-suited to comple-
ment other methods such as radial velocity and transit.

1.5.2 Gravitational microlensing

The thought that gravitation could even bend the path of light has been around for several
centuries. Isaac Newton proposed this idea in the early 1700@ (Soares, [2005). However,
with Einstein’s theory of General Relativity, the effect of gravitational interaction with light
could finally be described accurately in 1915 and was essential in proving the validity of this
theory for the first time. Gravitational lensing effects can happen in various ways. For distant
galaxies, this can lead to double or quadruple imagesFE] and many other kinds of distortions.
For stars and planets, however, the angular separation is so small that only one source of

22This body is therefore a brown dwarf although the initial publication stated that it is supposedly a planet.

ZBased on www.exoplanets.eu (Schneider et al.| 2011).

29Do not Bodies act upon Light at a distance, and by their action bend its Rays, and is not this action
(caeteris paribus) strongest at the least distance?”, Opticks

2580-called Einstein’s cross.
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Figure 1.6: Semi-major axis over planetary mass for all 18 detected exoplanets with the
timing method that have measured masses (extracted from www.exoplanet.eu (Schneider
et al., 2011))).

light can be resolved. If the constellation is just right, light from a background staﬂ can be
deflected by a passing-by foreground star, shown in Figure This foreground star acts like
a lens to the background star and bends its light to some degree. Depending on the strength
of this effect, the angular separation from the observer’s point of view can be so small that
there is an apparent brightness increase and subsequent dimming of the source instead of
separate actual images. The whole process is well-characterized with the lensing event taking
place over tens of days with a magnification of several magnitudes. The simplest case of a
uniform rectilinear motion with a lens star of mass M for a time-dependent angular separation
u(t) can be parametrized (Gaudi, [2010]) by

B 1/2
u(t) = <ua o t”)?) | (15)

tg

where the constant uy denotes the minimum separation in Einstein radiim The factors tg and
to normalize the equation to the point of the largest magnification (¢y) and the timescale of
the event (tg). The time-dependent magnification A(¢) and timescale tg can be characterized
by:

2
2
Al) = O+ (1.6)
u(t)\/u(t)? + 4
M 12 Trel 12 Hrel -
tp = 194 (O.3M@> (123,ua3> <10.5ma5/yr> ' (L.7)

%6Tocated in the distant region of the Milky Way, e.g. the Galactic bulge, one of the Magellanic Clouds or
in the M31 Andromeda galaxy.

1/2
2"The Einstein radius is defined as 05 = 550 mas (0‘3%[@) (1;57525) mrer being the relative parallax

between both sources.
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§ik.

source observer

Figure 1.7: Tllustration of light paths from a distant light source that is deflected by a lens,
in this case a star.

Note that A(t) converges to 1 with rising u(¢) which means that the magnification decreases.
The factor m,..; denotes the relative parallax between both sources and p,.¢; the relative proper
motion of the stars. However, if a planet is orbiting around the lens star, it can also create a
much shorter microlensing effect during this event:

m
tep =/ ﬁptﬁ: : (1.8)

The mass mp of the planet is therefore significant for the duration of the planet magnification.
Depending on the geometry of the event, the magnification caused by the planet can be higher
than the star’s. An example case for a microlensing event with a planet is shown in Figure
(Udalski et al., [2005)) which consist of a star and a massive Jovian planet that creates a
light magnification of the same magnitude.

Gravitational microlensing is an effective method to detect exoplanets and, compared to
other methods, very effective in detecting low-mass planets even at far-out orbits. However,
this technique does have several drawbacks: the recorded event is a one-time occurrence.
No further information about the planet besides distance and mass can be gained and the
frequency of microlensing events is very low. However, since a typical microlens with a star
takes several days and has a very high amplification, this technique is well-suited to large-scale
statistical surveys and has been quite successful with so far 47 detections as of July 201@
The distribution of planetary masses and semi-major axes is shown in Figure [1.9

Z8Based on www.exoplanet.eu (Schneider et al.l |2011).
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Figure 1.8: Light curve of microlensing event OGLE-2005-BLG-071, showing a double-peak
structure which is created by a Jupiter-sized companion (second peak) to the lens star (left
peak). The peaks are about 3 days apart, having allowed various telescopes to record this
data in cooperation. (Taken from |Udalski et al.| (2005))

1.5.3 Imaging

Direct imaging of planets - i.e. detecting planetary light either directly emitted or reflected -
is very challenging for a variety of reasons. Nevertheless, the first discovery was made already
early on by (Chauvin et al. (2004) and was just the first of many. In some cases, even multiple
planets could be detected (Marois et al., |2008). The angular separation of a planet and its
star is extremely low. Considering the definition of a parsec (pc) shows the scale of this
separation: 1pc is the distance at which an orbit of 1 AU has a parallax of 1 arcsec. Stars are
usually much farther away than 1pc and many planets orbit closer than 1 AU. This means
that the majority of the planets are separated less than 1arcsec from their host star, an
angular distance that is extremely difficult to resolve from the ground. Besides the issue of
angular separation, the contrast rati i—i is very low (Perryman, [2000):

% =p(\a) (1%)27 (1.9)

* a

with semi-major axis a and planetary radius Rp. The factor p(A, o) encompasses the geometric
albedo for given wavelength A and phase «. This formula does not include self-illumination

2% e. the ratio between the flux of both sources.
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Figure 1.9: Semi-major axis over planetary mass for all 47 detected exoplanets with mi-
crolensing. Note that only 43 out of 47 detections are shown, 2 being discarded since the or-
bital distance is missing, 2 for masses higher than 13 Mj. (extracted from www.exoplanet.eu
(Schneider et al. 2011))

for a planet with a significant thermal emission (Perryman, 2011)).

In case of Jupiter, the contrast ratio is about 10~ in the optical with an angular separation
of 0.5 arcsec at 10 pc but this would improve to 10~ in the infrared.

Earth’s turbulent atmosphere smears any object that is being observed by a mixing of different
layers which creates a variable optical path length over time. This effect, called seeing, creates
a point spread function (PSF) that makes such a detection quite challenging. Locating the
telescope in space or utilizing adaptive optics are therefore highly effective ways for this
detection technique, since they improve the PSF considerably. A coronagraph is further
needed for imaging to succeed. This instrument was originally used in daylight astronomy for
studying the Sun’s corona by blocking out direct sunlight but has seen a renaissance with the
observations of discs and planets. New coronagraphs being constructed right now (Jovanovic
et al.l 2015) will allow to observe less angularly separated planets in the future, even with a
lower contrast ratio. In order to maximize the target selection for imaging, one should focus
on (Perryman, [2011):

e Nearby stars (d < 5pc),
e Young systems (10-100 Myr, d < 100 pc) for a lower contrast ratio in the infrared,
e Stars with known planets (from radial velocity or transit studies),

while the use of large apertureﬂ Coronagraphﬂ adaptive optics{ﬂ (Beckers, 1993) and
nulling interferometry (Monnier, 2003|) provide a better signal to noise.

30Tn order to improve resolution and signal to noise.
31 As described in the text above, for minimizing the stellar light.
32For reducing the atmospheric effects, not needed for space-based telescopes.
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In addition to the difficulty of imaging a planet, this method is ill-suited for measuring
the planetary mass. The only way - as of now - is a modelling of the planet based on
spectroscopic and photometric information which has a large intrinsic uncertainty. Imaging
is, however, an important tool in studying the different phases of planet formation. In the
future, spectroscopic characterization of the planet’s atmosphere might be feasible with space
telescopes like the James Webb Space Telescope (Gardner et al., 2006).

Fomalhaut System Hubble Space Telescope « STIS HD 8799 Keck

NASA and ESA STScl-PRC13-01a

Figure 1.10: Planets detected with the imaging method: Fomalhaut b (left), recorded
with the Hubble Space Telescope and HD8799 b-e (right), recorded with the Keck ob-
servatory. The curved arrows show the estimated orbital motion of the planets over the
next 10 years (taken from http://hubblesite.org/newscenter/archive/releases/2013/01 and
http://newsroom.ucla.edu/releases/astronomers-discover-and-image-186446, respectively).

As of July 2016, 27 planets have been directly imaged@ However, this number should be
taken with a certain amount of scrutiny since the existence of several targets is still debated.
Fomalhaut b, shown in Figure [1.10] on the left, was once thought to be one of the clearest
cases of an imaged planet (Kalas et al., 2008). It is now being contested with an alternative
theory being put forward that the signal might actually be a circumplanetary disc around a
planet that cannot be seen directly or the remnants of a planetary collision event (Galicher
et al.l 2013). Multiple planets have been discovered in several systems with one of the most
famous systems being HR 8799 (Marois et al., [2008), shown in Figure on the right.
Figure shows the mass of all imaged planets over their semi-major axis. It is noteworthy
that several planets have been detected around brown dwarfs, shown as small red dots. Since
the contrast ratio is much better for such a host body, planets can be detected at much closer
semi-major axes around brown dwarfs. The current planet definition does only state that a
planet must orbit a stellar object - which may or may not include a brown dwarf. Hence, the
number of discovered planets might be further reduced to 18.

33Based on www.exoplanet.eu (Schneider et al., 2011) with the omission of falsely classified planets Kepler-
70b and Kepler-70c and objects that should be classified as brown dwarfs since their masses are higher than
13 M;.
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Figure 1.11: Semi-major axis over planetary mass for all planets detected with imaging. Note
that only 27 out of 64 detections are shown, 37 being discarded for masses higher than 13 Mj
(extracted from www.exoplanet.eu (Schneider et al., [2011))).

1.5.4 Radial velocity

Radial velocity (RV) has been the most successful detection method for a long time. Orig-
inally proposed by Struve (1952)), technical restrictions made it difficult to implement until
the arrival of digital detectors and high-resolution spectrographs. Although it would have
been possible to detect planetary signals already in the beginning of the digital age, there was
widespread initial doubt (Walker) 2012)@ This changed completely when the first exoplanet
around a solar-type main sequence star was identified and published by Mayor and Queloz
(1995)|f|, a Hot Jupiter with a period of 4.2 days. The radial velocity method can be credited
with jump-starting the ongoing revolution of exoplanet research.

A star is moving in conjunction with the planet as a reflex motion around the combined
barycentre, i.e. the centre of mass. As with microlensing, the radial velocity method is based
on the theory of General Relativity. Since the speed of light is constant, any motion towards
or away from the observer results in a blue-shift or red-shift of the light, respectively, the so-
called Doppler effect. Depending on the inclination of a planet-star system, some component
of the star’s motion vector is oriented towards the observer - the radial velocity of a star.
This mechanism is illustrated in Figure [[.12} A continuous survey can reveal periodic radial
velocity shifts if a planet is present and its inclination allows for this effect to become de-
tectable.

In mathematical terms (Hilditch, [2001)), the barycentric semi-major axis of the star in a two-

3%Walker| (2012)): It is quite hard nowadays to realise the atmosphere of scepticism and indifference in the
1980s to proposed searches for extra-solar planets. Some people felt that such an undertaking was not even a
legitimate part of astronomy.”

35There was a previous detection by |[Campbell et al| (1988), however, this publication was later retracted
due to the doubts about the uncertainties of the measurements. It was finally reconfirmed by [Hatzes et al.
(2003).
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Observer
P

Figure 1.12: Depiction of blue/redshifting in a star system created by an orbiting exoplanet.
This in turn leads to a detectable radial velocity change when observed from Earth.

body system can be determined by the relation between semi-major axes a; and the respective
masses m; of both bodies:

Ay - My = ap * Mlplanet - (110)

Smaller stellar masses or higher planetary masses therefore lead to a larger motion of the star.
For the case of a circular orbit, the orbital velocity of the star can be determined easily:

2ma
ve= "5 ol (1.11)
Equations and can be combined. Further using Kepler’s Third LawF’E] leads to:
p? 472
.= T , (1.12)
(ax +ap)?  G(m, +mp)
which can be simplified td®'}
Pz 42
T (1.13)

a% G -m, ’

this leads to an equation for the visible radial velocity amplitude K for an observer at incli-
nation angle 7:

1/3
27TG> Mp  gini . (1.14)

K =v,sini = ( .
* P M2/3

36The square of the orbital period of a planet is proportional to the cube of the semi-major axis of its orbit.
37Planetary mass and stellar semi-major axes are much smaller than their counterparts and do not contribute
significantly.
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Using Kepler’s Second Lawifl, the orbital velocity can further be determined for elliptical
orbits. The amplitude K changes slightly with the introduction of the eccentricity value e:

P csini s —— . (1.15)

2mG\ Y Mp 1
Mf/B 1—e2

K=v,sini = (

Note that the shape of the RV curve is further affected by the orientation angle w which
expresses the orientation of the system from the observer’s point of view. In eq. it
is assumed that the periastron is oriented towards the observer. For other angles, the RV
amplitude is lower.

The inclination acts as a constant factor. A value other than 90° scales down the radial
velocity function by a factor of sin. The eccentricity of a system influences both the amplitude
and the shape of the RV curve. Three examples of different RV curves, the first case being
nearly sinusoidal, are shown in Figure [I.13]
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Figure 1.13: Example radial velocity curves with different eccentricities and orientation angles
(Perrymanl 2011).

Figure shows the minimum mass of all RV-detected planets over their semi-major axis.
It is immediately clear that the RV method is immensely successful with 618 confirmed
detections as of July 201@ Only the transit method (see section has a higher success
rate. As for all of its advantages, there are severe limitations of the radial velocity method.
The planetary mass cannot be determined precisely since the actual inclination is unknown.
Only a minimum mass can be given, furthermore, only a small sample of bright stars can be
observed in a survey due to the constraints of spectroscopy. No measurement of the planet’s
radius, density or atmosphere is possible. However, it is the perfect complementary technique
to the transit method, as there the RV and subsequently the planet’s mass can be determined
more precisely due to the known inclination. A description of how to obtain high resolution
spectra can be found in section [1.8.6]

1.5.5 Astrometry

Astrometry is a branch of astronomy that concerns itself with the measurement of posi-
tions and motions of stellar bodies, both in the Solar System and beyond. Stellar parallax
and proper motion measurements are the most common subsections of this. Repeated high-
accuracy measurements can reveal the existence of a planet that slightly influences the orbital

38 A line segment joining a planet and the Sun sweeps out equal areas during equal intervals of time.
39Based on www.exoplanet.eu (Schneider et al.l 2011

23



1.5. PLANET DETECTION METHODS CHAPTER 1. THEORY

exoplanet.eu, 2016-01-12

(ssepyjos) Jeys Jsoy e Jo ssepy

Planetary Mass (Mjup)

T L e e T T T T T T T T T T T T
282 3e2 fe-1 2e-1 el 1e+0 2840 3240 1e+1 2841 e+l

Semi-Major Axis (AU)

Figure 1.14: Semi-major axis over planetary mass for all 618 exoplanets that were detected
with the RV method. Note that detections with masses higher than 13 M; were discarded.
One can see the hot Jupiter population (marked green) in the upper left corner. (extracted
from www.exoplanet.eu (Schneider et al., 2011))

path of its host star. While the RV method measures the radial component of orbits, astrom-
etry measures the transverse. Two-dimensional measurements mean that the sin¢ ambiguity
of the one-dimensional radial velocity method is not an issue with this technique. Both the
planetary mass and a precise orbit can be determined with astrometry. This process is il-
lustrated in Figure for a hypothetical system, located 50 pc from Earth. High-precision
astrometry from the HST or large-diameter telescopes with narrow-field imagers, for example
the Hale Telescope in Palomar or the VLT in Paranal, could already detect such a system
with precisions down to 100-300uas (Perrymanl [2011)).

However, only one such system has been discovered so far (Muterspaugh et al.,|[2010)), illustrat-
ing why a dedicated high-precision instrument, ideally located in space for higher accurac

is needed to make effective use of this technique.

Thankfully, this is already the case with the ongoing GAIA mission (Eyer et al., 2013) which
will measure parallaxes for a billion stars with an accuracy of down to 9 um (Eyer et al [2015)).
Located in a Lissajous-type orbit around the L2 Lagrange point, the satellite telescope utilizes
two 1.45x0.5m mirrors to map a 1.0x0.5m focal area with a resolution of 1 gigapixel and
will continually cycle through the entire sky over a course of 5 years. This will enable GAIA
to detect up to 20000 hot Jupiter systems alone (Eyer et all, 2015).

1.5.6 The transit method

The transit method is by far the most successful technique with more active surveys than
for any other detection method. [Rosenblatt| (1971]) suggested this method for the first time,
although his method was slightly different: by using several colour channels at once, one
might detect a planetary transit by small colour-changes which get induced by the position
of the planet in front of the star and its limb darkening. This bears a strong resemblance

40 As with imaging, atmospheric turbulences that smear the PSF decrease the precision of astrometry from
the ground.
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Figure 1.15: Path schematic for a hypothetical star at a distance of 50 pc, orbited by a planet
with 15 M; at 0.6 AU and an eccentricity of 0.2. The dotted line shows the parallax motion
from Earth, the dashed line the system’s barycentric motion. The solid line shows the effect
that the planet would have on this system (Taken from [Perryman| (2011)).

to the Rossiter-McLaughlin effect which will be introduced later on in this section. Having
started off slowly with the first discovered transit (Charbonneau et al., 2000), this method
has overtaken the radial velocity method as the most successful planet detection technique
with many dedicated surveys and telescopes.

The premise is rather simple: for an inclination ¢ that is close to 90°, a planet might transi@
its host star and periodically dim the measured flux. This effect can be observed in our own
Solar System as Mercury and Venus transit our Sun every few years and decades, respectively.
The most recent occurrence, a Mercury transit that happened on May 9th 2016, is shown in
Figure [1.16]

The geometric details of this effect are illustrated in Figure If the separation d is
smaller than the stellar radius R, the planet creates an observable transit. If d is even
smaller than R — r, the planet fully transits the star. The effect’s amplitude varies with two
parameters: the radius ratio between planet and star and the inclination. The probability
Q2 (Charbonneau et al., [2007)) for being able to observe this effect is very small and further
depends on eccentricity:

1AUY\ /(Rs+Rp 1+ecos(m/2 —w)
Q =0.004 1.1
0005< a)( Ro >< 1—e? ’ (116)

where w is the argument of periastron. One would therefore only be able to observe 0.45% of
all Earths that are orbiting around a Sun. This probability increases significantly for larger
planets and/or larger stars and for smaller semi-major axes, going as high as 10% for hot

417 . periodically move in front of.
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Figure 1.16: Transit of Mercury in front of the Sun, captured on May 9th 2016 at the
Wendelstein observatory, using a coronagraph and a camera with an adapted H,, filter. The
colours were added by remapping the luminance channel onto a heatmap for better visual
clarity. There is no actual colour information in the photo.

Figure 1.17: Hlustration of the transit effect for a stellar system with given stellar radius R,
planetary radius r, inclination angle i, separation d and planet-star angle §.

Jupiters. Simple geometry leads from the flux ratio %—*L to the radii (]Perryman|, |2000D:

AL Rp )2
— =) . 1.17
! (R) (L.17)

Jupiter-sized planets produce a light drop of about 1% for Sun-like stars while for Earth,
this reduces to 0.08%. It should be noted that the inclination has also an effect on the flux
ratio. A transit that happens at inclinations smaller than 90° results in a lower flux ratio,
so Equation should only be taken as a reference point. The transit duration 7 can be
described by the Keplerian laws of motion, the radii of star and planet and the angle § of the
transit (Perryman, [2000)):

P (R,cos(8) +Rp M\ Y2/ a \1/2 (R,
T_;(—a )~13 (MQ) (1AU) R )" (1.18)
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A transit of Earth would therefore take over 13 h, assuming an inclination of 90°. In units of
orbital periods, the so-called fractional transit time depends on the semi-major axis:

T _
Tfrac = ? X a 1; (119)

meaning that 74, decreases also with longer periods since both parameters are linked by
P? x a3.
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Figure 1.18: Illustration of the normalized stellar flux over time as it is being transited by a
planet.

The overall shape of a transit, shown in Figure [1.18] may be considered a two-level system in
Oth-order and is dominated by three effects: geometry@ inclination angle and limb darkening
of the star. During the ingress phasdﬂ the planet is moving in front of the star, a process
that can be considered linear in flux decrease as a lst-order approximation, assuming two
square bodies that are eclipsing each other. Since the bodies are circular, the progression of
brightness is smoothed. The ingress is followed by a relatively flat region where the planet is
completely in front of the star.

Limb darkening has an effect on the transit light curve since a star is not a perfect uniform
black body. Instead, the centre appears to have a higher effective temperature (and there-
fore brightness) than the outside. This effect is due to the optical depth of a star, i.e. the
maximum distance from which photons inside of the star will reach the outside. Stars are
multi-layered with higher temperatures in the deeper layers. A different angle between inner
and outer regions means that photons from deeper layers can reach the outside from the
centre. An illustration of limb darkening is provided in Figure [1.19, This effect varies with
the wavelength of the observation.

What sets the transit method apart from other detection techniques is that a wealth of plan-
etary and stellar properties can be determined from the data themselves. It also has strong
synergy with spectroscopic follow-up methods.

The shape of a transit is influenced by the stellar and planetary radius and the orbital in-
clination. With a proper stellar characterization (see section , the flux ratio leads to
the planet radius. Radial velocity measurements lead to very precise mass estimates since
the inclination is well-constrained due to the existence of a transit and, with high-precision
photometry, due to the transit shape. As shown in Figure[1.20] a more detailed study can give

421.e. two circular bodies being superimposed
43This applies symmetrically to the egress phase.
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Figure 1.19: Illustration of limb darkening for a star. One can see how the constant optical
path results in different visible layers, depending on the position on the surface.

insight to the planet’s albedo (by reflectance), thermal radiation (by the difference between
occultation and other phases), atmosphere (transit spectroscopy) and the stellar rotation
through the Rossiter-McLaughlin effect. This effect was discovered back-to-back by

Occultation:
Thermal radiation

—

Reflection: /

Albedp . Stellar

e T

t
Inclination} .

Transit:
Atmosphere

Figure 1.20: Ilustration of additional properties that can be studied with the transit method
or follow-up observation.

(1924) and McLaughlin| (1924) when both teams noticed anomalies in the radial velocity
curves of two binary systems, 8 Lyr and Algol, respectively@ The rotation of the star leads
to a slight blue/redshift between the rotational sides. A transiting planet blocks out light
which may be more blue- or redshifted, as shown in Figure This effect would then be
visible in the residuals of the radial velocity curve as small irregularities around the transit.
The Rossiter-McLaughlin effect can be and has been measured, the first time in a planetary
system for HD209458 (Queloz et al. 2000) and is mathematically described by
Shaidulin| (2015)). An illustration for different system configurations is shown in Figure[1.22]

Overall, the transit method has demonstrated an immense potential, both in the amount and
diversity of detected planets but also in its characterization success. The first discovery of a
rocky planet around a main-sequence star, spectroscopy of a planet’s atmosphere, determin-
ing the stellar rotation with the planet’s Rossiter-McLaughlin effect, all of it was done with
the transit method. With more than 1000 exoplanets and large samples, statistical analysis
is now possible to a much larger degree than before. This technique is also relatively cheap.
Even small-scale surveys like Super-WASP (Street et al., [2003) who use fully-robotic mounts

411t should however be noted that this effect was previously noticed by |Schlesinger| (1910) for S Lib.
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Figure 1.21: Illustration of the Rossiter-McLaughlin effect. As the planet moves across the
star, it covers different areas of the star. Since the star’s rotation leads to a blue/redshifting
across its surface, one can detect a slight shift in overall effective temperature in the residuals

of the spectroscopic fit.
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Figure 1.22: Rossiter-McLaughlin effect for different sample configurations (shown above)
(taken and adapted from Baluev and Shaidulin| (2015))).

with commercial CCDs and DSLR lenses can detect hundreds of planets.

However, there are two main drawbacks of this method: the probability of observing a transit
(see eq. [1.16) is quickly decreasing the more distant the planet is. Adding to that, continuous
coverage would be needed to detect the planet. This is different to the RV technique where
even long-period planets can be detected. The transit method is therefore mostly suited for
close-in planets. Surveys like Kepler (Borucki et all |2010) that are located in space are a
possible solution to this problem. An alternative way is to split up the observation into sev-
eral stations that are located around the world to provide full-time coverage like HAT-South
(Bakos et al.l 2013) or YETT (Neuh&user et al., |2011)).

The distribution of all 2649 planets discovered with the transit method as of July 2016™] is
shown in Figure The Hot Jupiter population is marked in green and already gives an
indication that gas giants might not be as abundant unless they are closely orbiting their star
as hot Jupiters or hot Neptunes. Only very few detections go beyond 1 AU - so roughly a
one-year period - while as a comparison, detections up to 30 AU were achieved with the RV
method (see Figure [I.14).

“Based on www.exoplanet.eu (Schneider et al., [2011).
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Figure 1.23: Semi-major axis over planetary mass for all 2649 exoplanets that were detected
with the transit method. One can see the hot Jupiter population (marked green) in the upper
left corner (extracted from www.exoplanet.eu (Schneider et al., 2011))).

1.6 Discovery status

As of July 2016, more than 2900 exoplanets have been detected and publishedlﬂ7 disregarding
planets with a minimum mass higher than 13 My, with 554 planets having well-characterized
orbits and properties like planetary mass and radiuﬂ More than a thousand additional
candidates are in the process of being followed up. The majority of detections, more than
93%, were discovered by the transit and radial velocity methods. While the RV method has
dominated the discovery numbers for a long time, the transit method has shown a drastic
increase over the past years with more than 1300 detections in the first half of 2016 alone,
more than all other methods combined. Of the transit detections, the vast majority was
detected with the Kepler Space Telescope (see section . The progression of discoveries
per year are shown in Figure [1.24]

While the number of detections has risen rapidly over the past decade, so have the detec-
tion capabilities. As shown in Figure four major techniques (timing, radial velocity,
microlensing, transit) are capable to detect Earth-like planets by now and three more (as-
trometry, imaging and astrometric microlensing) will have the capability to detect at least
super-Earths over the next decade. By now, hundreds of rocky planets have been discovered
around main-sequence stars both directly with the RV and transit method and also indirectly
through Transit Timing Variations (see also section . A direct Earth analogu@ has not
yet been found. With more than 4000 further planet candidates from Kepler alone@ this
may however change soon.

45Based on www.exoplanet.eu (]Schneider et al.l, |2011D, numbers may increase daily.
4"Based on www.exoplanets.org (Han et al.l 2014

48j.e. 1yr orbit, Earth-like radius and mass, Sun-like star.
“Ohttp://kepler.nasa.gov/, www.exoplanets.org
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Figure 1.24: Histogram of discoveries per year with different detection methods. Note the
rapid increase of detections with the transit method over the last years and the previously
dominating contribution of the RV method. (data extracted from www.exoplanet.eu
der et al., |2011)))

1.6.1 Notable surveys

There are dozens of active surveys that search for extrasolar planets. However, several surveys
deserve to be singled out due to their success. The following projects have contributed more
than two thirds of all known planets.

HARPS

The High Accuracy Radial Velocity Planet Searcher (HARPS) (Mayor et al., [2003) is a high-
resolution (R = 115000) echelle spectrograph, mounted on the ESO 3.6 m telescope in La Silla,
Chile. It was constructed by a consortium of Swiss and French institutes (Observatoire de
Geneve, Observatoire de Haute-Provence, Physikalisches Institut der Universitdt Bern, and
the Service d’Aeronomie). Placed inside a vacuum, it simultaneously observes a target star
and a ThAr calibration lamp as a reference spectrum.

During its commission phase, HARPS already reached an unprecedented accuracy of 1.7 7
which, thanks to software optimizations, got further improved down to 0.32 7 for stars with
low chromospheric activity (Mayor et al. 2009). HARPS is notable for being the most suc-
cessful ground-based instrument for planet detection and has further played a significant role
in the follow-up of transiting planets. Since the first detection in 2004, more than 100 exo-
planets have been discovered. HARPS was the first to detect a potentially habitable system
(Bonfils et al.l [2005), Gliese 581, containing up to six planets, although the outer two planets
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Figure 1.25: Overall success and capabilities of all planet detection methods (extracted and
adapted from |Perryman| (2011)).

may be false detections due to stellar activity of the M-dwarf host star (Forveille et al., 2011}

2016). It was also the first to detect multi-planet systems and found the largest
planetary system to date, HD 10180, which hosts seven planets (Lovis et al., 2011)).

Figure 1.26: The ESO 3.6m telescope where HARPS is mounted, accompanied by a smaller
dome that hosts its guider instrument.
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Super-WASP

Super-WASP is a transit detection program organized by the IAC (Instituto de Astrofisica
de Canarias). This survey noteworthy for two reasons: it is, after the Kepler project, the
most successful transit survey to date and was constructed using eight commercial DSLR
lenseﬂ and CCD cameraﬂ on two robotic mounts respectively (Pollacco et al., |2006)), a
system considerably cheaper than a normal science-grade telescope. Not only is the pure
hardware cost lower in such a setup, the development cost is as well. The mounts are located
at the Roque de los Muchachos Observatory in La Palma, Spain, and at the South African
Astronomical Observatory near Sutherland in South Africa. This way, both the northern and
southern hemisphere are covered.

The success of Super-WASP can be explained by its consistent exploitation of its strengths.
The commercially available lenses have a relatively wide FOV of 200 mm and cannot compete
with large-mirror telescopes in terms of light collection, therefore, the project focusses on the
brightest stars in the sky. The fully-robotic and comparatively cheap design allows to record
a high number of data points over a long time. The, compared to other surveys, relatively
low photometric accuracy of 5-10mmag (Pollacco et al., |2006) is therefore balanced by the
sheer number of data points.

Besides being the most successful ground-based transit survey, Super-WASP also contributed
some remarkable planets to the ever-growing list of discoveries. WASP-17b, orbiting an F6V
main-sequence star, was the ﬁrstf_zl planet in which the measured stellar rotation (see Rossiter-
McLaughlin effect in section runs retrograde to the planet’s motion (Anderson et al.,
2010; Bayliss et al., [2010). The planet must have either formed somewhere else and then
migrated inwards or have been a free-floating planet that was caught by the star’s gravity. It

is also one of the largest planet ever found with a radius of 1.74f8:%§ R despite having a very

low mass of 0.486 M;. The folded light curve of WASP-17b is shown in Figure [1.27]

CoRoT

CoRoT (COnvection ROtation and planetary Transits) was a space telescope operated by
the CNES (French Space agency) in collaboration with the ESA (European Space Agency).
Housed in a 2-stage baffle in order to reduce stray light from Earth, a 27 cm telescope observed
several fields over 6 years from 2007 on (Auvergne et al., [2009). A computer failure, caused
by the intense radiation outside of Earth’s magnetosphere shield, ended the operation in 2013
and the telescope was moved into a lower orbit in order to burn up in the atmosphere{ﬁ

What sets CoRoT apart from other surveys is that it was the first space-based exoplanet
survey and was operated with a precision that could only be matched by the Kepler telescope,
despite having a significantly smaller aperture than Kepler. The first super-Earth with a
measured radius was detected by Léger et al| (2009) in the CoRoT data and for years it
would be the smallest known transiting planet. For the first time, the detection of a planet’s
secondary eclipse was possible in the light curve data of CoRoT-1b (Snellen et al., [2009), the
result of this is shown in Figure CoRoT was only partially used for transit searches

®0Canon EF 200 mm f1.8 L USM.

519048 x 2048 px, DW436, manufactured by Andor of Belfast.

52However, just shortly after HAT-P-7b, which was discovered two years before (P4l et al., |2008) was found
to have a retrograde orbit as well (Winn et al., |2009).

®3https://cnes.fr/en/web/CNES-en/10913-mission-accomplished-for-corot.php
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Figure 1.27: Folded light curve (p=3.735d) of the hot Jupiter exoplanet WASP-17, with the
transit occurring around phase 1.0.

with an equal focus the study of asteroseismology. Therefore, it is not nearly as successful as
Kepler with 27 confirmed detections.

Kepler/K2

The Kepler space telescope was launched by NASA on March 7th, 2009 after being selected
as Discovery Mission #10 by NASA in 200]@ The goal of the Kepler mission was the
continuous observation of more than 160000 stars{ﬂ (Jenkins et al., [2010)) in a fixed region of
the sky over at least 3.5 years. The telescope is based on a Schmidt design (Smiley, [1936)
with an aperture of 0.95m and a 105 sq. deg FOV. 42 CCDs with 2048 x 1024 px each lead to
an overall resolution of 84 Megapixel. The stars are defocussed to 10 arcsec and 6 s exposures
are co-added to either 59s or 29.4 min for short-cadence and long-cadence data, respectively,
in order to improve signal to noise and avoid saturation. Since the bandwidth of Kepler is
insufficient to send back the raw data, only the relevant parts of the image, each target star
and its surrounding pixels, are sent back to Earth. This amounts to about 6% of the total
CCD area[igl The telescope is not located in a Lagrange point or Earth orbit but instead trails
Earth in a heliocentric orbit with a slightly longer period and semi-major axis of 372.5 days
and 1.0132 AU, respectively.

After losing control over two of the four reaction wheels, the original mission of the Kepler
space telescope ended and was repurposed for the ”second light” survey K2 (Howell et al.,
2014). Instead of continually observing the same area over years, the K2 mission now switches
targets every three months, stabilized by the two remaining reaction wheels and solar pressure
for the third axis (roll angle). However, the telescope still drifts slowly and can to be corrected
by firing the thrusters every 6 hours{ﬂ Photometric precision is therefore slightly lower than

54http://kepler.nasa.gov/Mission/QuickGuide /history/

5Later on, several variable stars were disregarded, reducing the number to 156000 (Borucki et al., |2010)
and then in later publications to "more than 100000 stars” (http://kepler.nasa.gov/Mission/QuickGuide/).

6http://keplergo.arc.nasa.gov/PyKEprimerResources.shtml

*"However, this only happens in about 70% of all cases (Steve B Howell, private conversation).

34



CHAPTER 1. THEORY 1.6. DISCOVERY STATUS

1.0000 fieis
0.9900
0.9800

i

T Relative flux o

1.0003

1.0002

1.0001

IRRERRETI ARRRRRRARA AR RN RN [T (TITTerT i

Relative flux

1.0000

0.9999

LR R R RARRARE RN AR RRRRAN RARRRRAREN LARRRRRREN LLLLY WL ULLL

RETRIRITI ARRRRRTETL

0.0 0.2 0.4 0.6 0.8 1.0

Orbital phase
I |

I=I % I=I
1 2] ( 181 ) 12
S = &
|- | 18 =]

Figure 1.28: Folded light curve of CoRoT-1b, showing the slight increase in flux outside of
the transit and eclipse that is due to the planet’s reflected light (taken from [Snellen et al.

(2009)).

during the Kepler mission but can be corrected very well. The drawback is that only planets
with periods smaller than 30 days can be detected since the targets are switching irrevocably.
Kepler is the first - and so far only - telescope that is located in space, has a large aperture
with a high-performance detector that is reaching a photometric precision of 80 ppm (Caldwell
, and is dedicated solely to the search for planetary transits. This created a certain
dominance in the field of discoveries at present with a contribution of more than half of all
known exoplanets.

The impact on the field of planet detection cannot be understated. The survey generated so
many planet candidates that ground-based follow-up projects are still busy years after the
end of the original survey, with many more to come. Detailed studies of the occurrence rate
for solar-type (Petigura et all) 2013a; [Silburt et al., |2015) and cooler stars
2013; Morton and Swift, 2014) have been performed, with robust analysis of the uncertainties
(Foreman-Mackey et al., [2014).
While the amount of achievements of the Kepler survey is too high to be listed in detail, several
discoveries are of special note. Kepler-9 was the first multi-planet system to be detected with
the transit method (Torres et al., 2011)) and, at the same time, the first transit system where
TTV’s were successfully measured and used to predict an additional planet. So far, only very
few multi-planet systems were detected with the transit method and all of them by Kepler. It
is a difficult task since it requires high-precision photometry (since some of the planets will be
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rocky) and long-term continuous coverage (since some of the planets will have long periods).

Kepler-11 System

Solar System

Figure 1.29: Illustration of the Kepler-11 system. Note that, although Kepler-11 is almost a
solar twin, five of the planets have orbits closer than mercury and are nearly circular (source:
http://www.nasa.gov/mission_pages,/kepler /news/new_planetary_system.html).

Therefore, some of the signals in a multi-planet system are only very weak. Kepler-11 with
its 6 planets, shown in Figure [1.29] is a curious system for several reasons. Not only is it
the most numerous planetary system besides HD 10180, but also TT'V’s were detected which
allowed the determination of the planetary masses without radial velocity. Five of the planets
are located in an orbit closer than that of Mercury and the inclination varies less than 1°
between all planets. How such a system can be stable or even form is still unclear.

1.6.2 Statistical properties of planets

With more than 2900 detected planets, it is now possible to perform a detailed statistical
study of the stellar and planetary parameters. A selection of properties is shown in Figure
1.30l Evident from the stellar effective temperature and radius distributions is that the
majority of detections are around Sun-like stars and only very few planets have been detected
around giant stars or M-dwarfs. However, this should not be confounded with an increased
planet-occurrence rate for solar-type stars. M and late K dwarfs are very faint, therefore
the detection S/N is lower and they might get clipped out of the target list altogether. This
was the case with Kepler; there, less than 3900 stars (Dressing and Charbonneau, |2013)) - or
less than 2.5%, of the selected targets - have an effective temperature lower than 4000 K. As
an opposite, while giant stars are very bright, a detection with the transit method is more
difficult due to a lower radius ratio and dwarf stars are much more common in the sky.

The distributions for planetary mass and orbital period, shown in the bottom panels of
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Figure [.30] seem to indicate two Gaussian peaks each. As discussed in section [[.3.2] giant
planets undergo a rapid runaway-growth phase after their gravity allows them to collect the
surrounding gas which happens at about 10 Mg. It is therefore plausible to expect a gap
between 10 and 100 Mg. For the period distribution, shown in Figure in the bottom
right panel, the explanation may however be selection bias. Short-period planets are strongly
fewoured2 in the transit method, not only since the detection probability correlateﬂ with
Q o P73, but because the transit duration is not strongly correlated with the period and
continuous data must be recorded in order to catch the required three transits. That means
even Kepler is almost unable to detect planets with transits beyond 1yr. Only one exception
with P >> 1yr exists, ISWASP J140747.93-394542.6 (Mamajek et al., 2012), due to data
taken over several years with the Super-WASP and ASAS surveys. The effect does not
affect the RV method as much, however, since data have not to be taken continuously. The
difference between the RV period distribution and the other detection methods is shown in
the corresponding panel of Figure
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Figure 1.30: Distribution of the planet host star effective temperatures (top left quadrant),
radii (top right quadrant) and planet masses (bottom left quadrant) and orbital periods (bot-
tom right quadrant), marked red for the RV method and blue for the others (data extracted
from www.exoplanet.eu (Schneider et al., 2011)).

In our Solar System, the eccentricity of planets is very low. Only Mercury’s orbit is less

*8Following equation the probability is proportional to a~' and, following Kepler’s Third Law,
P2oxca® — Qo P35,
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circular with an orbit eccentricity of 0.205@ However, especially in single-planet systems,
this is not the case for exoplanets. The distribution of orbital eccentricity against the semi-
major axis for all planetary systems and the general distribution of eccentricities is shown in
Figure Only for the shortest orbits of 0.02 AU and less are almost all orbits circular due
to the tidal interaction between planet and star. However, the number of non-eccentric orbits
may be higher than estimated right now due to bias effects in systems with low S/N (Shen
and Turner, 2008).

Due to the high number of confirmed planets, it is possible to infer a theoretical orbital
eccentricity distribution. Since there are biases in the distribution, a hierarchical probabilistic
method should be used (Kipping, 2013). A Beta distribution@ has been shown to be the
best function to describe the eccentricity. However, |Kipping| (2013) finds that splitting the
distribution into high-period and low-period groups results in two distinct Beta functions
that provide better fits for the corresponding groups. The most likely explanation is the
aforementioned circularization of low-period orbits from tidal interaction.

exoplanet.eu, 2016-02-01 L
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Figure 1.31: Left: distribution of orbital eccentricities against the semi-major axis. Right:
distribution of orbital eccentricity with the best-fitting Beta-function from |Kipping (2013) as
an overlay (data for the left panel extracted from www.exoplanet.eu (Schneider et al., [2011)),
right panel from www.exoplanets.org (Han et all 2014)).

M-dwarfs may be different from the other main-sequence stars concerning planet occurrence
rates. Overall, while small rocky planets (< 2.8Rg) are about 3.5 times more abundant
than around FGK-dwarfs (Mulders et al. 2015b), Neptune-sized planets are less abundant
by a factor of 2. For hot Jupiters and Jupiter-sized planets in general, the generally low
occurrence rate means that the uncertainties of the small sample of Kepler are too high to
make a statistically robust assessment. The goal of Pan-Planets and this PhD thesis is to
tackle this open question and improve the previous occurrence rates determined from Kepler
(Dressing and Charbonneau, 2013; Mulders et al., [2015b]), RV surveys (Bonfils et al., 2013)
and the WFCAM Transit Survey (Kovacs et al., [2013} Zendejas et al., 2013).

Based on a sample of about 3900 M-dwarfs and late K dwarfs, the Kepler survey (Jenkins
et all 2010) allowed a more accurate assessment of the statistical properties of planetary
systems. All gas-planets of ”Mini-Neptune”-type and larger (> 2.8Rg) may be more rare
in orbital periods between 1-100 days (Dressing and Charbonneau, 2013} [Morton and Swift),

http://nssdc.gsfc.nasa.gov/planetary /factsheet /mercuryfact.html
60The Beta-function is defined by the variables a and b: B(a,b) = fol 2711 — t)P 7 dt.

38



CHAPTER 1. THEORY 1.6. DISCOVERY STATUS

2014; [Dressing and Charbonneau, 2015; [Mulders et al.l |2015b). This is especially puzzling
since the overall occurrence rate of planets appears to be higher than around FGK dwarfs.
Figure shows this discrepancy in terms of the planet occurrence rate for different stellar
radii.

— M
FGK;

=
o
o
T
I

=
<
"
1
|

Planet Occurrence (P = 2-50 days)

10k
Q
ki
£
102k S
L E p
L L | | | L L L L ]
0.5 1.0 2.0 4.0 8.0 16
Radius [R@]

Figure 1.32: Planet occurrence rate in terms of planet radii for M-dwarfs and FGK dwarfs with
periods between 2-50 days. The lines are the fitted regression curve and their 1o confidence
intervals are shown as the shaded region (taken from Mulders et al 2015b)).
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1.7 Planet habitability and life

There are many arguments for the value of basic research, some economical. However, one
thing sets apart the search for life. For millennia, mankind asked themselves several big
questions:

"Why are we here and where do we go?”
" What is right or wrong?”
"What is life?”

”Are we alone in this universe?”

As far as we know, most of those fundamental questions will never be answered with only
plausible suggestions from a biological, philosophical or religious ansatz. There is, however,
one exception. The question of whether we are alone in this universe could be answered with
a clear "no” if we were to detect life on other worlds. The discovery of the first planets by
Mayor and Queloz| (1995) not only sparked the formation of a new field of astrophysics. A new,
interdisciplinary field called astrobiology came together as well which further utilizes physics,
chemistry, biology and geology for the search for life. In general, astrobiology is the study of
life’s origin, evolution, distribution and futur@ Previously, there had been attempts to form
this field with the name exobiology which started in 1959. The concept gained significant
attention after NASA detected traces of basic organic molecules in meteorites, but the broader
term astrobiology is linked with the discovery of planets. By now, astrobiology has become
big enough to warrant its own journal@

1.7.1 Definition of life

To define life may be straightforward at the first glance but it is not. There is no generic
substance which is common only to the realm of organisms and does not exist in inanimate
matter (Mautner} 1997). The fundamental problem is the definition of a concrete step after
which a chemical system is to be considered animate, while before it is not (Tsokolov} 2009).
There are several different definitions on how to properly classify life. The working definition
of NASA, based on Deamer and Fleischaker| (1994), assumes three characteristics:

”Life is a self-sustained chemical system capable of undergoing Darwinian evolution”.

This definition is intriguing since it implies that a virus is not alive. Although it is a chemical
system with its own DNA, it has no own metabolism and therefore does not fulfil the require-
ments of Darwinian Evolution - it further needs other hosts in order to multiply and cannot
disassemble and reassemble its own DNA. This places it in the same inanimate category as
prionﬁ The strength of this definition, however, is that it is not only applicable to terrestrial
life, e.g. with no mention of DNA as the core of an organism or other chemical bases instead
of carbon and water.

Other definitions are more specific, like the PICERAS (Program, Improvisation, Compart-
mentalization, Energy, Regeneration, Adaptability and Seclusion) definition from Koshland

1http: //astrobiology.nasa.gov/about-astrobiology/, archived at https://web.archive.org/web/20081011192341/
%2http:/ /www.liebertpub.com/AST
53Proteins that can fold in several and structurally distinct ways and in their behaviour can mimic the effect

of viruses.
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(2002). While it is essentially similar to NASA’s definition, it specifies several points. For
example, instead of a ”chemical system”, this definition demands energy, regeneration (i.e.
a metabolism) and seclusion (i.e. the ability to let enzymes only affect one certain type of
molecule). However, this definition is more focused on life as we know it from Earth.

1.7.2 Planet habitability

The circumstellar habitable zone, in short habitable zone (HZ), describes the region around a
star where life may develop on a suitable planet. The word derives from the Latin ”habitare”
and as such may be translated as living or dwelling. However, this implies that a planet
should be called habitable if life can survive there - in this sense, Mars should also be called
habitable since terrestrial microbial life such as the species deinococcus radiodurand®y could
survive on Mars. The following discussion instead assumes that habitability refers to the
potential of life to form on the planet.

In a metaphor to the fairy tale of ”Goldilocks and the Three Bears”, it is also called the
Goldilocks zone for its necessary balance between several life-essential factors:

Liquid-water habitable zone (LWHZ)

The most essential factor is the necessity of, as far as we know, liquid water for life to
develop. Therefore, the main differentiator is the amount of radiation from the star that is
heating the planet. Kasting et al.| (1993) used a one-dimensional climate model to estimate
the liquid-water habitable zone (LWHZ) around solar-type stars and determined an interval
of 0.95AU-1.67 AU for a Sun-like star. The inner limit of the HZ is mostly dominated by
runaway greenhouse effects while the outer is by water loss. The downside of this approach
is that it constrains itself to Earth-like atmospheres{BE], which again was shaped by life on
Earth. Other planets might have a radically different atmospheric composition which the
model does not account for. The model used by Kasting et al.| (1993) also turned out to be
incorrect in several aspects. [Wordsworth et al.| (2010) estimated that the authors might have
overestimated the absorption of thermal infrared by CO2 bands and the CO2 and HoO bands
in general were determined incorrectly. Also, the models do not extend down to M-dwarfs
which are of great interest to the science community concerning the search of life (Kopparapu
et al., [2013).

The next generation of habitable zone estimates incorporates more accurate atmospheres,
planet albedos (Kopparapu et al., 2013)) and masses (Kopparapu et al., 2014)). This becomes
even more important with the rising number of super-Earths that have been detected and
show a different planetary chemistry than twins of Earth. However, the aforementioned issues
with the focus on Earth-like atmospheres persists. Moreover, a star’s luminosity changes over
its lifetime, which also has to be accounted for in the terms of the continuous habitable zone
(Kasting et al., [1993)).

A new, weaker HZ definition has been put forward (Petigura et al., 2013al). If a planet receives
an irradiation S between 0.25 and 4 Sg, it is potentially habitable, depending on the kind of
planet. This corresponds to a semi-major axis distribution of 0.5 AU to 2 AU for the Solar
System. In this definition, both Venus and Mars are included in the HZ - however, both

54Tts amazing toughness earned it the nickname ” Conan the Bacterium” (http://science.nasa.gov/science-
news/science-at-nasa,/1999/ast14dec99_1/).
%51.¢. a prevalence of N2/Q2/COs.
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planets might have been habitable with different properties like a larger mass in case of Mars
or a less carbon-rich composition of Venus in order to avoid its runaway greenhouse effect[g_q

Radiative habitable zone

Besides liquid water, it is assumed that UV radiation has to occur both as a source of energy
and as a primary catalyst to allow the synthesis of Guanine (Barks et al., 2014)), one of
the 4 primary chemicals of RNA. As with thermal heating, too much UV radiation is a
problem because of its ability to induce the destruction of DNA and protein molecules. The
fraction of UV light in a star’s radiation is largely dependent on its effective temperature and,
concerning main-sequence stars, its mass. Besides the LWHZ, one can therefore calculate the
UV habitable zone as an additional criterion. This becomes especially relevant towards the
lower mass region of the stellar population as some M-dwarfs have a considerably lower flux
in the UV than compared to a G2V star like the Sun while others have even stronger UV
emissions due to stellar activity and flares.

Stellar type

There are more parameters when considering a stellar system’s habitability. Factors like its
lifetime and the stellar variability can negatively influence or even strip away the planetary
atmosphere before life has ever started. M-dwarfs, as an example, are the most abundant of
all stars. At first glance they seem like the perfect type of star to sustain life with a lifetime
measured in dozens of billions of years, but are most likely ill-suited. They have a strong
imbalance between infrared and visible-light radiation compared to solar-type stars (Buccino
et al., 2007). Their tendency to strong stellar flares also pose a threat to potential life. Their
closer habitable zone, due to lower flux output, also leads to a very quick tidal lock (see
section and can induce desiccation due to tidal heating (Barnes et al., 2013)). However,
the emergence of life might still be possible since none of the issues are critically prohibitive
for life. The tidal lock may not be as problematic as one might assume as heat will flow to the
dark side (Joshi, [2003|) and might even result in a larger habitable zone, due to the stronger
infrared absorption of ice. A theoretical example for a habitable planet around an M-dwarf is
a water world, e.g. a planet fully covered with water, that survived the tidal desiccation and
can absorb the stellar flare radiation. Life would be quite different to that on Earth, however.
Stars of F-type and hotter may however be entirely uninhabitable. Their lifetime is becoming
decreasingly shorter the higher their initial stellar mass and, considering the first life formed
in the order of a billion years after the birth of the Solar System, may move into the giant
branch too quickly. However, the majority of all stars have lifetimes comparable to or even
greater than the Sun.

Galactic habitable zone

The location of a star in its host galaxy is another factor for the habitability of its planets.
The so-called galactic habitable zone (GHZ) encompasses several aspects. Being too close to
the galactic centre increases the risk of nearby supernovae (Spitoni et al.,2014)) while a certain
amount of metallicity is needed for the formation of rocky planets (Fischer and Valenti, 2005).
The stellar formation rate in a star’s vicinity is therefore an essential factor, both for good

56see also paragraph ”Other contributing factors”.
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and for bad. Being too far from the centre decreases the metallicity to a point where no
rocky planets can form while being too close will endanger the system due to more frequent,
up-close supernovae.

For the Milky Way, habitable planets will most likely be found between 7kpc and 9 kpc with
the maximum at 8kpc (Lineweaver et al. [2004; |Spitoni et al., [2014). The disc regions of a
galaxy, outside of the star-forming spiral arms, are therefore a favourable environment. The
Solar System is located at 8.5 kpc in such a region, placing it within the GHZ. Other models,
however, argue that the majority of habitable worlds are much further away from the galactic
centre at about 16 kpc which means that the Solar System is located in a very unlikely region
(Vukoti¢ et all, 2016).

Other contributing factors

There are many additional aspects that may play a role in a planet’s habitability. While the
volume/mass increase of a spherical body is progressing cubical with the radius, its surface
increase is only quadratic. The larger a planet, the less heat it therefore emits in relation to
its mass. Mars is an example of a planet that lost most of its internal energy too quickly,
stopping volcanic processes and subsequently its geologic carbon-cycle. In combination with
its weaker ability of atmosphere retention, this led to cooling down and an almost complete
loss of atmosphere. Venus, on the other hand, emitted too much carbon dioxide, leading to
a runaway greenhouse effect. It may have been habitable in the past (Barnes et al., |2016).
Super-Earths may stay geologically active for a longer time than Earth-like planets. This
means that the HZ has to be adjusted for the planet type and for the age of the system.
Eccentricity plays a role in a planet’s climate stability. As seen in Figure [1.31] on the right,
there is a wide distribution with about 80% of the known and well-characterized®| planets
having a larger eccentricity than Earth. However, this view might be biased by the contempo-
rary dominance of giant planet discoveries, as most of the rocky planets detected with Kepler
seem to have a lower eccentricity (Van Eylen and Albrecht| 2015)).

1.7.3 Origin of life

Abiogenesis is the concept of life emerging from non-living matter. There is no established
model but there are several different concepts to explain this process on Earth:

Nebular prebiotic chemistry: For life to emerge, several ingredients have to be present:
water, organic molecules, nitrogen and a kind of energy gradient. The Miller-Urey
experiment was conducted with the goal of testing whether this could have been possible
4 billion years ago (Miller, [1953). They found that, after heating up a mix of methane,
ammonia, water and hydrogen, the addition of electric energy resulted in the formation
of more complex organic molecules, including all 20 commonly occurring amino acids. A
problem of this experiment is that the atmosphere of early Earth may have been much
more abundant in CO and COq (Hill and Nuth, [2003), which means that the results of
this experiment may not be entirely applicable to the processes that happened. New
studies now focus on the conditions of nebula in other regions of the solar system with
UV radiation as an energy source instead of electricity.

5"Data taken from www.exoplanet.org (Han et al., [2014).
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Hydrothermal vent: Fissures in Earth’s surface that emit geothermally heated water are
called hydrothermal vents. They provide unique ecosystems for life and it is being
theorized that they may have been the origin of life as well (Wachtershauser, [1990)). In
favour of this concept is the fact that the surfaces of vents can have catalytic properties
and create simple organic molecules such as methanol (Roldan et al.;|2015). This implies
that the first life would have consisted of extremophilesF_g] which gradually spread out
and adapted to other regions.

Panspermia: Another theory is for life or complex organic molecules to have formed on
other planets or other regions of space, which then got distributed by meteorites or
other celestial bodies. What makes this theory plausible are meteorites found on Earth
that originated from Mars, a planet which once had liquid Wate@ Microbial bacteria
have shown to be able to survive even the journey on a spacecraft[ﬂ However, due to
the absence of life outside of Earth, this theory cannot yet be proven.

1.7.4 Intelligent life

While life may be abundant in the universe, and it is possible that life exists on other planets
or moons in the Solar System such as Europa (Kargel et all [2000; Marion et al., [2003),
intelligent life may be much less frequent and even if it evolved on a fraction of life-carrying
planets, the very specific path of spreading out into the stars may be very unlikely. A famous
argument is the Drake equation:

N=Ry-fp-nn-fi-fi-fe-L, (1.20)

which attempts to determine the number N of civilizations that are able to communicate
by multiplying the star formation rate (SFR) with the fractions of stars f, that are orbited
by planets, number of habitable planets per star ny, fraction of those on which life evolves,
the fraction of those which reach the technological level of radio communication and the
civilization’s average lifetime L. It is important to note that the lifetime of a star affects the
probability of life and then intelligent life to develop. M-dwarfs may be very good host systems
due to their very long lifetimes of tens of Gyr while stars more massive than F-type may be
too short-lived for (intelligent) life to develop. The goal was to demonstrate how even small
probabilities for the individual factors still lead to a large number of possibly communicative
civilizations. The absence of such signals may be due to many reasons, however, it is entirely
possible that radio-based communication is not as ubiquitous as organizations such as the
Search for Extraterrestrial Intelligence (SETI) believe.

58Life that thrives in regions that are inimical to other life forms.
9d0i:10.1038 /nge02412
"0d0i:10.1038 /nature.2014.15249
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1.8 Transiting exoplanet follow-up

1.8.1 False-positive detection scenarios

Having detected a signal from a potential planetary transit, a multi-step process is needed to
confirm and further characterize it. The drawback of the transit method is that a number of
scenarios (Chabrier et al.,|2009) can create a signal very similar to that of a planet. There are
five common sources of false-positive identification or transit mischaracterization, illustrated
in Figure that are created by eclipsing binaries (EB’s):

1. Blended@/ Hierarchical EB system,

2. Blended/Hierarchical EB companion,

3. Eclipsing Brown dwarf_z-] or low-mass star with a radius similar to Jupiter,
4. Unblended EB system (grazing eclipse),

5. Double-period EB system.

0. Planet 1. Blended EB 2. Blended EB companion
PSF PSF
- >
3. Low-mass secondary star 4, Unblended EB 5. Double-period EB

Figure 1.33: Illustration of a planetary transit (top left) and five likely false-positive scenarios:
Blended EB system (top middle), hierarchical EB companion (top right), low-mass stellar
companion (bottom left), EB system with shallow eclipses (bottom middle), and double-
period EB system (bottom right).

Traditionally, the safest way to confirm that a planet is the transit’s origin is to measure the
radial velocity curve of the primary star. For this, the star has to be characterized first and

".e. unresolved due to the star’s PSF.
M > 13Mj, see sectionm
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its stellar type has to be determined, usually with low- to medium-resolution spectroscopy.
Since the inclination is more constrained than with the regular RV method (i ~ 90° in case
of a transit), the mass can be measured quite precisely.

However, this direct approach is either sometimes not feasible, e.g. due to the star having a
too faint magnitude, or strong crowding, or too small radial velocity change, or, in case of
Kepler, having a high number of targets. A variety of different confirmation techniques can
be utilized to rule out those alternative scenarios or constrain their likelihoods. This can then
be used to validate the detection by statistically ruling out all other possible signal origins
(see also section [L.8.8).

1.8.2 Light curve properties

As mentioned in section the shape of a transit can provide insights into a multitude of
planet and star properties and an experienced astronomer can sort out many false-positive
detections already by visual inspection of the light curve. The following paragraphs are
strongly oriented towards hot Neptunes and hot Jupiters though applicable to other planet
populations as well. Multi-planet systems and small terrestrial planets produce very distinct
signatures and are less likely to be produced by a false-positive scenario (Lissauer et al.l [2011}
2014; Rowe et al., [2014).

Transit Duration

Using equation [I.18], one can determine the expected transit duration for a given stellar and
planetary radius. This assumes that the planet’s orbit is circular, which is the cas@ for most
hot Jupiters and Neptunes. If the transit duration is significantly larger than the calculated
time, the signal’s origin might be a low-mass star, possibly with a tertiary companion blended
inside of the PSF. This is one of the most frequent sources of false-positive detections. How-
ever, there have been cases of eccentric orbits with relatively low periods, e.g. Kepler-75b
(Hébrard et all 2013)), which means that this criterion is not binding.

Transit Shape

The shape of a transit can be described analytically. Mandel and Agol (2002)) published
the exact equations for a planetary transit with given limb darkening (see section
parameters. Defining two states of a transit, ingress/egress and the bottom section where
the planet fully eclipses, one can visually distinguish some eclipsing binaries. A strong flat
bottom, as shown in Figure in the left panel, means that the radius ratio between both
bodies and the transiting object is likely to be a planet or brown dwarf. On the other side,
a very short or even invisible bottom section@ as seen in the right panel of Figure isa
strong indication of an eclipsing binary system, possibly with a partial eclipse.

Secondary eclipse

The star in a system is not the only object that can contribute flux. A planet, brown dwarf or
binary companion also emit light to a certain degree, either by reflection (planet) or thermal
emission (brown dwarf and binary companion). If the companion transits, it is very likely that

"Based on data taken from www.exoplanet.org (Han et al., [2014)).
"Such an eclipse is called v-shaped (Zendejas et al., [2013).
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Figure 1.34: Two examples for likely false-positive planet detections from the Pan-Planets
data. The red line indicates the best-fitting transit model. Candidate PP459-07356 (left
panel) has a longer relative transit duration than candidate PP635-15204 (right panel) al-
though having a higher period. PP635-15204, on the other hand, has a very v-shaped light
curve with no flat bottom.

a secondary eclipse also occurs, however, the flux contribution of a planet is hardly detectable
with ground-based telescope facilities, therefore a visible secondary eclipse is a likely sign
of a false-positive identification. Figure [1.35] shows candidate PP205-08639 from the Pan-
Planets data which displays a secondary eclipse. Although the period is very short, a hot
Jupiter cannot get heated to a degree where it contributes 3% to the total flux in the i’-band
(Burrows et al.,[2006). The primary is a M2V dwarf according to stellar characterization with
low-resolution spectroscopym and SED fitting (see also section , hence a more plausible
scenario would be a late M-dwarf of M8V type or below that has a radius with a similar
order of magnitude as a hot Jupiter and shines at about 2% of the solar flux. What remains
curious is a visible flux increase from the secondary eclipse towards the primary transit at
phase 0.5@ which could be interpreted as a reflection effect (Zucker et al.l [2007), but should
actually decrease the flux and not increase it.

Ellipsoidal variations

For a system in which the companion is a low-mass star, ellipsoidal flux variations may
occur which are a tell-tale sign that the transit cannot be created by a planet. The positive
amplitude of those variations is located at phases 0.25 and 0.75, therefore outside of the transit
and secondary eclipse. This effect occurs due to tidal forces from the secondary (Zucker et al.|

">Using data from the McDonald HET lowres instrument.
"6The Pan-Planets box fitting algorithm shifts the transit by 0.5 phase units.
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Figure 1.35: Transit detection of a hot Jupiter candidate, identified by the Pan-Planets
detection pipeline. At the top, best-fitting values for period, transit duration g, trapezoidal
v-shape and transit depth v-drop are given. While a flat bottom is clearly visible in the
binned data points (red) and is subsequently identified by our v shape fitting (green), a
secondary eclipse is also visible, hence we disregarded this candidate. Note that the transit
is phase-shifted to phase 0.5.

2007) and the flux amplitude can be characterized based on following variables:

AF R\*M, . ,.
? e aeuip <a) Mf&n%, (121)

with primary and secondary masses M; and My, respectively, inclination angle 7, orbital dis-
tance a and primary stellar radius R. aepip is an empirical value (Faigler et_al.l, 2012). Detect-
ing such variability is a tell-tale sign of a binary system since equation [1.21] scales strongly
with the companion’s mass. Figure [1.36] shows one such system with strong ellipsoidal vari-
ations which, besides the secondary eclipse, indicate that the companion is a low-mass star
and no planet.

1.8.3 Transit timing variation

Transit timing variations, in short TTVs, occur when there is strong reciprocal interaction
between the planet and another companion (see also , which can be the case in binary-
star or multi-planet systems. If this happens in resonance (for example a 2:1 orbital period
ratio), the orbit stability increases. The periodic interaction furthermore slightly slows or
accelerates the planet when passing the gravitational source, leading to slightly delayed or
early transits. TTVs can be a very effective tool in confirming the planetary nature of transit
light curves and even detecting additional planets that do not cause visible transits
, . Furthermore, this effect can be used to determine the planetary masses which
becomes important for small, rocky planets that are very difficult to measure with the radial
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Figure 1.36: Folded (p=3.167d) light curve of Pan-Planets target PP503-35924, showing
ellipsoidal variations (marked in blue) that peak at phases 0.25 and 0.75. Data points are
again binned to 500 (red). Two phases are shown for better visibility.

velocity method.

As an example for this effect, the system Kepler 11 (see also section shows visible
transits from 6 planets which show strong, periodical timing variations that correspond to
their resonant orbits (Lissauer et al., [2011). The O-C diagram indicates
gravitational interactions between the three innermost planets while planets d and e are
linked as well.

1.8.4 Photometric follow-up

Photometric follow-up is a viable way to improve upon the transit parameters by increasing
the photometric accuracy. As was the case with Pan-Planets (see sections [2{and , exoplanet
candidates found within the data were re-observed with the 2.0 m Fraunhofer Telescope Wen-
delstein (FTW). There are several reasons for this process.

Period confirmation

A transit signal detected in a survey with relatively few data points which are stretched
over a longer time such as Pan-Planets (see section for more details) can have significant
period uncertainties or, worse, the signal itself may be an artefact of red noise residuals. As
an example, simulations based on the Pan-Planets data (see section [2.4)) showed that many
detections are listed with a harmonic of the actual period with a factor of two or three.
Following up every planet at least once therefore ensures that the signal is real and the period
was determined correctly.
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Transit shape improvement

A very viable method is the use of (relatively) cheap survey telescopes for which the pri-
mary purpose is the detection of above-threshold events. Those events then get followed up
with more accurate instruments. This approach is used by Pan-Planets, Super-WASP and
even K2 where the nature of limited-duration photometry necessitates additional observations
(Vanderburg et al., 2015). The effectiveness of this technique will be discussed in section

Multi-band transit photometry

As described in Mandel and Agol (2002), the shape of a transit is dependent on the stellar
limb darkening. This effect is directly related to the covered wavelength, hence the light
curve shows slight difference in each filter band. In general, a transit light curve depends on
three parameters, limb darkening, stellar/planetary radii and the system’s inclination. This
simplification disregards possible wavelength-dependent effects from the planet’s atmosphere.
It is very difficult to solve the degeneracy between the radius ratio and inclination (Rowe
et al., 2008)) if the photometric data are not very precise. Recording a multi-band transit
allows to place tighter constraints on the limb darkening coefficients - hence also the stellar
effective temperature - and leads to tighter constraints for the radius-ratio and inclination.
Multi-band photometry is a useful tool for distinguishing between some false-positive detec-
tion scenarios and actual planets. For example, an eclipsing binary system that is blended
inside of the PSF may create a signal that looks like a planetary transit in one band but will
be distinguishable in others.

Another application for this technique is a more precise radius measurement. Hot Jupiters in
particular often show differing radii per photometric band, most likely due to the planet at-
mosphere’s wavelength-dependent opacity and Rayleigh scattering (Southworth et al., 2012).
Furthermore, multi-band photometry has been used to detect star spots that got covered
by the planet during the transit (Southworth et al. [2016). This is, so far, the only way to
characterize star spots on other stars and measure their respective radii and contrast ratio.

1.8.5 Stellar characterization

Characterization of the host star can be very important for determining the planet’s proper-
ties. In general, there are two ways to identify the stellar type, photometrically and spectro-
scopically.

SED fitting

Every star has a spectral energy distribution (SED), a function of flux over wavelength,
which is determined by the star’s effective temperature and spectral line features. Folding this
function with the sensitivity of each photometric band, the absolute (or apparent) magnitudes
can be determined.

SED fitting can be used if the star’s actual SED function is unknown. For this, one needs
synthetic or empirical model SED’s for the photometric bands that are being fitted. Since the
star’s brightness is only known in apparent magnitudes while the model SED’s have absolute
magnitudes, the distance has to be fitted simultaneously. An analytical solution for every
model SED can be determined. The x? for a given distance modulus d, apparent magnitude
m, absolute magnitude M and n photometric bands x can be described by the following
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expression:
= (My — my + d)?
=y et (1.22)

where ey is the error of my. The best-fitting distance can be determined by locating the local
minimum:

x> B Z 2(My — my + d)

!

X

This leads to:

d M,
EZQZEZJE;? (1.24)
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. 1.25

X
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However, things become more complicated if there is significant extinction, created by dust
grains in the interstellar medium (ISM) which absorb or scatter a fraction of the light that
is passing through. First discovered in 1930 (Trumpler] |1930)), the strength of this effect is
dependent on the amount of dust and the observed wavelength. The strength of this effect
varies over the spectral range and due to its property of affecting shorter-wavelength bands
more strongly, it is also called reddening. It is not a smooth, continuous function but instead
shows absorption lines, for example at 3.4 um (Adamson et al., 1990). With broad-band
photometry, the extinction curve has to be multiplied with a band’s sensitivity curve for the
actual magnitude change. The extinction is usually given by the colour excess E(B-V) which
correlates the magnitude change between the observed and intrinsic colour (B-V) of an object:

Eg_v = (B = V)obs = (B = V)ins- (1.26)

For other photometric bands z, the extinction effect can be converted by multiplying the
colour excess with the corresponding calibrated index Ayx. The method of using a three-
dimensional dust map for extinction fitting will be further described in section

The advantage of SED fitting is that a large number of stars can be characterized in hours
without the need for costlym spectroscopic observations, provided there is multi-band data
from surveys such as the 2 Micron All-Sky Survey (2MASS, [Skrutskie et al., |2006), Sloan
Digital Sky Survey (SDSS, York et al., 2000) or Pan-STARRS1 37 sky survey (PS1 3m,
Magnier et al., [2013). Furthermore, it provides at least an estimate of the stellar parameters,
compared to colour cuts while not being as precise as spectroscopic characterization.

" Costly both in observing time and money.
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Low-resolution spectroscopy

Spectroscopy is the most accurate way of determining the stellar type, effective temperature
and metallicity of a star. The most cost-effective way is to record low-resolution spectroscopy
since its lower resolution[Y_gI allows for a higher S/N. A 2m telescope is capable of following up
16th mag targets in less than 30 min (Ammler-von Eiff et al., 2015)). Two different approaches
are possible in order to classify the target:

e Based on synthetic or empirical databases, one can fit a normalized subset of the spec-
trum, absorption lines, against different stellar-type samples and determine the best fit
by x? minimization. This technique is used in chapter

e By recording standard stars, usually of AQV type, the star’s spectrum can be calibrated.
It is then directly compared to theoretical /empirical templates (Alonso-Floriano et al.,
2015), either through spectroscopic index matching or by visually comparing their gen-
eral shape. The latter technique is shown in chapter

Furthermore, the results from low-resolution spectroscopy can be used to improve the planet
characterization. Estimates for the stellar type mean that two of the four transit shape
parameters, stellar radius and limb darkening, can be constrained more stringently.

1.8.6 Radial velocity

The safest and most common way to confirm an exoplanet is by measuring the radial velocity
of its host star. High- or medium-resolution spectroscopy can rule out other false-positive
detection scenarios by giving an accurate mass estimate or at least give upper limits

Medium-resolution spectroscopy

Likely contamination-scenarios for a (hot Jupiter) planet detection are transiting brown
dwarfs or late M-dwarfs. In addition to stellar characterization, medium-resolution spec-
troscopy can be used to rule out several such scenarios. Instruments like SpeX (Rayner et al.,
2003) with a typical resolution of R=2000 can detect the radial velocity amplitude of brown
dwarfs around M-dwarfs.

High-resolution spectroscopy

Measurement of the radial velocity and subsequently determination of the planet’s mass (see
section , is generally the most common method of confirming a transiting exoplanet
since it rules out all alternative contamination scenarios.

There are two challenges for high-precision spectroscopy: with a sufficiently high resolution
(R > 20000), S/N can become a problem for faint stars, therefore large telescopes are needed.
Furthermore, having a stable wavelength reference is essential in reaching accuracies in the
order of meters per second. Out of a variety of possible sources and techniques, three are
either already commonly used and of particular interest for future instrumentation:

ThAr: A spectrograph with a ThAr calibration source is implemented by using two optical
fibres simultaneously, one for the stellar signal, one for the ThAr lamp. What sets

"8Usually in the order of R=1000.
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this technique apart is its high number of 8400 lines over a range of about 3000 A
(Lovis and Pepel [2007). This means that the calibration can be done over a large
wavelength area to an extremely high degree and a precision of meters per second can
be achieved (Perryman) 2011)), although the lines are unevenly spaced (Murphy et al.,
2007)). Theoretically, a ThAr lamp can be even used for infrared spectroscopy although
there are still issues with the calibration.

Contrary to the Iodine method, the stellar signal is not modified for a high S/N and
simultaneous stellar characterization with this method. ThAr has traditionally been
the favoured calibration source of many European projects such as ELODIE (Baranne
et al., [1996) and its successor HARPS (see section |1.6.1]).

Iodine: The utilization of molecular Iodine (I2) vapour is a different technique to calibrating
with ThAr lamps. The gas cell is placed directly in the spectroscopic light path and the
(known) lines from I, are therefore superimposed on the star’s spectrum. Through this,
the spectrograph’s PSF is calibrated in addition to the wavelength (Perryman) 2011)
although this results in a 20%-30% loss of light and no possibility of simultaneous stellar
characterization.

Laser frequency comb: Both ThAr and Iy have disadvantages in that they are not ideal
calibration sources. Theoretically, the perfect calibrator would cover the whole range
from the visible to the infrared with clear, constantly spaced lines at wavelengths that
are determined precisely from physics, are time-stable and do not influence the S/N of
the signal. This is what laser frequency combs (Reichert et al., |1999; |Jones et al., |2000;
Udem et al., 2002)@ promise to deliver. Such calibrated spectrographs could reach a
precision of 0.01 ms~! (Murphy et al., 2007). The general concept of a laser frequency
comb is that these constructs can store a single pulse and automatically replenish the
energy lost from emission in the lasing medium. Therefore, a highly stable pulse is
produced with a broader line distribution for shorter pulse durationﬂ This technique,
however, is still very new and in the process of being tested. The high-resolution echelle
spectrograph FOCES (Pfeiffer et al., 1998) on Mt. Wendelstein will contain such a
frequency comb for calibration.

1.8.7 Background star blend

One of the common contamination sources are background stars that are blended in the
foreground star’s PSF and affect the transit/eclipse signal. The light drop of the planet’s
transit then appears lower or an eclipsing binary system behind a transit-less star can appear
as a transit-like signal. In the latter case, the eclipse appears as a planetary signal due to the
combination of both fluxes which dilutes the eclipse signal. There are several ways by which
one can attempt to constrain the likelihood of such an event.

Archival imaging

The digitization of old photographic plates has created the opportunity to investigate whether
a star’s proper motion is high enough for it to have moved at least one PSF-width on the sky.
One illustration for this effect is shown in Figure for the confirmed planet system K2-9

™This development led to a Nobel prize in physics: www.nobelprize.org/nobel_prizes/physics/laureates/2005
80Usually, femtosecond pulses are being used for astronomical frequency combs.
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(Schlieder et al., 2016]). The presence of a background source at the star’s current location
can then be excluded.

T
il

Figure 1.37: 60x60arcsec archival images of planet system K2-9 with a time difference
of 54 years. No background source can be seen at the planet’s current location in the
1954 image, excluding this scenario from the list of possible false positives. (Created with
http://irsa.ipac.caltech.edu/applications/finderchart /)

Double PSF fitting

If the PSF of an image is known, two sources can be fit with variable positions inside of the
signal to investigate whether two sources are hidden in the star’s PSF. For the Pan-Planets
candidates (see also chapter [2|) we generated reference frames with high-resolution PSF ﬁtﬂ
as an additional constraint in order to identify false-positive identifications.

Adaptive Optics

Seeing, the atmospheric turbulence that smears the PSF of a star, is an effect that constrains
all terrestrial observations. There are two distinct techniques which can improve the sharpness
of an image. Adaptive optics (AO) was first proposed by . It requires a high
degree of (computer-assisted) mechanical control and after the beginning of the computer
age, first successes were reported by [Rousset et al.| (1990).

The atmosphere induces distortions in the wavefront of a star’s light which blurs the signal
. If those distortions are known, it is possible to correct them in order to
regain the original signal. Usually, one uses a laser guide star, a laser-generated object that
is created close to the observed star or object. A computer measures the distortions of this
guiding star at a frequency of 1kHz (Perryman, 2011), and controls actuators beneath the
telescopic primary mirror to manipulate the primary’s shape, cancelling out these wavefront
distortions. For transiting planets, adaptive optics images can be used to create a contrast
curve over the sub-arcsecond scale which can be used to rule out signal dilution from a
blended background star or, depending on the results, confirm or refute the planet scenario.

81Gee also IKoppenhoefer et al.l 42013[).
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An example for adaptive optics images in the context of transit follow-up can be found in
section [4 Due to technical limitations, only few telescopes are equipped with adaptive optics
and there are size constraints for the primary mirror’s diameter.

An alternative is the use of active optics which allows the use of thin mirrors. Factors like
wind, mechanical stress or varying temperatures get corrected by actuators that are placed
below the primary mirror. The adjustments are taking place over a frequency lower than 1 Hz.
The New Technology Telescope (NTT@ in La Silla, Chile was a pioneer for this technique.
With it, large-mirror telescopes like VLT and Keck can be constructed (Wilson, 1991)).

Lucky imaging

Lucky imaging is very similar in concept to adaptive optics but without any need for me-
chanical construction. The wavefront distortions induced by seeing happen on a timescale of
seconds which means that high-cadence images with a fast readout can deliver a few clean im-
agesig_gl Originally proposed by Babcock| (1953) and refined by Hufnagel and Stanley| (1964);
Fried| (1978)), readout and exposure times have to be very short to be most effective (Smith
et al., [2009), ideally at about 10 ms. This has long been the limiting factor for this technique
since faster readout can lead to higher noise, but the newest detectors have become good
enough so that this issue has been solved. Similar to adaptive optics, lucky imaging has been
carried out successfully to detect nearby companions of planet systems (Faedi et al., 2013).
Lucky imaging is especially interesting because of its possibly synergy with adaptive optics -
both can be used at the same time to further improve the resolution.

1.8.8 Statistical validation

Programs such as the false positive probability (FPP) calculator vespa (Morton, 2012, [2015)),
which attempt to confirm transiting planets based on statistical arguments, are highly suc-
cessful (Lissauer et all [2014; Rowe et al., 2014; Morton et al., 2016) and so far contributed
more than 1400 transiting-planet discoveries. Due to the large sample of discovered exoplanets
and variable star systems, it is possible to validate transit signals as planetary by statistically
ruling out other plausible scenarios that can create this signal.

Statistically, a transiting system can be described by i scenarios with the marginalized likeli-
hoods L; and priors 7;. If the probability Pr(H;) of the hypothesis H; is to be determined,
this can be described as:

7T7;L7;
25Tk
L; represents the likelihood how closely the scenario ¢ can be matched with the data, e.g.
the shape of the transit or constraints from RV or high-resolution imaging. One can simplify

equation by merging all non-planet scenarios into the false-probability ”FP” group and
renaming the probability for the planet scenario into true-probability ”TP”:

Pr(H;) = (1.27)

mrpLrp
Pr(H;) = . 1.28
r(H:) mrpLrp + TppLEp (128)

82The NTT also pioneered the fully-rotating octagonal enclosure design. The result is a comparatively
small dome that is rotated in its entirety which, due to issues navigating the nightly way to the facilities, led
astronomers to rename the NTT into the ”No Toilet Telescope”.

83Hence the prefix ”lucky”.
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One has to consider all likely false-positive signals as listed in section Vespa sorts those
scenarios into six groups, consisting of three scenarios with an additional double-period case
for each:

1. (a) Blended EB (BEP),
(b) Double-period BEP,

2. (a) EB with/without blend,
(b) Double-period EB,

3. (a) Hierarchical EB (HEP),
(b) Double-period HEP.

Every type of scenario, be it a planet or a false-positive scenario, has a prior m; based on
the occurrence rate for the respective scenarios. For example, while about 50% of all stars
are estimated to be gravitationally bound to at least one other star (Perryman, [2011)), close-
period eclipsing binaries have a much lower probability based on geometry and the occurrence
rate of close-period binaries. Furthermore, while brown dwarfs may appear identical to hot
Jupiters in terms of transit shape and depth, they seem to occur very rarely in close orbits
of stars (Marcy and Butler, |2000; |{Udry and Santos, [2007; |Kraus et al., [2008)). This, however,
means that the significance of the statistical assessment is directly related the accuracy of the
priors. The vespa program performs its analysis in five steps (Morton et al.l 2016):

1. Generate a posterior sample based on the fitted transit signal.

2. Create representative population simulations for each hypothesis.

3. Fit each simulated transit/eclipse.

4. Evaluate priors and likelihoods for each hypothesis and include constraints.
5. Determine the posterior probability for each hypothesis.

In the first step, the transit is fitted using the MCMC technique@ The scatter around the
best-fitting transit curve is measured; the higher the photometric accuracy, the easier it will be
to distinguish between different hypotheses. Next, a population of stellar systems is simulated
for each hypothesis. For this, the TRIdimensional modeL of thE GALaxy (TRILEGAL)
Galactic stellar population synthesis too]lﬂ (Girardi et al., [2005) is utilized and is constrained
to the given stellar colours, e.g. J-K based on the 2MASS catalogue. In this step, the better
the stellar characterization of the candidate star, the more accurate will be the population
model. In the third step, each system gets analysed and fit with a trapezoidal model. The
best-fitting trapezoid for the real transit serves as the template against which each system
will be compared against. After this, vespa analyses the likelihoods and priors for each
scenario, i.e. how many systems showed transits/eclipses that are similar to the real transit
and how likely each population is, based on the priors of the stellar modelling and the resulting
constraints from step 2.

84Therefore, the refitting of the transit is based on the same technique as our own planet parameter fitting
(see section [3.2.5)).
85http:/ /stev.oapd.inaf.it/cgi-bin/trilegal
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Parameter Prior
Primary Mass M4 x MZQ"%, My > 0.1Mg
Secondary Mass Mp o (Mp/M4)%3,0.1 <= Mp <= My
Tertiary Mass Mg o (Mg/M4)3,0.1 <= Mg <= Mg

Age [Gyr] 1-15
Metallicity [Fe/H] 22N (0.016,0.15) + 22 N(—0.15,0.22)
Extinction Ay [mag] 0—-Ay, .
Distance d [pc] o d?

Table 1.2: Priors used for stellar property fits. ¢ - N stands for a double-Gaussian fit to the
measured local metallicity distribution from TRILEGAL. The extragalactic extinction Ay is
extracted from |Schlegel et al.| (1998).

Further constraints that are based on observational data are being weighted in this step as
well. Priors used for the stellar property fits are listed in Table Two priors for the planet
population are given. The first one encompasses the geometric probability of a visible transit.
While this can be described analytically, as discussed in section [1.5.0] vespa does the same
as Pan-Planets (see also section and randomly simulates orbital periods, inclinations,
eccentricities and planetary+stellar radii. The resulting prior is therefore empirical. For the
planet occurrence rate, a different approach has been taken. Equation [1.28| can be simplified
by defining L, := Z; i Li:

L/
FPP= "I __ (1.29)
Lpp + folrp
where f,, is the occurrence rate of planets in case of the true detection TP. This equation can
be further simplified to:

1

FPP=
1+ f,P

(1.30)

where P is defined as P := é,TP . Now, the FPP is only dependent on the planet occurrence

FP
rate f, and P which is determined by the results from vespa. For the default planet occurrence
rate, vespa assumes a planet-hosting stellar fraction of 40% with a planet distribution in a
power law of planet radii:

dN/dR x R™2 (1.31)

As a simplification, vespa determines the numerical value f, 1 which is a factor that deter-
mines at which f, - f, v the candidate can be considered confirmed, assuming a target FPPy:

_1-FPPy
~ P.FPPy,’
Therefore, one can either use the generic function of f, or replace it by empirical values,
which have to be normalized to bin widths of £0.3R and then consider the factor fpy .
The occurrence rate based on equation is at about 1.3% for the planet radius bin at
10R ﬂ which is likely too high for the real occurrence rate of M-dwarf hot Jupiters but

fov (1.32)

86Using relative bin widths that are scaling with the planet radius ensures that different populations such
as Jupiters and Earths can be compared.
87With an according bin width of £0.3 R;.
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close to the upper limits placed by RV surveys (Johnson et al. |2007; Bonfils et al 2013).
Generally, f, v can be viewed as a criterion which evaluates how much larger or smaller the
occurrence rate had to be for the candidate to become marked as a detection. For instance, a
value of f, v = 0.5 means that the planet would be validated even for a test occurrence rate
twice as low. For the threshold probability of a confirmed detection, Morton et al.| (2016)) uses
99%. Candidate PP140-14711, shown in Figure is an example for a detection that would
still be validated even for a significantly lower occurrence rate while candidate PP259-05801
would require a much higher occurrence rate for the planet to become validated. For our
M-dwarf targets, we assume our determined occurrence rate@ of f, = 0.11%. Furthermore,
these ancillary data have to be collected for the analysis:

e RA/DEC coordinates of the target.

e Broadband photometry in g’r’i’z’y’@]HKWlwg for SED fitting.
e Best-fitting values for T, ¢y, log(g) and, if available, [Fe/H].

e Light curve and best-fitting period and initial transit time to.

e Planet/star ratio R,/R, from the best analytical transit ﬁﬂ

e PSF FWHM of the candidate star in the reference frame.

e Maximum secondary eclipse depth that is detected after removing the primary transit
and rerunning the fit.

Using the light curve and the period, vespa determines the transit scatter, called the ”odd-
even” ratio, which limits the double-period scenarios. The higher the photometric precision
of the transit is, the more constrained are the permitted differences between primary and sec-
ondary radii in the double-period case. Upper limits for the secondary companion’s brightness
can be imposed depending on the star’s stellar type. The probability of having a blended
background star can be determined if the star’s PSF in the survey, stellar density and mag-
nitude distribution in this region are known. Additional data can be used to place further
constrains on the candidate fit. High-resolution photometry such as lucky imaging, adaptive
optics or archival images can either fully rule out or limit the amount of light from a blended
light source. High-precision photometry, even more so if transits were recorded in multiple
bands, limits the range of EB systems whose signal might appear similar to a planetary tran-
sit. Since a secondary eclipse should be visible in an EB system, the lack of such a signal
can also limit EB scenarios. Accurate transit measurements also limit the double-period sce-
narios due to tighter constraints on the difference in shape and depth between primary and
secondary eclipse. Radial velocity data can also be used to limit the likelihood of an EB
system. Spectroscopic characterization or SED fitting allow the determination of the primary
star’s limb darkening, a stellar characteristic that affects the shape of the transit. Vespa then
combines all of the above constraints and ancillary data, simulates n@ systems in all given

88Gee also section

89The g'1’i’z’y’ photometry from our used Pan-STARRSI1 catalogue (see section ) is converted to the
Sloan photometric system according to [Tonry et al.| (2012)

90Gee also section for our implementation.

91Usually, vespa simulates 20000 systems with visible eclipses per scenario. However, this number can be
manually adapted which we increased to 100000.
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scenarios, fits each eclipse and measures the similarity of the fit to the real transit signal.
Finally, the posterior probability for each hypothesis is determined by using equation [1.27
As an example for the vespa analysis, we show the highly likely candidate PP140-14711 and
the likely false-positive detection PP259—O5801@ in Figure One can see that, while the
likelihood for a planetary transit in case of PP259-05801 is very high, its overall result has
a very high false-positive probability due to the priors. The priors for the planet population
are influenced by the fitted radius - a Jupiter-sized transit is more likely than that of a planet
twice of Jupiter’s radius - and by the photometric accuracy of the transit fit. For our highly
likely candidate PP140-14711, the high accuracy of the transit, characterized in the odd-even
ratio, means that double-period scenarios can be ruled out by strongly constrained differences
between the primary and secondary eclipse depth. Due to additional constraints on the sec-
ondary eclipse depth, single-period EB’s can be ruled out as well. The difference between
the respective likelihood values for both planet candidates is apparent with the results for
PP140-14711 being lower by a factor of ~ 10~! while the priors have similar values. This is
due to the higher photometric accuracy of PP140-14711’s light curve, meaning that a smaller
subset of possible transit signals can be fit to the data and can therefore be used as a rule of
thumb to compare the fitting precision between candidates.

There are a few caveats to the approach of vespa. One issue is the use of the old IMF function
from |Salpeter| (1955) which, while accurate for masses M > 0.5 My, strongly overestimates
the number of lower-mass stars. The general assumption is that the stellar models, popula-
tion models and occurrence rates of multiple star systems and planets are known well enough
to make a valid characterization possible. With recent surveys such as Kepler and Super-
WASP this has improved, however, there are still open questions to the planet occurrence
rate. Furthermore, vespa uses the Dartmouth isochrone package (Dotter et al., 2008) which
is not perfectly suited for low-mass stars. Moreover, dust is fitted as a linear distance-related
interpolation between zero and the extragalactic extinction Ay determined by Schlegel et al.
(1998), an approach that we found to be insufficient in Pan—Planetﬁ

92Gee also section (3.3
93See also section [2.3.1
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Figure 1.38: FPP summaries from wvespa for two planet candidates.
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PP140-14711 (top)

exhibits a very high probability for being a true detection while PP259-05810 (bottom) is a
very likely false detection. Two placed constraints (red font) were the depth of the secondary
eclipse and the the automatically determined photometric precision (odd-even) which is used
to determine the likelihood of a double period scenario. For each scenario, a population of

100000 simulated systems was generated and analysed.
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1.9 Thesis goals and structure

The main goal of this thesis is the determination of the hot-Jupiter occurrence rate around
M-dwarfs. As described in sections and M-dwarfs seem to be peculiar in that their
planet distributions appear to be different to that of FGK dwarfs. While transit surveys
such as Kepler are very successful in discovering planets, the small M-dwarf samples in those
surveys have limited the statistical assessment of the occurrence rate of M-dwarf hot Jupiters.
This thesis is part of the Pan-Planets survey which surveyed a substantially larger number of
M-dwarfs than other projects.

In order to perform such an analysis, one first has to identify the M-dwarf target sample. This
is a critical point: the more robustly M-dwarfs are identified, the more stringent occurrence
rate limits can be established. The Pan-Planets field has a high amount of interstellar ex-
tinction which reddens the individual stars. Therefore, a significant task is the proper stellar
characterization of the target stars which incorporates extinction fitting. The data reduction
of Pan-Planets is a challenging task that encompasses writing automatic pipelines, creating
image-processing scripts for automatic masking of systematics and light curve creation and
signal detection. Next, a concept for Monte Carlo simulations has to be planned and executed
in order to estimate the detection efficiency based on the data. Finally, all planet candidates
have to be characterized by transit shape fitting and followed up with spectroscopy and pho-
tometry.

In chapter [2| I first describe the Pan-Planets survey and data reduction, provide an overview
of our M-dwarf selection method and demonstrate the accuracy of it by performing various
consistency checks. Using a Monte Carlo method of transit injection, I estimate the detection
efficiency of Pan-Planets for various planetary and stellar radii.

In chapter 3, I detail the follow-up of our Pan-Planets candidates in four different target
categories with the Fraunhofer Telescope Wendelstein Wide Field Imager and the McDonald
observatory Otto Struve telescope ES2 spectrograph. I provide the final list of vetted can-
didates in four target categories and determine the impact of this by providing a new upper
limit for the occurrence rate for M-dwarf hot Jupiters, based on our number of candidates
and the detection efficiency determined by the Monte Carlo simulations.

In chapter 4] I describe the discovery of an unusually large Neptunian planet that was found
in the K2 survey. I give an overview of our follow-up layout, characterize the host star and
validate the planet statistically. I discuss an anomaly which I detected in the planet’s radius.
Finally, I provide a summary and concluding remarks in chapter
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Chapter 2

Pan-Planets

It is a capital mistake to theorize before one has data. Insensibly one begins to
twist facts to suit theories, instead of theories to suit facts.

Arthur Conan Doyle, Sherlock Holmes

Note: Parts of this chapter were used for the publication ”Pan-Planets - Searching for Hot
Jupiters around Cool Stars” (Obermeter et al., |2016).

Abstract

The Pan-Planets survey observed an area of 42 sq deg. in the galactic disk for about 165 hours.
The main scientific goal of the project is the detection of transiting planets around M-dwarfs.
We describe the layout of the survey and detail the data reduction and signal detection
procedure. We establish an efficient procedure for determining the stellar parameters Tog
and log g of all sources using a method based on SED fitting and utilize a three-dimensional
dust map and proper motion information. In this way we identify more than 60 000 M-dwarfs,
which is by far the largest sample of low-mass stars observed in a transit survey to date. Using
Monte Carlo simulations we calculate the detection efficiency of the Pan-Planets survey for
different stellar and planetary populations.

2.1 Introduction

As of July 2015, more than 2900 exoplanets have been discovered, the majority of them
with the transit method. One of the most noteworthy discoveries, first detected with the
radial velocity method, is the existence of hot Jupiters and hot Neptunes which orbit closely
around their host star. Such close-in gas giants were unexpected since there is no equivalent
in our solar system. Those planetary systems are of significant interest, not only for their
unforeseen existence but also because they are the candidates best-suited for a planetary
follow-up study with transit spectroscopy. Their large size lowers the difference between
planetary and stellar radius and besides the dependence on the atmospheric thickness, larger
planetary radii improve the S/N of the transmission spectrum by increasing the overall surface
area. The radius ratio of hot Jupiters and M-type dwarf stars is particularly favourable,
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although only very few such systems have so far been detected (Johnson et al., 2012; Hartman|
et al., 2015; Triaud et al., 2013). It is possible that they are rarer than hot Jupiters around
FGK stars since the amount of building material for planets is lower in M-dwarf systems
(Laughlin et al. 2004; Ida and Lin) [2005; |[Johnson et al., 2010; Mordasini et al., 2012).
Additionally, there is a correlation between metallicity and giant planet occurrence rates for
FGK stars (Gonzalez, |1997; Santos et al., 2001} [Fischer and Valenti, 2005) with indications
for the same correlation for M-dwarfs (Johnson and Apps|, 2009} [Neves et al., 2013} [Montet]
, . However, there is still an ongoing discussion about the strength of the metallicity
dependence for M-dwarfs (Mann et al., |2013c; (Gaidos and Mann), |2014]).

Radial velocity (RV) surveys (Johnson et al. [2007; Bonfils et al., [2013)) set an upper limit
for the occurrence rate of hot Jupiters around M-dwarfs of 1%, however, with no precise
estimates due to the small sample of a few hundred target stars per survey. These low sample
sizes negate high detection efficiencies.

Transit surveys such as Kepler (Mann et al., 2012; Dressing and Charbonneau, [2013; Gaidos|
land Mann|, 2014} [Morton and Swift}, 2014} Dressing and Charbonneau, 2015) and the WFCAM
Transit Survey (WTS) (Kovécs et al., [2013; [Zendejas et al., 2013) point to a fraction of less
than 1% of M-dwarfs that are being accompanied by a hot Jupiter. So far, there have been few
detections of such M-dwarf hot Jupiters (Johnson et al., |2012; Triaud et al., 2013; [Hartman|
. However, the sample sizes were not high enough to assess the occurrence rate
accurately and all detected planets orbit only early M-dwarfs.

Since radial velocity surveys provide information about the planetary mass and transit surveys
about radii, it is not trivial to compare these results directly. Furthermore, many RV surveys
focus on metal-rich host stars which seem to have a higher rate of hot Jupiters
Murray-Clayl, 2013)).

With Pan-Planets, we aim to address this issue by providing a substantially larger sample
size. This survey has been made possible by the construction of a wide-field, high-resolution
telescope, namely Pan-STARRS1 (PS1).

Pan-STARRS, the Panoramic Survey Telescope and Rapid Response System, is a project
which focusses on surveying and identifying moving celestial bodies, e.g. Near-Earth Objects
that might collide with our planet. The Pan-STARRS1 (PS1) telescope (Kaiser et al., 2002
Hodapp et al.l |2004), seen in Figure is equipped with the 1.4 Gigapixel Camera (GPC1)
which is one of the largest cameras that has ever been built. The size of the focal plane
is 40cm x 40cm, mapped onto a 7 square field of view (Tonry and Pan-STARRS Team,
2005} |Tonry and Onakal, |2009). The focal plane is constituted of 60 CCDs which are further
segmented into 8 x 8 sub-cells with an individual resolution of “600 x 600 pixels at a scale
of 0.258 arcsec per pixel. A complete overview of the properties of the GPC1 camera can
be found in table The PS1 telescope is located at the Haleakala Observatory on Maui,
Hawaii. The central project of PS1 is an all-sky survey that observes the whole accessible sky
area of 3.

A science consortium of institutes in the USA, Germany, the UK and Taiwan defined 5 surveys
(Hodapp et al.l [2004; |Carter Chambers, [2015), further split up into 12 key projects, in order
to make use of the large amount of data being collected by the PS1 telescope. The surveys
are:

1. The 37 Steradian Survey, covering the entire sky north of -30deg;

2. The Medium Deep Survey, 10 fields that are observed every night with higher cadence;
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Figure 2.1: Pan-STARRSI1, photographed right after sunset. The mountain in the distance
is Mauna Kea. (Source: http://pslsc.org/Photo_Gallery.shtml)

3. The Solar System Sweet Spot Survey with a focus on the ecliptic, searching for poten-
tially dangerous asteroids;

4. The Stellar Transit Survey, searching for planetary transits;
5. The Deep Survey of M31, studying microlensing and variable stars.

Number 4 of these key projects is the dedicated Pan-Planets survey which has been granted
4% of the total PS1 observing time. It began its science mission in May 2010.

With about 60000 M-dwarfs in an effective FOV of 42 sq. deg., Pan-Planets is about ten
times larger than previous surveys. In a sensitivity analysis of the project using Monte Carlo
simulations (Koppenhoefer et all 2009)), it was estimated that Pan-Planets would be able
to detect up to dozens of Jovian planets that are transiting main-sequence stars, depending
on the observing time and noise characteristics of the telescope. The number of hot Jupiter
detections around M-dwarfs was undetermined since there was no reliable planetary occur-
rence rate. The actual photometric accuracy is lower than expected (see following Section)
but good enough to detect transiting hot Jupiters around K and M-dwarfs.

In Section we describe the Pan-Planets survey and the data reduction pipeline in detail.
Our stellar classification and M-dwarf selection is presented in Section We detail our
transit injection simulation pipeline that is being used for improved selection criteria and
determination of the detection efficiency in Section We detail the detection efficiency of
the Pan-Planets survey and discuss the results and implications in Section Lastly, we
draw our conclusions in Section 2.6l
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2.2 Survey and data reduction

2.2.1 Setup and execution

In 2009 and 2010, Pan-Planets observed three slightly overlapping fields in the direction of
the Galactic plane. In the years 2011 and 2012, four fields were added to increase the total
survey area to 42 square degrees in order to maximize the detection efficiency (Koppenhoefer
et al.l 2009). Figure shows the position of the seven Pan-Planets fields on the sky in
relation to the extragalactic dustmap of [Schlegel et al.| (1998).

DEC=17°

Figure 2.2: Position of the Pan-Planets fields (coordinates in J2000) in a 19° x 13° cut-out from
an extragalactic dust map taken from [Schlegel et al. (1998). The yellow circles correspond
to the four fields with data taken only in 2011 and 2012. The blue circles correspond to the
three fields with additional data taken in 2010. A pointing that close to the galactic disc
means that the number of stars in the FOV is very high, however, there is strong extinction
in the upper three fields.

Depending on atmospheric conditions, the exposure time was 30 s or 15 s and observations were
scheduled in 1h blocks. Over the three years of the project, we acquired 165 h of observations
and disregarded the further 15 h from the commissioning phase in 2009. The target magnitude
range of the survey is between 13.5 and 16.0 mag in the i’-band which is expanded down to
i’=18.0 mag for M-dwarfs. The i’ band is ideally suited for a survey of cool stars since those
are relatively bright in the infrared. Each field is split into 60 slightly overlapping sub-fields
which we call skycells. The survey characteristics of Pan-Planets are summarized in Table
2.1} More information about the planning of the survey can be found in [Koppenhoefer et al.
(2009).

Focusing on stars smaller than the Sun has several advantages for the search for transiting
planets. The most significant one is that the transit depth, which is the decrease in flux created
by the planetary transit, is determined by the square of the ratio between the planetary and
stellar radius. The smaller the star, the easier it is to detect the signal since the light drop
increases. This makes it possible to search for hot Jupiters around very faint M-dwarfs.
Moreover, the M-dwarf stellar type is the most abundant in our galaxy, meaning that there
is a high number of nearby cool dwarf stars, albeit very faint (Henry et al. 2006; Winters

The GPC camera has a circular layout, i.e. the corners of the detector do not get illuminated.
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GPC specifications

Telescope
Camera FOV
Filters
Camera Properties
CCD Properties
Pixel scale

Pan-Planets characteristics

1.8m Pan-STARRS1
7 sq. deg.
g iz, y
8x8 CCDs !
8x8 cells with "600x600 pixels
0.258 arcsec/pixel

Observation period
Observation time
Survey FOV
Survey area

Exposure time

Median FWHM
Photometric band
#target stars
Target brightness
M-dwarf targets
White dwarf targets
Observation time per night
Photometric precision

May 2010 - Sep. 2012
165 hours
42 sq. deg.
301.7° > RA> 293.7°
21° > DEC > 13°
15 or 30 s
seeing-dependent
1.07 arcsec

i?

4 106
13.5 mag < i’ < 18 mag
~60000
~4000
lor3h
5-15 mmag

Table 2.1: Properties of the GPC and the Pan-Planets survey.

et al., 2015). We estimate that our sample contains up to 60000 M-dwarfs (details on our
stellar classification can be found in Section [2.3). This M-dwarf sample is several times larger
than in other transit surveys such as Kepler or WTS, enabling us to determine the fraction
of hot Jupiters around M-dwarfs more precisely. We show the brightness distribution of our
selected M-dwarf targets in Figure Figure shows an overview of our data reduction
and signal detection pipeline, which will be described in more detail in the following sections.

2.2.2 Basic image processing

All images have been processed in Hawaii by the PS1 Image Processing Pipeline (IPP, Mag-
nier| (2006)) which applies standard image processing steps such as de-biasing, flat-fielding
and astrometric calibration. Each exposure is resampled into 60 slightly overlapping sub-cells
(skycells). Every skycell has a size of ~6000 x 6000 pixels and covers an area of 30 x 30 ar-
cminutes on the sky.

During the analysis of the early data releases we realized that several cells of the GPC1 CCDs,
mostly located in the outer areas, exhibit a high level of systematics. To account for that,
we created and applied time-dependent static masks that we provided to the IPP team for
incorporation into the data reduction pipeline. Figure shows the chip mask used for the
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Figure 2.3: Histogram with 100 bins of the brightness distribution in our M-dwarf sample.
The red line shows the distribution according to the Besancon model (Robin et al.,2003). Our
fields include more bright stars than predicted by the Besangon model, but the number of stars
is in good agreement for stars with magnitudes i’ > 14.5mag. A more detailed description of
our stellar classification method can be found in Section

2012 data.

The re-sampled IPP output images have been transferred to Germany and stored on disk for
a further dedicated analysis within the Astro—WISE[l environment (Begeman et all, [2013).
During the ingestion of the data into Astro-WISE we correct for several systematic effects.
We apply an automated algorithm that searches for and subsequently masks areas that dis-
play a systematic offset with respect to the surrounding areas (e.g. unmasked ghosts, sky
background uniformities, etc.). Since satellite trails are not removed by the IPP, we apply a
masking procedure based on a Hough transformation (Duda and Hart, [1972) that is available
in Astro-WISE. Figure [2.6] shows an example image before and after the satellite trail mask-
ing. Blooming of very bright stars is confined to one of the 8 x 8 cells of each chip. We apply
an algorithm that detects saturated or overexposed areas and then masks the surrounding
region as demonstrated in Figure

Since the skycells are overlapping and three of the seven field have been observed longer, the
total number of frames per skycell is varying between 1700 and 8400. Figure shows a
histogram of the number of frames per skycell.

Within one skycell, there is significant masking in a majority of the frames. Our data reduc-
tion pipeline discards any frame with less than 2000 visible sources, which corresponds to an
upper limit for masking of about 85%-90%, depending on the star density of the region. The
histogram of remaining frames is shown in Figure (black). One can see that many images
from the overlapping regions with a high initial number of images (red) are dropped due to

! Astronomical Wide-field Imaging System for Europe, http://www.astro-wise.org/
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o

Stellar characterization

Transit signal detection

Figure 2.4: Overview of the Pan-Planets reduction and detection pipeline. The steps involved
will be explained in the following sections.

high masking. The comparatively low resulting number of frames, especially in the four less
visited fields, significantly influences the detection efficiency for planets with long periods or
shallow transits.

There is a noticeable difference in the photometric accuracy between the 2010 data in compar-
ison to the 2011 and 2012 data. In the first year, the camera read-out resulted in a systematic
astrometric shift of bright sources (i’ < 15.5 mag) with respect to faint sources. This effect
was noticed in early 2011 and fixed by adjusting the camera voltages. In order to account for
the shifted bright stars, we use custom masks in our data analysis pipeline for the 2010 data.
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Figure 2.5: Statically masked areas in the GPC1 camera for the 2012 data. Note that the
corners are not illuminated due to the circular layout of the GPC1 camera.

n

Figure 2.6: Left: Satellite trail in one of the Pan-Planets images. Right: Result after auto-
matic masking.
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Figure 2.7: Left: Saturated area that has not been sufficiently masked. Right: Result after
application of the automatic masking.

2.2.3 Light curve creation

The Pan-Planets light curves are created using the Munich Difference Imaging Analysis
(MDia) pipeline (Koppenhoefer et al., [2013; |GOssl and Riffeser, |2002). This Astro-WISE
package makes use of the image subtraction method which was developed by
and later by |Alard and Lupton| (1998)). The method relies on the creation of a
reference image, which is a combination of several images with the highest image quality, i.e.
very good seeing and low masking. As discussed in Koppenhoefer et al.| (2013), increasing the
number of input images increases the S/N of the reference frame. However, each additional
image broadens the PSF which means that resolution decreases. Due to the high masking
in the Pan-Planets images (the average masking is ~40% including cell gaps) we decide to
use a high number of 100 input images which leads to a typical median PSF FWHM of
0.7 arcseconds in the reference frame.

The procedure to select the 100 best images is the following: after removing all frames with
a masking higher than 50%, we select the 120 images with the best seeing. We determine
the weight of each image on the reference frame by measuring the PSF FWHM and S/N and
reject frames that possess a very low weight (less than half of the median weight) or too high
weight (higher than twice the median weight), which usually results in 10 removed frames.
This is necessary in order to avoid using bad images that do not contribute in S/N or images
that would dominate the final reference frame and therefore add noise. Out of the remaining
images we clip the frames with the broadest PSF until we have the final list for the best 100
frames. These images are subject to a visual inspection in which any leftover systematic ef-
fect is masked by hand before combining the images to create the reference frame. A contour
map that shows all manual+automatic masks that were used for the 100 input frames for an
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Figure 2.8: Histogram of the number of frames per skycell, of which there are 420 overall.
In red we show the distribution per skycell before ingesting the images into the pipeline, in
black after ingesting. One can see that the smallest overlapping region completely vanishes
and only a small fraction of skycells with about 6000 frames remains.

arbitrarily selected Skycellﬂ is shown in Figure

The next step is to generate the light curves for each individual source. We photomet-
rically align each image to the reference frame and correct for background and zero-point
differences. Subsequently, we convolve the reference image with a normalized kernel to match
the PSF of the single image and subtract it. In the resulting difference image we perform
PSF-photometry at each source position. We calculate the total fluxes by adding the flux
measured in the difference images with the flux in the reference image which is measured
using an iterative PSF-fitting procedure. Figure shows a histogram of the number of
datapoints for each source. One can see two broad peaks. The second peak, having more
data points, is created by the additional observations for 3 fields that were taken in 2010.
Since the output light curves of MDia are at an arbitrary flux level, we calibrate them by
applying a constant zero-point (ZP) correction for each skycell. For this, we use the 37 cata-
logue (version PV3) from Pan-STARRSI as a reference and determine the best-fitting offset.
The ZP correction for an arbitrary skycelﬁ is shown in Figure m

2Skycell 0.24 has been picked as an arbitrarily selected skycell. To keep matters consistent, the same will
also apply later on for other examples.
3Skycell 0.24
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- . . - - -

Figure 2.9: Contour map of the average manual4+automatic masking applied to arbitrary
skycell 0.24, skaling from 0 masks (white) to 100 masks (black). The dots correspond to the
edges of the CCDs that were masked out due to flat-fielding issues.

Error bar correction

While analysing the light curves, we found that some data have a lower quality depending
on the time of observing. This applies mostly to the 2009 data for which a different camera
configuration and survey strategy were used. Hence, we decide to disregard the 2009 data for
the further data reduction.

We perform an a-posteriori error bar correction on the light curves which is done by rescaling
the error values of every light curve. On average, non-variable stars should have a ratio of
1 between the median-error value and the RMS of the light curve. We create a magnitude-
dependent scaling factor for each skycell by fitting a tenth-order polynomial to the data,
binned into 20 equidistant mediarﬁ points. The distribution of the RMS/median-error ratio
against the i’-band magnitude, median-binned data points and their best polynomial fit is
shown in Figure for an arbitrarily selected skycel]lﬂ

Sysrem

To remove systematic effects that appear in many light curves, we apply the sysrem algorithm
that was developed by (Tamuz et al.| (2005). The concept of sysrem is to analyse a large part of
the data set, in our case one skycell, and identify systematic effects that affect many stars at
the same time. At first it was conceptualized to remove the effects of atmospheric extinction,

4In order to reduce the impact of outliers.
®Skycell 0.24
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Figure 2.10: Histogram of the number of data points per source. One can see two larger peaks,
being created by the additional observations for 3 fields in 2010. Overlapping regions, seeing-
dependent exposure times and static masking of some detector areas broaden those peaks.
The additional data from overlap further create a tail, reaching up to 5000 data points.

however, the algorithm can remove other large-scale effects as well. Let r;; be the residual
of the i-th star in the j-th image after subtracting its magnitude from the average with an
error of 0;;. Defining a; as the airmass of the j-th image and ¢; as the effective extinction
coefficient of each star, one can search for the ¢; that minimizes the expression:

2
Ti; — Ci - Q5
j A

Assuming a known airmass, this can be solved very simply by differentiating and equating to
zero, yielding:

o
2ot
25

However, the atmospheric extinction might depend on other factors such as the weather
condition as well. Therefore, one might minimize a; instead which leads to a similar term:
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Both terms are iteratively fitted, continually switching between ¢; and a;. Removing the first
order effect, one can repeat this process to search for the 2nd, 3rd...nth orders. What makes
sysrem so effective is that it does not assume any priors about the cause of the systematic
effects it corrects for. Any kind of large-scale effect can be corrected, no matter what the
cause. However, for sysrem to work properly, we have to remove stars with high intrinsic
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Figure 2.11: Zero-point (ZP) correction for an arbitrary skycell, cut off at the minimum
target-amplitude of 18. After clipping all 3¢ outliers (black), the best ZP is determined by

x? minimization. The ZP fit and its uncertainties are shown as a blue line and blue half-lines,
respectively.

variability from the data sample beforehand. We do this by eliminating stars which have
a reduced x? higher than 2.5 for a constant baseline fit which subsequently also do not get
corrected by sysrem. The distribution of the reduced y? for stars in an arbitrarily selected
skycelﬁ is shown in Figure On average, we include about 80% of the light curves.
Figure shows the overall quality of the light curves and the improvement that is achieved
by utilizing this algorithm, namely the RMS scatter of the Pan-Planets light curves as a
function of i-band magnitude. At the bright end we achieve a precision of ~5mmag.

2.2.4 Light curve analysis

We search for periodic signals in the Pan-Planets light curves with an algorithm that is based
on the box-fitting least squares (BLS) algorithm of Kovécs et al. (2002)). It is very effective
in detecting periodical signals which can be approximated by a two level system, such as a
planetary transit. It assumes a period p with a starting point tg and two flux levels L and
H, outside and during the transit, respectively. The length of the transit in phase units is
expressed by the factor q. We therefore have five parameters: p, 7, H, L and t.

With a dataset of n points and the fluxes x;, i = 1,2,...,n and flux errors o;, we assign each

5Skycell 0.24
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Figure 2.12: Distribution of the RMS/median-error ratio against the i’-band magnitude
(grey), median-binned data points (black) and the best polynomial fit for an arbitrarily se-
lected skycell (red half-line).
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Figure 2.13: Histogram of the reduced x? after a magnitude-dependent baseline fit to all light
curves of an arbitrarily selected skycell (ID 0.24). The dotted red line shows the cut-off for
the variable star selection.

data point a weight w;:

-2
I (2.4)

L
2. 9;
j=1

We assume that the distribution of errors is Gaussian. One can fold the data points with a
test period p, transforming the points z; to z;. We get the deviation:

i1—1 i n
D= Zw;(x;—H)z—i—ng(x;—L)z—i— Z wh(zh — H)2. (2.5)
i=1 i=iy i=ig+1

We can simplify above equation by substituting parts with the parameters r and s:

N PR ) (26)

=11 =0
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Figure 2.14: Density plot of RMS against the i-band magnitude in the central field after
iterative clipping of 50 outliers and application of the sysrem algorithm. The green line
shows the median values in 0.2 mag bins, the red line the values before application of sysrem.

which we in turn use to transform L and H:

S

S
L:;, H:—l_r. (2.7)
This transforms the term into:
" y &2
D= ;%% 1) (2.8)

Note that only the second term in equation [2.8|is dependent on p, L, and H. We can now can
characterize the quality of a fit with a given period P through the second term. We therefore
we have to find the maximum for all possible pairs of (i1,i2). We call the maximum signal
residual (SR):

. 82(’i1,i2)
Sh = MAX {\/ i )L — r(ir, i) } 29

We extend the BLS algorithm by a trapezoid-shaped re-fitting at the detected periods, which
we call transit V-shape fitting. A value of 0 corresponds to a box shape and 1 to a V. It
is a better representation of the true shape of eclipse events. Further, we fit for a possible
secondary transit, offset by 0.5 phase units, in order to discriminate between planets and
eclipsing binaries. Eccentric orbits are not uncommon for binaries, hence the secondary might
also appear at different phases. Our BLS algorithm is not optimized to detect secondary
eclipses at phases other than 0.5. Eclipsing binaries of interest (see section that exhibit
visible eccentricity will be analysed further with an adaptation of our BLS code. More detailed
information on the modifications of our BLS algorithm can be found in |Zendejas et al. (2013).
We test 100001 periods for each light curve that are distributed between 0.25 and 10 days and
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equally spaced in 1/p. In order to speed up the fit we bin the phase folded light curve to 500
points, a number which we determined through dedicated Monte Carlo simulations (same as
in Section in which we determined the effect of binning on the detection efficiency. The
transit duration is limited to 0.25 phase units. This does not constrain the planet transit
duration. As an extreme case, the duration for a hot Jupiter with a 12h period around an
M5 dwarf would still be less than 0.05. For non-circular orbits, the duration can increase,
however, hot Jupiters are generally on rather circular orbitsﬂ The highest transit duration
in our candidate sample is about 0.07. A typical plot of our signal detection output is shown

in Figure 2.5
period=2.663 q=0.023 v=0.264 v-drop=0.027 S/N=99.6 #tr/#pts=009/166
1 ‘06 T T T T T

1.04 e L # ol g b LA Lo .

1.02 ¢
1.00 *",

0.98 +

0.96 \ ﬂ \
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0.0 0.2 04 06 0.8 1.0
phase

Figure 2.15: Typical plot of our signal detection algorithm for object 1.40.14711, a K dwarf
being orbited by a hot Jupiter candidate. Low resolution spectroscopy confirms the stellar
type determined through SED fitting (see also Section . Shown at the top are period
(days), transit duration q (in units of phase), transit v shape (0 corresponds to a box, 1
to a V), transit light drop, S/N and number of transits/number of points in the transits.
The binned data points are shown in red. A green line shows the best-fitting 2-level system,
including the v-shape adjustment.

2.2.5 Transit recovery

Having completed the BLS run, we need to preselect the light curves with a possible signal
before visual inspection due to our large sample. We retain the four best BLS detection
for each light curve, i.e. those having the highest S/N. We remove results close to alias
periods introduced by the window function of the observing strategy by utilizing Monte Carlo
simulations (see Section [2.4). Out of the remaining detections we select the best fit, i.e. the
one with the lowest x? of the trapezoidal re-fit.

“See also section m
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2.3 M-dwarf selection

The large number of M-dwarfs in our sample makes it infeasible to perform a spectroscopic
characterization for every star. Instead, we utilize a combination of photometric and proper
motion selection criteria. Strong reddening in several of our fields is problematic when using
colour cuts, distant giant stars can be misclassified as M-dwarfs as well as hotter main sequence
stars that appear cooler due to reddening. This kind of misclassification could lead to large
uncertainties in our sample and we therefore utilize the Spectral Energy Distribution (SED)
fitting method. This allows us to estimate the effective temperature of stars through fitting of
synthetic SEDs to multi-band photometry and identify the best-fitting model for every star.
We limit the issue of dust reddening by making use of a distance-dependent dustmap (see
following Section).

2.3.1 SED fitting

A necessary assumption for SED fitting is that the model stars are physically accurate since
any issue in the synthetic sample has a strong impact on the selection process. We use
four synthetic stellar libraries for the fit. The first one is the Dartmouth isochrone model
from [Dotter et al.| (2008). This database provides values for stellar mass, luminosity, surface
gravity, metallicity and effective temperature. We limit the grid to solar metallicity since we
encountered similar issues as Dressing and Charbonneau| (2013)), getting an over-abundance of
high-metallicity results. Furthermore, we use the PARSEC stellar isochrones (Bressan et al.,
2012) which are based on the Padova and Trieste stellar evolution code. We choose the newest
version that is improved for low-mass stars (Chen et al., [2014)). In order to achieve improved
results at the lower mass region, we include the most recent isochrones from [Baraffe et al.
(2015) and the BT-Dusty models (Allard et al., 2012)). Our final sample contains 25880 model
stars with ages of 1-13 Gyr, masses of 0.1-40.5 My, effective temperatures of 1570-23186 K
and radii of 0.13-299.61 Rg.

The fit becomes more precise with a higher amount of photometric information. We use the
Pan-STARRS1 37 survey (version PV3) bands g’, r’, i’, z’ and the 2MASS bands J, H and
K and combine those catalogues by coordinate matching. We decide not to include the PS1
y-band for our fitting process. Conversion into the PS1 photometric system is achieved by
polynomial extrapolation of the z magnitude. Therefore, adding the y band would provide
no useful physical information for the fit but create a bias towards the z photometry. After
merging we achieve completeness for 62% of all stars while for the remaining 38% we only
have PS1 photometry. Most of the missing stars are saturated in 2MASS. For stars that are
listed in 2MASS, we have full photometric information in all seven bands for the majority
of them (94%). We do not impose thresholds on the 2MASS quality flags. In order to stay
consistent with our stellar targets, we limit the brightness range to 13.5 mag < ipg; < 18 mag
for this catalogue. Our first step is to determine the best-fitting distance modulus for each
isochrone and photometric band x. As shown in section the distance can be determined
analytically to:

Z mg—My
2
e
T x

1
2oz

x

d= (2.10)
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In case of zero extinction, this would give us the best fit for the distance. However, dust
reddening is a significant factor for a large part of our fields. In order to solve this problem,
we make use of the 3D dust map provided by |Green et al. (2015)@ It gives a statistical
estimate for the amount of colour excess E(B-V) for any point in our field, in distance modulus
bins of 0.5 mag in the range between 4 mag and 15mag. We therefore assign a reddening
term R(d) - fx for every star with a given distance modulus d, reddening coefficient fy and
photometric band x. We determine the reddening coefficients for each band through the web
service NASA /TPAC Extragalactic Database (NED)E], substituting the UKIRT J, H and K
values for the 2MASS filters, using the dust estimates from [Schlafly and Finkbeiner (2011)).

Fitting with a step function-like dust distribution results in artefacts. A first-order linear
interpolation leads to similar, albeit weaker, artefacts. We therefore smooth by fitting a 10-th
order polynomial to the points. This way, the distribution is artefact-free. With the given
reddening R(d) for the best-fitting distance modulus d, we iterate the fit until the converging
criterion

ddifference = ‘dn—&—l - dn’ < 1074 (211)

is fulfilled. This procedure is executed for each isochrone, after which we select the best fit
based on the lowest x? value. We interpolate missing error values in 2MASS by first fitting
a magnitude-dependent polynomial to each band and then assigning the value for the given
magnitude. When comparing the y? values in relation to the measured distances, we find that
there are usually two distinct local minima. This is explained by fitting two different stellar
populations, e.g. main-sequence and giant branch. The resulting local minima sometimes
show a very similar y2, which makes it difficult - in those cases - to distinguish between
different stellar populations. In order to solve this, we include proper motion information
(see following subsection) into the classification.

2.3.2 Proper motion selection

Proper motion, in short PM, quantifies the angular movement of a star over the course of
time from the observer’s point of view. This is strongly correlated with the distance: the
closer a star is to the observer, the higher (on average) is the angular motion. Therefore we
can be confident that if a star exhibits a high proper motion, the fit for the close distance is
the most plausible one.

For this we utilize a combination of the USNO-B digitization of photometric plates (Monet
et al., 2003)), 2MASS (Skrutskie et al., 2006), the WISE All-Sky Survey (Wright et al., [2010)
and the 37 Pan-STARRS1 survey[T_UI as described in Deacon et al.| (2015). After calculating
the annual proper motion, we assign each star a quality flag depending on the properties
shown in table We select every cool star with quality flag 1, even if the best fit is slightly
in favour of a distant red giant, and cool stars with the best fit for a dwarf type with quality
flags 2, 4 and 5.

We further use the criterion J — K > 1 as a flag to discriminate likely background giants from
closer dwarf stars. This has proven to be very effective in the Kepler project (Mann et al.,
2012).

Savailable at http://argonaut.rc.fas.harvard.edu/
“https://ned.ipac.caltech.edu/
Ohttp://ipp.ifa.hawaii.edu/

80



CHAPTER 2. PAN-PLANETS 2.3. M-DWARF SELECTION

Quality flag PM value Error
1 PM > 6 mas/yr PMepror/PM > 0.5
2 PM > 6 mas/yr PMepror/PM < 0.5
3 PM < 6 mas/yr PMepror/PM > 0.5
4 PM < 6 mas/yr PMeyror/PM < 0.5
5 No coordinate match.

Table 2.2: Quality flags for different proper motion PM (mas/yr). Stars having flag 3 do not
pass our criteria, having no measurable proper motion.

2.3.3 Consistency check with the Besancon model

We compare our results to the Besangon model (Robin et al.l2003|) which provides a synthetic
stellar population catalogue for any given point of the sky. We simulate our entire FOV in
1 sq. deg. bins. We use this to estimate the distribution of spectral types in our target
brightness. Choosing the criteria of an effective temperature < 3900 K and surface gravity
> 4, we identify 62800 M-dwarfs in the Besancon model. We select M-dwarfs in our survey
with the following criteria:

e SED fitting Temperature < 3900 K

e Quality flag of 1 OR
2,4, 5 and a best fit for a nearby dwarf star

With those criteria, we select 65258 M-dwarfs in our FOV, about 12000 M-dwarf per field
since there are multiple identifications in the overlapping regions. This is fairly consistent to
the number of M-dwarfs in the Besancon model but our result is slightly higher. It is possible
that there are false positive identifications in the selection list, reddened by dust from the
galactic disc. This most likely affects identifications without proper motion data, i.e. flags 2,
4 and 5. However, the difference between our selection and the model distribution is not very
large, so the amount of contamination is low.

Figure displays our implemented M-dwarf selection and how it compares to the Besancon
model. The effective temperatures are fairly consistent, assuming an uncertainty of +100 K
for SED fitting. The distribution of distances does not seem to fit so well as the temperatures,
however, we are mainly focused on fitting the effective temperature.

Figure shows the distribution of distances for all fitted stars in comparison to the Be-
sancon model. It seems to be very consistent in closer ranges, both distributions having their
peak around 3kpc, but there are small divergences in the occurrence of distant (> 3kpc)
stars. We are focused on nearby main-sequence stars so this is not much of a concern. In the
same Figure one can see the distribution of fitted extinction E(B-V) which peaks around an
E(B-V) value of 0.4.

In Figure on the left is shown the relation between distance and reddening E(B-V) for
all fitted stars while the right side of Figure [2.18] shows the average reddening in relation to
the coordinates. As a comparison, we overplot the linear extinction models of 0.7 mag/kpc
as used in the Besangon model (red) and 1mag/kpc as used in (Dressing and Charbonneau,
2013) (blue). There is a noticeable difference for distances below 3kpc to our fitting. The
outliers with an E(B-V) of more than 1.0 are due to the dust-rich region close to the galactic
disc, shown in Figure on the right (top-right corner).
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Figure 2.16: Left: distribution of distances for selected M-dwarfs from SED fitting (gray
with black bar lines) and the Besancon model (red bar lines). Right: distribution of effective
temperatures for selected M-dwarfs from SED fitting (gray with black bar lines) with the
expected distribution from the Besancon model (red bar lines).
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Figure 2.17: Left: distribution of distances for all fitted stellar types, with the Besancon
model as a comparison (red line). Right: distribution of fitted extinction in our field.

2.3.4 Consistency check with Kepler targets

As another consistency check, we take the SED fitting results used for 31 Kepler candidate
M-dwarf host stars (Dressing and Charbonneau, [2013), identify the stars in the Pan-STARRS
37 catalogue and perform SED fitting. In order to make the process more comparable, we
limit our isochrones to less than solar masses, temperatures lower than 7000 K and run the
comparison with their model of extinction fitting, i.e. 1 mag in the V-band per kpc.

As one can see in Figure the results are fairly consistent but at the same time there is a
systematic offset of about -25 K. A likely explanation is that the fitting results from
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Figure 2.18: Left: fitted reddening E(B-V) against distance for all fitted stars. As a com-
parison, linear extinctions of 0.7 mag/kpc (red) and 1mag/kpc in the V-band as used in the
Besancon model and in Dressing and Charbonneau| (2013), respectively, are overplotted as
dashed lines. Right: average fitted E(B-V) in relation to the coordinates (J2000). One can
see the dust-rich region in the upper right which is closer to the galactic disc.
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Figure 2.19: Difference of the calculated effective temperature between our SED fitting results
and those of Dressing and Charbonneau] (2013).

iand Charbonneau (2013)) are for slightly older and therefore cooler stars. Additionally, the
inclusion of non-solar metallicities might also explain or contribute to the shift. However, the
difference is not very large. We estimate to have an uncertainty of about +100 K which is
larger than the observed difference.

83



2.4. TRANSIT INJECTION SIMULATIONS CHAPTER 2. PAN-PLANETS

2.3.5 Consistency check with spectroscopically confirmed M-dwarfs

As the final consistency check, we arbitrarily select 1000 confirmed M-dwarfs out of the Sloan
Digital Sky Survey Data Release 7 Spectroscopic M Dwarf Catalog (SDSS DR7) (West et al.

2011)) that

e exist in the PS1 37 catalogue

exist in the 2MASS catalogue

have distance-dependent extinction data from |Green et al.| (2015)

have data in all 7 bands

fit our target brightness range (13.5 < i’ < 18).

This way we can make sure that the comparison is as close as possible as we use our regular
stellar characterization pipeline. We find that all of the listed M-dwarf candidates are being
identified as M-dwarfs. Unfortunately, the effective temperatures of the SDSS DR7 catalogue
are given in 200 K bins, meaning that there is an inherent error of £100 K when comparing
their estimates to ours. However, as is shown in Figure there is very good agreement in
the characterized temperatures between both methods.
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0
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Figure 2.20: Difference in fitted temperature between SED fitting and spectral fitting of the
Sloan catalogue. Note that the temperature estimates from Sloan are in 200 K bins, hence a
scatter of £200 K is to be expected.

2.4 Transit injection simulations

The primary purpose of Pan-Planets is the detection of transiting hot Jupiters while setting
new boundaries for the occurrence rate of close-up Jovian planets around M-dwarfs. In order
to do that, we need to determine the detection efficiency of this project. We perform extensive
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Monte Carlo simulations, inject planetary transit signals into the Pan-Planets light curves and
attempt to recover the signal. This is similar to other recent approaches performed on Kepler
data, e.g. in[Petigura et al|(2013al]b)), [Christiansen et al.| (2015) or Dressing and Charbonneau|
(2015). However, we utilize our full signal detection pipeline instead of inferring successful
detections from calculating the number of visible transits combined with noise and signal to
noise estimates. Our approach is much more suited to the peculiarities of Pan-Planets as the
varying amount of data points, strong constraints for observational window functions and not
well-defined systematics mean that this is the only reliable way of estimating our detection
efficiency.

2.4.1 Setup

We start by selecting all previously identified M-dwarf light curves minus the identified plan-
etary candidates and create a simulated distribution of different stellar parameters for our
FOV, utilizing the Besancon model (Robin et al., 2003). Each model star is assigned a set of
real light curves, based on brightness. The whole process is illustrated in Figure [2.21]

Stellar distribution Star characterization

Signal Creation

MuLTIPLY

Injection

Pan-Planets Pipeline

REPEAT

Figure 2.21: Tllustration of our simulation process. We take the model stellar distribution
and assign each of our characterized star to the closest-fitting model. We create a planetary
signal out of the given stellar and planetary parameters, multiply it with the light curve and
try to recover the injected transit with our Pan-Planets pipeline.

In the next step, we create our target planet population by setting up random distributions
of period and radius in defined boundaries. In accordance with Hartman et al. (2009)), Kop-|
penhoefer et al.| (2009), and |Zendejas et al.| (2013), we use five different populations: Jovian
planets with radii 1.0-1.2 Ry and periods of 1-3 days, 3-5 days and 5-10 days plus Saturn-sized
and Neptune-sized populations with periods of 1-3 days and radii of 0.6-0.8 Ry and 0.3-0.4
Ry, respectively.

We then take every star in the stellar distribution, randomly pick one of the corresponding
light curves and select an arbitrary planet out of the chosen population. We assign a random
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geometrical inclination of the planetary orbit to each star and calculate the criterion

sin(i) < M, (2.12)
where ¢ is the inclination and a the distance to the star. For simplicity, we assume a circular
orbit. If this criterion is met, we create a transit signal based on all given parameters,
i.e. planetary and stellar radii, inclination, period, ty and corresponding limb darkening
coefficients (Claret and Bloemen|, 2011) for the stellar type. We multiply the simulated
signal with the real light data and end up with simulated light curve that possesses all the
characteristics of our survey, e.g. noise, systematics, distribution and amount of data points.
Further information about the transit injection method used can be found in [Koppenhoefer
et al.| (2009).

2.4.2 Transit recovery

As the next step we attempt to recover the simulated signals with our transit detection
pipeline. We again select the 4 best periods with highest S/N for every source and remove
results close to alias periods introduced by the window function of the observing strategy (see
table . Most alias cuts are not directly around harmonics of 1 day but instead slightly

Excluded alias periods
0.315-0.335 days
0.498-0.500 days
0.991-1.004 days
1.586-1.594 days
1.594-1.600 days
1.965-1.975 days
2.039-2.045 days
2.359-2.360 days
3.370-3.378 days
4.022-4.030 days
4.078-4.088 days

Table 2.3: List of excluded alias periods that are common for false detections. We identified
those periods as peaks in the abs(psim-Ddet)/Psim histogram.

lower periods due the observation characteristic of seasonal change and large time gaps. Figure
shows the cut that we used for the alias period of 1 day. Out of the remaining folded
light curves we keep the one with the best x? fit. In order to examine whether we could
successfully recover the signal, we compare the detected period pge: to the simulated period
Psim- This is the most reliable way of judging whether the detection was successful or not
and has been utilized by other surveys as well (Kovacs et al., [2013; Zendejas et al., 2013).
The low number of data points in some light curves makes the false detection of an harmonic
of the period not unlikely. We accept a period deviation of 0.02%, as shown in Figure
and harmonics of pg;y, with orders of 0.5, 2 and 3 and following period deviations:

Psim .5 + 0.0001. (2.13)
Ddet
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Figure 2.22: Alias period around 1 day for an arbitrary number of hot Jupiter simulation
runs, comprising the whole simulated period range of 1 to 10 days. The red lines mark the
excluded period range from table Due to window functions of the survey, the peak is not
directly at period 1.0 days, but slightly shifted to the left.

Deim — 9+ 0.0001, (2.14)
Ddet
Psim _ 3 4 0.00015, (2.15)
Pdet
=z |
|
—4. -2. 0 2. 4.
1074

[pdet - psim]/pdet

Figure 2.23: Deviation of the detected period pge; from the simulated period pgin for an
arbitrary number of hot Jupiter simulation runs, comprising of the whole field of view with
periods between 1 and 3 days. For a successful detection, we require the detected period to
deviate by a factor of less than 0.0002 from the simulated one (red lines).

A density plot of simulated against detected period is shown in Figure One can see
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the secondary period peaks as diagonal streaks. However, any other harmonic periods are
overshadowed by random detections. We disregard those other harmonics (e.g. 0.33 or 4) in
order to keep the contamination by false-positive identifications low.
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Figure 2.24: Density plot of simulated period pg;m against detected period pge; for Jovian
planets with periods between 1-3 days after application of our alias removal. Marked in red
are the lines for correct period identification and corresponding aliases (blue number) or half,
double and triple the simulated period. Further marked in green is a period area with a high
amount of false detection contaminations, removed period regions (see Table are marked
as horizontal grey lines.

Marked in the same Figure is a region around 1 day that shows an increased number of
detections but is outside of our clipping limits, marked in green. While we remove the large
peak around 1.00 days, shown in Figure we cannot completely remove the area between
about 0.9 to 1.1 days since that would result in too many actual transits being clipped out.
With a sample of more than 4 million light curves overall and more than 60000 M-dwarfs, it is
necessary to eliminate a large amount of light curves before visual inspection. Many surveys
use a S/N criterion for preselection, however, this can be improved upon.

We take a set of simulated light curves, correct periods already selected, and set up the
unmodified set of light curves as the training sample. Before starting the simulation, we
remove our planetary candidates from the list of simulation targets. We take the reasonable
assumption that even if there is a remaining undiscovered planetary signal in the sample, the
effect will be negligible since the set consists of more than 60000 light curves.

We optimize the selection criteria that we then use on the real data. Using the same approach
as|Zendejas et al.| (2013]), we set up a grid of over 100000 possible combinations of parameters,
including S/N, transit depth, transit V shape and transit duration. We settle on the criteria
that are shown in table Besides S/N, additional criteria have shown to be very effective
in reducing the number of false detections: the number of points in the transit - to rule out
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random noise detections - and criteria for transit duration and depth - to filter out obvious
eclipsing binaries.

As a last step we account for the visual selection bias. A signal that has been detected with
the correct period and passed all of the selection criteria could still be disregarded in our
visual inspection in case of only a partially visible transit. Figure shows such a detection
that was disregarded in the last step. We implement a visual bias filter that eliminates folded
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Figure 2.25: Folded light curve of a simulated VHJ that was disregarded by the visual bias
filter. The data (light grey) are binned into 200 points (red). Since the ingress phase of the
transit (marked blue) is missing, it would be difficult to establish whether the actual eclipse
could be deeper or if the period is accurate enough for follow-up.

transit light curves that show gaps during the eclipse, something which would lead us to
dismiss the candidate in the real sample. In order to optimize this algorithm, we preselect
an arbitrary set of 200 planet-injected light curves with periods of 1-10 days. We mark those
that we would accept and those we would rule out and then recreate those results with our
automatic filter. This visual bias filter removes about 8% of the remaining light curves.

We optimize this process for a number of 60 remaining light curves per field while recovering
as many simulated objects as possible. The results are shown in table 2.4 This number is
the best compromise based on our simulations since decreasing it will impact our detection
efficiency while increasing it will lead to additional detections.

2.5 Discussion

2.5.1 Detection Efficiency

For each planet population, we repeat 100 simulation runs per M-dwarf and 40 runs per
FGK star. This adds up to 50 million individual runs per planet population for M-dwarfs
and 245 million runs for the FGK star population. We end up with a recovery ratio for the
individual planetary populations shown in Table One can see that the detection efficiency
is increasing strongly for lower periods and larger radii. A histogram of the detection efficiency
against the period for M-dwarfs can be seen in Figure [2.26| on the top panel.

One has to keep in mind that the recovery efficiencies shown in table 2.5 include possible cases
of barely observable transits - even the slightest overlaps between planet and star are being
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Criterion Remaining Removed Change

Input 65258 - -
Alias clipping 57054 8204 -12.6%
S/N > 12 5490 51564 -90.4%
Transit points > 15 5072 418 -7.61%
Transit duration < 0.1 599 4473 -88.2%
Transit depth < 0.15 553 46 -7.76%
Transit V shape < 0.7 535 18 -3.10%
Secondary S/N < 10 419 116 -21.8%

Table 2.4: List of selection criteria and their impact on the M-dwarf light curve signal de-
tection. S/N and transit duration served as criteria with the highest impact, the former
for eliminating false detections from random noise patterns, the latter for separation from
binaries.

M-dwarf Simulated Recovered FEfficiency
VHJ] 772870 45.6% 40.6%
HJ 471484 17.5% 14.5%
WJ 198983 7.3% 5.45%
VHS 772044 19.8% 18.5%
VHN 767916 10.3% 9.68%
K, G, F dwarf
VHJ 2476929 9.32% 8.72%

Table 2.5: Detection efficiencies for different planet populations. For M-dwarfs, we use all
65258 targets minus the planet candidates, for KGF dwarfs we use 460910 targets, excluding
the planet candidates. The percentage of recovered planets is calculated by normalizing
the number of correct detections by the number of possible detections (see Eq. . The
efficiency is determined after selection criteria, alias clipping and visual bias filter have been
applied to the results from the BLS analysis. For smaller stellar radii, larger planetary radii
and shorter periods, the efficiency is higher.

simulated where the transit would take place within only a few seconds. There further are
simulated light curves that are not observable due to data gaps or badly timed transits that
constantly fall outside of our observing windows. Even with perfectly accurate photometry
it would therefore be impossible to reach 100% detection efficiency. The detection efficiency
in relation to the stellar radius is shown in the bottom panel of Figure It is clear that
the stellar radius has a significant impact on the detection rate as the efficiency strongly
decreases after 0.5 Rg. Since the efficiency reaches a plateau before that, we assume that this
is the maximum achievable detection efficiency with Pan-Planets. The other transit signals
may be lost in observation gaps or in strong stellar variability which masks the signal and
cannot be properly distinguished due to an insufficient number of data points. For K, F and
G dwarfs combined, we expect to detect 3.0fi’:g transiting VHJs, assuming an occurrence rate

of 0.1408 - (17:,)% based on the OGLE-TIT transit search (Gould et al., |2006)).
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Figure 2.26: Left: Detected period against detection efficiency for all hot Jupiter populations
around M-dwarfs (divided by red lines). One can see two gaps at 1.6 and 4.0 days, resulting
from our alias detection removal (blue arrows). Right: Histogram of stellar radius against
detection efficiency. We combined the results from the M-dwarf VHJ simulation and the VHJ
simulations for hotter dwarf stars (divided by red line).

2.6 Conclusion

In the years 2010-2012, the Pan-Planets survey observed seven overlapping fields in the Galac-
tic disk for about 165 hours. The main scientific goal of the project is to find transiting planets
around M dwarfs, however, with more than 4 million sources brighter than i’=18 in the 42
sq. deg. survey area the data are a valuable source for a diversity of scientific research.

We established an efficient procedure to determine the stellar parameters Teg and logg of
all sources using a method based on SED fitting, utilizing a three-dimensional dust map and
proper motion information. In this way we were able to identify more than 65000 M-dwarfs
which is by far the biggest sample of low-mass stars observed in a transit survey up to now.

Using a optimized difference imaging data processing pipeline we reached a photometric pre-
cision of 5 mmag at the bright end at around ip; = 15 mag. This makes Pan-Planets sensitive
to short period hot Jupiters and hot Neptunes around M-dwarfs and short period hot Jupiters
around hotter stellar types.

To search for planetary transits we used a modified BLS algorithm. We applied several selec-
tion criteria which have been optimized using Monte Carlo simulations in order to reduce the
number of visually inspected light curve from several million down to a about 60 per field.
We detected several planet candidates around M-dwarfs and hotter stars which are currently
being followed up. In addition, we found many interesting low-mass eclipsing binaries and
eclipsing white dwarf systems which we will study in detail in the current observing season.
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Chapter 3

Follow-up and candidates

Astronomy compels the soul to look upwards and leads us from this world to
another.

Plato (undated)

Note: Parts of this chapter were used for the publication ”Pan-Planets - Searching for Hot
Jupiters around Cool Stars” (Obermeter et al.l, |2016)).

Abstract

In this chapter, we detail the follow-up that was performed for the identified planet candi-
dates in several categories. We describe the observation layout and data reduction for the
Wendelstein Wide Field Imager and the Otto Struve telescope ES2 spectrograph with which
we performed transit follow-up and spectroscopic characterization, respectively. Based on the
results from our Monte Carlo simulations, we expect to find 3.01";’:2 hot Jupiters around F, G,
and K-dwarfs with periods lower than 10 days based on the planet occurrence rates derived
in previous surveys. For M-dwarfs, the percentage of stars with a hot Jupiter is under de-
bate. Theoretical models expect a lower occurrence rate than for larger main sequence stars.
However, radial velocity surveys find upper limits of about 1% due to their small sample,
while the Kepler survey finds a occurrence rate that we estimate to be at least 0.17(f8:8£)%,
making it even higher than the determined fraction from OGLE-III for F, G and K stellar
types, 0.14(f8:é§6)%. With the large sample size of Pan-Planets, we are able to determine an
occurrence rate of O.ll(fg:gg)% in case one of our candidates turns out to be a real detection.
If, however, none of our candidates turn out to be true planets, we are able to put an upper
limit of 0.34% with a 95% confidence on the hot Jupiter occurrence rate of M-dwarfs. This
limit is a significant improvement over previous estimates where the lowest limit published
so far is 1.1% found in the WFCAM Transit Survey. Therefore we cannot yet confirm the
theoretical prediction of a lower occurrence rate for cool stars.
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3.1 Introduction

Having completed the data reduction and light curve analysis, we identified the candidates in
four target categories. Although the primary objective is the detection of hot Jupiters around
M-dwarfs, the large sample size allows for additional secondary objectives:

M-dwarf hot Jupiters: The presumed rarity of those planets, the small samples from pre-
vious surveys and deep transit signals make them the main target of Pan-Planets (see
also Chapter [2)). Based on Monte Carlo simulations (see Section , our survey is
sensitive enough to detect the majority of hot Jupiters. The drawback of this category
is the - on average - faint magnitude of the targets, which complicates the follow-up.
We draw our conclusions about the occurrence rate of M-dwarf hot Jupiters at the end
of this chapter.

Bright K/G/F-dwarf hot Jupiters: Monte Carlo simulations show that the sensitivity
of Pan-Planets is good enough to detect hot Jupiters around main-sequence stars up
to stellar type F. While a large number of hot Jupiters have already been discovered,
only a few orbit late K-dwarfs. Furthermore, a radius anomaly accompanies about half
of those close-up gas giants which is not yet fully understood (Spiegel and Burrows,
2013; Lopez and Fortney, 2016). Increasing the sample, especially for cool stars, may
be advantageous for the solution of this issue.

M-dwarf eclipsing binaries: While M-dwarfs are the most abundant stars and the fraction
of binary M-dwarfs is rather high at 0.11’:8:8?1 (Shan et al., [2015), only very few (~ 20,
Kraus et al.l 2011; Nefs et al., 2013)) systems are characterized well. Measuring the
fundamental parameters of eclipsing binaries (period, eclipse shape, radial velocities)
enables the determination of both star’s radii and masses. While studying the effec-
tive temperatures and radii of short-period binary systems, an anomaly for both was
detected, having overestimated temperatures by 10% and underestimated the radii be-
tween 5%-10% (Kraus et al., |2011) compared to theoretical models like the Dartmouth
isochrones (Dotter et al. [2008). This indicates that these models cannot yet fully re-
produce the physics of late M-dwarfs. We have collected a larger number of presumed
M-dwarf binary systems and are in the process of following them up spectroscopically.
Having access to a larger sample may provide valuable information to calibrate the
mass-radius and mass-temperature relations.

Variable systems: Due to the large number of light curves (=~ 4 - 10°), it is likely that
extremely rare or uncommon variable systems may be detected. We have created a list
of interest, including ID’s of all sources with entries in SIMBAIﬂ and stars which we
identified as white dwarfs, using colour-cuts from Girven et al.|(2011) that we converted
to the PS1 photometric system.

"http://simbad.u-strasbg.fr/simbad/
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3.2 Target selection

3.2.1 Pan-Planets data

For a more detailed review of the Pan-Planets data, see Section In brief, we processed
our data with the difference imaging method and collected up to 5000 points per star. We
cleaned up the data with the sysrem algorithm and an algorithm which removes outliers, bad
nights and data points from overlapping regions if they are divergent in their zeropoint. We
further trained this algorithm by using the simulated transits from our Monte Carlo simula-
tions (see Section to maximize the efficiency.

We used our trapezoidal box fitting algorithm to identify the best planet candidates in our
data and utilized the simulated data for the optimization of the selection criteria in order
to retain about 60 light curves per field for visual inspection. Having completed that, we
selected 22 candidates overall in both categories for further study.

These targets are the basis for the Wendelstein photometric follow-up, providing period and
transit shape estimates, and the basis for spectroscopic follow-up with the McDonald obser-
vatory by providing a list of targets.

3.2.2 Wendelstein photometric follow-up
Overview

The Wendelstein observatory is located in the Bavarian Alps at 1838 m above sea level. It
is equipped with the 2m Fraunhofer Telescope Wendelstein (FTW, Hopp et all [2014)), the
largest science-grade optical telescope in Germany. Due to constraints from the location, it
was built in an Alt-Azimuth mount and fitted into a compact 8.5 m dome. The FTW is shown
in Figure 3.1

The first instrument that got installed for scientific use is the Wendelstein Wide Field Imager
(WWFI, [Kosyra et al.,2014)), a 64 MP camera, mapped onto a FOV of 0.5 deg? and split into a
grid of 2x 2 CCDs which are further divided into 2 x 2 cells with a resolution of 4 MP each. The
pixel scale of 0.2 arcsec/px is similar to the one of Pan-STARRS1’s GPC (0.258 arcsec/px).
The WWFT is robotically operated and a number of different filters can be inserted, most
importantly u’g’r’i’z’y’.

The Wendelstein observatory allows the flexible follow-up of our targets. Having quick access
to observing time makes the FTW an excellent telescope for the study of transit events.

Preparation and observations

We followed up our targets over the course of 2015 from April until the end of September.
During that time, the Pan-Planets fields were visible long enough to allow the observation of
a full transit and the photometric baseline. Using our program catchtransit, we predicted the
transit timings of the targets and added up to 1h before and after the transit, depending on
airmass and time of the night. Having a long baseline before and after the transit allows for
accurate normalization of the light curve. We created a priority list, based on the information
from SED fitting and the preliminary results from our planet parameter fitting (see section
3.2.4)).

Our goal was to first follow up every high-priority planet candidate, i.e. candidates with
a clean light curve and a good model for the transit, to confirm that the signal is a true
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Figure 3.1: The FTW during the setup phase in the twilight.

detection and that the period was determined correctly. For this, even bad nights with large
seeing and cloud coverage could be sufficient. We chose the i’-band which is very similar to
the Pan-Planets band. This way, the same limb darkening coefficients can be used for fitting
and the data can be merged easily. Furthermore, observing during moonlight is less of an
issue than in the visible bands. We placed the target in the upper left cell of the q4 (bottom
right) quadrant, which has the best photometric performance.

After each target in the high-priority list had been observed at least once, we changed the
observing tactic. We re-observed the high-priority targets if the weather conditions were good
enough to allow to improve the planet-parameter fitting, based on the new transit data. Bad
nights were filled up with targets from the low-priority list.

We calculated the exposure times such that the target stars produce a maximum of about
20000 counts in order to avoid nonlinearity effects (Kosyra et al., 2014). This translates
to an exposure time of 20sec for the brightest targets while in case of fainter targets, we
balanced this with the issue of not saturating too many stars in the FOV. Hence, we limited
the maximum exposure time to 90 seconds for our fainter targets.
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Data reduction

WST Data Flat-fielding
- - s CP correction
Reduction Pi pEll ne Dark/Bias Frame correction

Sky subtraction
Saturation masking
Coordinate alignment

. . Satellite masking
Visual Inspection

Frame Regr]dd]ng Manual coordinate alignment

(if necessary)

Reference-Star

Selection
Iterative Aperture Removal of bad reference stars
Photometry 5-Sigma clipping
Data Corrections Time correction

Normalization

Error-bar correction

Figure 3.2: Schematics of the complete Wendelstein transit follow-up pipeline.

After completing the observations, we processed the downloaded files with the custom
Wendelstein data reduction pipeline. It performs automatic flat fielding, saturation masking,
sky subtraction, charge persistence correction, dark/bias processing and coordinate align-
ment. We visually inspected every frame and masked out satellite traces if necessary. In
this step, we further removed frames that exhibited a critical issue like a too large PSF or
non-functioning tracking. Depending on whether the automatic coordinate alignment was
successful or not, we regridded the frames automatically or manually. We selected about 60
reference stars which were defined by being bright, isolated and radially distributed around
the target star. This was necessary to ensure that the effect of variability in sky brightness,
for example through passing-by cirrus clouds, was minimized. We performed aperture pho-
tometry and optimized the accuracy for each individual night and candidate. For this, we
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measured the RMS of the out-of-transit baseline and iterated this process until the optimal
parameters were found. Reference stars with high variability got eliminated and we further
clipped high-RMS reference stars until we ended up with a number of about 15.

As the final step, we applied a time-correction based on the target’s stellar coordinates and
Earth’s position in the solar system, normalized the transit by fitting a second-order poly-
nomial through the baseline before and after the transit and finally corrected the error bars
based on the scatter of the baseline. The whole process is illustrated in Figure [3.2, We
normalized the Pan-Planets light curve and the Wendelstein light curve against each other,
after which we combined the data. One such transit that was recorded with the WWFT is
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Figure 3.3: Transit of planetary candidate PP140-14711, recorded with the wide field imager
on the 2m FTW. We observed in the i’-band with exposure times of 30s. The phase is already
corrected for the measured period offset of 3.3s.

shown in Figure We measured a deviation of 38 minutes from the predicted transit time
which equates to a period error of about 3.3s.

Altogether, we observed 38 transits, 26 of which covered at least half of the transit. The other
12 had to be aborted due to technical problems or cloud cover. In this summary, we disre-
garded observing runs that contain less than 5 frames. The number of cancelled observations
is relatively high but this is not surprising since the observations were often carried out as a
backup during bad weather. Overall, 22 planet candidates were observed. 4 targets did not
show a transit, either due to a too large period uncertainty or due to a false detection. A
complete list of candidates and observations is given in Table [3.1]

3.2.3 McDonald spectroscopic follow-up
Overview

The McDonald observatory is located on Mount Locke in the Davis Mountains of West Texas
at an altitude of 2070 m and is operated by the University of Texas in Austin. It has a long
history of scientific discoveries, stretching back to 1939 when the - then - second-largest optical
telescopeﬂ the Otto Struve telescope, was constructed. While nowadays the observatory is
better known for its 2.7m Harlan J Smith telescopeﬂ and the 9.2 m Hobby-Eberly Telescope
(HET) (Ramsey et al., [1998), the Otto Struve telescope is still in active use and has been
retrofitted with modern CCD cameras and a new spectrograph (Ries and Riddle, 2014)). For

2https://mcdonaldobservatory.org/research /telescopes/Struve
3https://mcdonaldobservatory.org/research /telescopes/HISmith
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the purpose of planet-candidate follow-up, low-resolution spectroscopy can be used to measure
the stellar parameters by absorption line fitting accurately enough to determine the stellar

type.

Observations and data reduction

We observed our targets with the ES2 spectrograph. Its resolution is low- to medium-
resolution (R:600—2500)E] and can be equipped with 2 CCD detectors, CC1 and TI1, which
are optimized for the red and the blue part of the spectrum, respectively. Since our candi-
dates are quite faint, we chose the lower-resolution gratings with about 600 grooves/mm each,
leading to a resolution of 1300. We split the observation in at least three blocks to minimize
contamination from cosmic rays. For the fainter candidates, we selected observing times of
1800 s while for brighter targets we chose 900 s.

We split the observations into two groups, depending on the stellar types. For M and late KE]
dwarfs, we chose the CC1 detector and observed a spectral range of 580 nm - 720 nm while
FG-dwarfs were observed with TI1 in a spectral range of 420 nm - 560 nm. We calibrated the
spectra’s wavelengths with Neon and Argon lamps for the red and blue spectra, respectively.
Dark, bias and flat images were taken during the afternoon and after observations.

The observations took place between UT July 14-24 2015. Most targets could be isolated and
followed up properly while a few (see Table were not possible to follow up due to too
faint magnitudes or crowding. Overall, we recorded spectra for 13 planet-candidate targets.

Our method of processing the data is shown in Figure We reduced the spectra with a
custom pipeline, based on a python wrapper which utilizes other processing tools. As a first
step, bias and dark frames get subtracted and flat-fielding is applied. We prepared the data
by rotating the frames and removing cosmic ray signals. Depending on the selected detector,
we calibrated the frames with the Neon- or Argon-lamp spectra in order to assign each pixel
a corresponding wavelength. We extracted this information and merged the multiple spec-
tra we recorded for each star. After normalizing the continuum of the spectra and clipping
outliers, we averaged the data in each wavelength bin. Since the data for each candidate
were taken consecutively in a single night each, we do not need to adjust the spectra for
radial velocity shifts between each other. Figure [3.5|shows the five individual spectra and the
combined spectrum for planet candidate PP140-14711. We perform absorption line fitting
on the final spectra. A normalized spectrum is needed for this and we create 20 bin points,
spaced evenly over the wavelength of the spectrum. We determine the median flux of each
bin and iteratively clip outliers. Then, we fit cubic splines through these points and use the
result to normalize the complete spectrum by dividing each data point with the value of the
spline function. Depending on the detector, we pursue a different strategy:

e For the FGK-star targets with the TI1 detector, we fit the Hg and Mglﬂ lines in the
wavelength ranges of 480 nm - 500 nm and 500 nm -540 nm, respectively. We disregard
the H, line due to low S/N.

e For M-dwarfs and the CC1 detector, we fit NaD, TiO, H, and CaHy lines. For this,
we extract wavelength segments of 5860 A - 5940 A, 6060 A - 6170 A, 6510 A - 6590 A
and 6810 A - 6890 A, respectively (Mann et al, [2012). Furthermore, we include the

“http://www.as.utexas.edu/mcdonald /facilities /2.1m/es2.html
E.g. candidate PP140-14711.
6Corresponding to the b1, b2, and b4 lines in the Fraunhofer designation.
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Figure 3.4: Illustration of the low-resolution spectroscopy data reduction pipeline for the Otto
Struve ES2 instrument.

gravity-sensitive region of 6470-6530 A which is dominated by the Ba II, Fe I, Mn I, and
Ti I lines (Torres-Dodgen and Weaver| 1993).

We determine the best fit by x? minimization of the deviation between the extracted spectra
and synthetic absorption line models. We use the SYNSPEC IDL interfaceﬂ
to create a set of models with different effective temperatures and surface gravities.
Our final grid contains models with effective temperatures Teg ranging from 3000 K - 8250 K
and surface gravities log(g) ranging from 1.5 - 5.0 in steps of 250 K and 0.5, respectively. We
limit the models to solar metallicity due to the low resolution and S/N of the spectra.

Since the synthetic spectra have a significantly higher resolution, we convolve them with the

"http:/ /nova.astro.umd.edu/Synspecd9/synspec.html
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Figure 3.5: Combined spectral lines (black) of planet candidate PP140-14711 and the five
individual spectra (light coloured lines). The red line shows the cubic spline fit for the
continuum normalization. The cutout in Figure is indicated by the blue box.
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Figure 3.6: Cutout from Figure showing the merge of the five individual spectra (light
coloured lines) and the H,-region (656.28 nm) in more detail. The absorption feature at
650 nm is likely a superimposition of six narrow O II lines (based on the absorption line list
from http://www.pa.uky.edu/ peter/atomic/).

determined Full Width Half Maximum (FWHM) of the ES2 spectra, 0.6 nm. We allow minmﬁ
multiplicative shifts in the relative flux to correct for a possible imperfect normalization and
simultaneously fit the spectral shift due to the systemic radial velocity. This also serves as a
consistency check: the line shifts should be homogeneous across the individual spectral lines,
otherwise we flag the fitted line as invalid. An example for an individually shifted and fitted
line can be seen in Figure After all lines are fitted, we average the best fits for effective
temperature and log(g) for each fitted segment and reject outliers if the spectral shift indicates
an error in the fitting process.

8E.g. between 0.95 and 1.05.
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Figure 3.7: Best spectral fit (red) of the Na I line of the spectrum taken with the Otto Struve
telescope ES2 spectrograph (black) for planetary candidate PP140-14711. The synthetic
spectrum was convolved to the instrument’s FWHM and the original line (blue) was shifted
by 110kms~1 and its flux was adjusted to the measured spectrum.

3.2.4 SED fitting

In addition to spectroscopic characterization, we determine the candidate systems’ stellar
type with SED fitting. As described in Section we simultaneously and iteratively fit
the distance and distance-dependent extinction until both converge.

T T L T T T
107 - S e
.._‘";A 53 .".:»-' ) -
L g .
"o
B
. EY e
o, o o
S -, -
10"3 ) t, ;& x5l
’l\.
L \\l* "—"f -
%
1012 - A; A{:t i —
10+'| _
10t - =
S T S S I S N I T T T
5 10 4000 4100 4200 4300 4400
distance modulus Teff (K)

Figure 3.8: Left: x? vs. distance modulus for hot Jupiter candidate system PP140-14711 with
our implemented version of extinction fitting (red), compared with a fit without extinction
fitting (black). Right: x? vs. effective temperature for the same system with (red) and
without (black) extinction fitting.

As an example, the results for the planet candidate PP140-14711 are shown in Figure [3.8

The best fit for the distance is d = 293 pc and T = 4208 K for effective temperature. It is
clear that there is no alternative fit, e.g. a distant K or G giant reddened by extinction, that
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would have an equally low x2. One can furthermore see that our extinction fitting shifts the
best-fitting temperature by about 125K and that SED fitting considerably improves the x?
of the fit.

In order to compare the results from spectroscopy to SED fitting and also include the x? dis-
tribution, we create a contour map of the lowest x? fit in each region for surface gravity log(g)
and effective temperature T and show the best results from both stellar characterizations
(see Figures and as examples in sections and respectively). Finally, we
use the relations from [Pecaut and Mamajek| (2013|) and translate the fitted effective temper-
atures into stellar types.

3.2.5 Planet parameter fitting

Having characterized the star, we fit the planetary and orbital properties. The parameters
that we fit are the period p, initial transit time tg, planet radius Rp, stellar radius R, and
the orbital inclination i. Based on the results from stellar characterization, we choose the
according quadratic limb darkening parametersﬂ which we retrieve from |Claret and Bloemen
(2011)@ In order to speed up the process, we use a Markov Chain Monte Carlo (MCMC)
algorithm and furthermore improve the fitting speed by utilizing multiple CPU threads. We
begin by setting the period and initial transit time from our signal detection result and
create a fine grid over which we sample a range of test values for orbit inclination, planet
radius and stellar radius. Having determined the starting location with the lowest x2, we
perform a random walk, slightly changing each of the five parameters and selecting the new
parameter value if the fit improves. The process ends if the y? improvement is below a
threshold of 10~7. While we impose priors for the stellar radius based on SED fitting and
spectroscopy, we extend the grid to cover roughly 0.8 R . If the resulting best-fitting stellar
radius is significantly different from our characterization results, it is a possible indication for
an eclipsing binary system.

After the fit has converged, we construct a transit model that incorporates all parameters.
Examples can be seen in sections and in Figures and respectively. With
the accurate transits from the WWFI and more precise stellar characterization, we apply
the vespa algorithm. We supply it with the combined photometry from Pan-Planets and
Wendelstein, give priors based on SED fitting and spectroscopy and provide a maximum
for the secondary eclipse depth based on the light curve variation. Finally, we disregard
candidates with a FPP of 100%.

9See section
Ohttp://vizier.cfa.harvard.edu/viz-bin/VizieR ?-source=J /A+A /529/A75

103



vOT

ID RA (J2000) DEC (J2000) Obs S Period LC 1 [mag] ES2Exp Det Tgsgp [K] Tepee [K] E(B-V)
PP041-20669 296.0352986  17.0723044 1 1 yes yes  17.05 — cC1 3693 — 0.39
PP042-11118* 295.8969406  16.9735190 2 1 yes no 15.17 1800 TI1 6065 6250 0.68
PP051-41275 295.3104312  17.6113728 1 1 yes yes  17.60 — CcC1 3767 — 0.83
PP054-19415 294.4451647  17.4336549 0 0 — — 16.84 3600 CcC1 5258 5125 0.92
PP114-13080 296.7291433 16.0994114 1 1 yes yes 17.69 — cC1 3942 — 0.30
PP127-21645* 297.7908841  16.9126047 ) 2 yes yes  15.43 1800 TI1 4592 4667 0.39
PP140-14711* 299.0506019  17.5700095 4 3 yes yes  14.48 3600 cC1 4251 4150 0.094
PP155-16969 296.5583518  17.9014368 3 2 yes yes  16.11 2400 TI1 5587 5125 0.38
PP215-08245 298.8738926  16.6147993 1 1 no — 17.95 — CC1 3586 — 0.20
PP259-05801  300.3562987  18.8088101 2 1 yes yes  16.18 3600 CcC1 3825 3625 0.14
PP317-29811  299.2634096  19.3263252 1 0 — — 15.53 2100 TI1 5122 — 0.38
PP322-07250 297.3461732  18.9933642 1 1 yes yes  14.71 1800 TI1 6913 6750 0.42
PP403-05317* 299.5485058  13.6496368 5 4 yes yes  16.74 3600 CC1 4032 4000 0.13
PP409-03981 300.3379534  13.9557166 1 1 yes yes  15.40 2400 TI1 6354 6500 0.24
PP431-20818  297.9460556  14.8721187 1 1 yes yes  14.40 2700 TI1 6445 6500 0.20
PP449-01504* 300.5155850  15.7110982 1 1 no — 17.13 — cC1 3753 — 0.14
PP459-07356* 299.8437871  16.2168547 1 1 yes yes  17.35 — CcC1 6248 — 0.26
PP532-08590* 297.3577146  19.1381856 2 1 yes yes  17.69 — CcC1 3264 — 0.17
PP609-24279  298.1324449  13.6848765 1 1 no — 17.26 — CC1 3838 — 0.53
PP628-05369 296.7382008  14.1224994 0o — — — 14.83 2700 cC1 3469 — 0.25
PP635-15204*  297.0579775  14.6060948 2 1 yes yes  17.43 4800 CcC1 3181 low S/N 0.087
PP635-18831 297.1737584  14.6465819 1 0 — — 17.82 — cC1 3197 — 0.15

Table 3.1: Planet candidates that were followed up with the WWFT and Otto Struve telescope ES2 spectrograph, with the number of
observations, number of successful observations, successful/unsuccessful period recovery and a flag (LC) indicating whether the light
curve was used in the final analysis, i’-band magnitude, ES2 exposure time, used detector, fitted temperature results from SED fitting
and spectroscopy and finally the fitted extinction E(B-V). Initial high-priority targets are marked with ”*”. Most candidates fainter
than 17th magnitude could not be followed up successfully with spectroscopy and were either aborted after the first exposure or if the
target could not be identified in the guiding camera. Exposure times are only listed for successful observations.
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3.3 Results

3.3.1 M-dwarf planets

After completing our characterization process, we retained 2 planetary M-dwarf candidates
and 2 additional low-priority candidates. Their properties are shown in Tables and
As an additional check, we retrieved archival images for every candidate to verify whether
the proper motion is large enough to see the star’s movement over time{ﬂ

e PP403-05317, shown in Figure|3.10] is a planet candidate with one of the lowest periods
of any known exoplanet with P = 0.416d and orbits an M0 dwarf. So far, there are
only 3 confirmed hot Jupiter systems around M-dwarfs (Johnson et al., 2012; [Triaud
et al., 2013} Hartman et al., 2015) and it would be the shortest-period hot Jupiter ever
found. The spectrum shows weak Hy-line emission which is a clear sign of an M-dwarf
and indicative of stellar activity.

e PP635-15204, shown in Figure |3.11] is a hot Jupiter candidate and orbits a relatively
faint M4V dwarf. Due to the faint magnitude (i’ = 17.43 mag) of the star, its motion in
archival images could not be determined but its proper motion has a flag of 1. The light
curve shows variability of 1%-2% and the ES2 spectrum shows strong H,-line emission,
however, the S/N of the spectrum is too low to yield a reliable characterization with only
one fitted line. The results from vespa determine a high likelihood for a true detection,
however, it is not yet constrained tightly enough to lead to a definitive conclusion. If
confirmed, this is the smallest star ever to host a giant planet.

o PP532-08590, shown in Figure |3.12] is a hot Jupiter candidate in orbit around a very
faint (i’ = 17.69) M4V dwarf. Crowding in combination with the magnitude lead to
the failure of the spectroscopic follow-up with ES2. Archival imaging cannot be used
for measuring the star’s movement due to the same reasons, but its proper motion was
flagged with 1. The star exhibits variability of about 2% which we attribute to spots
on the star’s rotating surface. Based on vespa, the target is very likely a false detection
of an eclipsing binary system due to the transit shape.

e PP259-05801, shown in Figure [3.13] is a hot Jupiter candidate around an M3V dwarf.
The spectrum shows strong H, emission, again indicative of an active M-dwarf, and
the star’s movement can be detected in archival images, shown in Figure|3.9, Based on
the final transit-model fitting, a possible secondary eclipse depth measured to be up to
1.5% and wvespa, this candidate has a high likelihood for being a false-positive detection
which is why we rate it at the lowest priority for follow-up.

1Gee also section m
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D Spectrum  Tsep [K] Tspec [K] PM Al Ryar [Ro)
PP403-05317  yes 3899 4000 1 yes  0.58
PP635-15204  yes 3181 ~3500 1 mno  0.30
PP259-05801 yes 3680 3500 1 yes  0.46
PP532-08590 no 3197 — R 0.15

Table 3.2: Stellar properties for all M-dwarf planet candidates, showing their 1D, i’-band
magnitude, whether a spectrum was recorded with ES2, effective temperatures Tsgp and
Tgpec, proper motion flag PM, visible motion in the archival images AI and the stellar radius
Rstar-

ID period [d] To Rplanet [Ry]  FPP
PP403-05317 0.416018313 2455668.156685187 1.09 0.052
PP635-15204 2.629281785 2455667.716736036 1.68 0.167
PP259-05801 2.471898730 2455366.799764323 2.59 0.980
PP532-08590 2.512569127 2455668.027553192 1.63 0.907

Table 3.3: Planetary properties for all M-dwarf planet candidates, showing their 1D, coor-
dinates right ascension RA and declination DEC, period, initial transit time Ty and the
planetary radius Rpjanet-

. .
L

DSS1 red M951 DSS2 red Ml 1994

Figure 3.9: Archival images of planet candidate PP259-05801, taken in 1951 (left) and 1994
(right). One can see that the star moved about two pixels, which corresponds to 2 arcsec,
over the course of 43 years. However, the prediction based on proper motion is a movement of
about 0.41 arcsec - either the coordinate mapping of the DSS1 and DSS2 frames was inaccurate
or the proper motion was underestimated.
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Figure 3.10: Spectrum (top) with line indicators (red if used), stellar parameter fits (middle)
with the result from SED fitting (yellow) and spectroscopy (green), folded light curve (bottom)
with the best-fitting model (blue line) and data from Pan-Planets (black circles) and FTW
(red diamonds) of candidate PP403-05317.
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Figure 3.11: Spectrum (top) with line indicators (red if used), stellar parameter fits (middle)
with the result from SED fitting (yellow), folded light curve (bottom) with the best-fitting
model (blue line) and data from Pan-Planets (black circles) and FTW (red diamonds) of
candidate PP635-15204. We did not include the result from spectroscopy in the middle panel
due to its bad fit with only one used spectral line. The H, line is seen in emission, a clear
indication of an M-dwarf.
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Figure 3.12: Stellar parameter fit (top) with the result from SED fitting (yellow), folded
light curve (bottom) with the best-fitting model (blue line) and data from Pan-Planets (black
circles) and FTW (red diamonds) of candidate PP532-08590.
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Figure 3.13: Spectrum (top) with line indicators (red if used), stellar parameter fits (middle)
with the result from SED fitting (yellow) and spectroscopy (green), folded light curve (bottom)
with the best-fitting model (blue line) and data from Pan-Planets (black circles) and FTW
(red diamonds) of candidate PP259-05801. The H,, line is seen in emission, a clear indications
of an M-dwarf.
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3.3.2 Bright FGK-dwarf planets

After completing our vetting process, we retained 4 FGK-dwarf planet candidates, 2 of them
being high-priority candidates. Their properties are shown in Tables and As an
additional check, we retrieved archival images for each candidate to verify whether the proper
motion is strong enough to visually detect the star’s movement over time{T_Ql

e PP140-14711, shown in Figure [3.17] orbits a K6V dwarf with an effective temperature
of about 4200 K. Only few late K-dwarf hot Jupiters such as HAT-P-54b (Bakos et al.,
2015) are known. We already obtained four preliminary RV measurements, recorded
using the Keck HIRES instrument (Vogt et al., [1994), between UT October 01-31 2015.
Our observations followed the procedures of the California Planet Search (CPS, Howard
et al.l 2010). We used the ”C2” decker, providing a spectral resolution of R = 55000,
and subtracted the sky from the stellar spectrum. The initial observation was done
without an Iodine cell for stellar characterization. A cut-out of the Hy-region is shown
in Figure After the first reconnaissance spectrum for characterization, an Iodine

1.0:- Ha g
~ 0.8F r
W 0.6F -
g - .
s 04fF 3
= [ ]
P~ 0.2F -

r PP140 14711 ]
0.0E L = . . ) ]
6555 6560 6565 6570

Wavelength (A)

Figure 3.14: High-resolution spectrum recorded with HIRES at the Keck 8 m telescope. The
H,, line is relatively weak, indicative of a late K or early M-dwarf.

cell was injected during the observations for wavelength calibration. The resulting radial
velocity curve is shown in Figure With an amplitude of about 110 ms~!, the best
preliminary fit of the planet’s mass is 0.57 Mj. However, additional observations are
necessary for an accurate mass determination.

e PP127-21645, shown in Figure is a hot-Jupiter candidate in orbit around a K4V
dwarf. With a period of 1.75 days, it has one of the shortest periods in our candidate
list. While the spectrum is noisy, its K4V dwarf type is also confirmed by SED fitting.
The star exhibits detectable movement in the archival images (see Figure and has
a slightly variable baseline, visible in the unfolded data, which might indicate starspots
and/or stellar activity.

e PP042-11118, shown in Figure3.19] is a planet candidate in orbit around an F8V dwarf.
The correct stellar type cannot be determined precisely by SED fitting which yields a
more distant giant star that is reddened by extinction. However, we can rule out this

12Gee also section
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Figure 3.15: Best fit for the radial velocity points of planet candidate PP140-14711.

i -

Figure 3.16: Archival images of planet candidate PP127-21645, taken in 1954 (left) and 1990
(right). One can see that the star moved about one pixel, which corresponds to 1 arcsec, over
the course of 46 years. Based on proper motion, the expected motion is about 0.64 arcsec.

scenario due to additional low-resolution spectroscopy data from the McDonald HET
LRS instrument, taken 4 years ago, which indicated a main-sequence star at about
6000 K. Additionally, the star has a proper motion flag of 1, which is why we repeated
the SED fitting and restricted the process to main-sequence stars. The result is very
consistent with spectroscopy at an estimate of 6064 K.

e PP155-16969, shown in Figure [3.:20] is a planet candidate around a G7V dwarf. The
best model for this planet has a large radius of 1.92 Ry which is either indicative of
a false-positive detection or of planetary inflation (Batygin et al. 2011). SED fitting
is very inconsistent with the results from spectroscopy with a difference between the
determined log(g). Together with the results from vespa which indicate a likely false-
positive detection, it is possible that this candidate may consist of two individual stars
which in turn leads to an erroneous result for SED fitting.
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Figure 3.17: Spectrum (top) with line indicators (red if used), stellar parameter fits (middle)
with the result from SED fitting (yellow) and spectroscopy (green), folded light curve (bottom)
with the best-fitting model (blue line) and data from Pan-Planets (black circles) and FTW
(red diamonds) of candidate PP140-14711.
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Figure 3.18: Spectrum (top) with line indicators (red if used), stellar parameter fits (middle)
with the result from SED fitting (yellow) and spectroscopy (green), folded light curve (bottom)
with the best-fitting model (blue line) and data from Pan-Planets (black circles) and FTW
(red diamonds) of candidate PP127-21645.

114



CHAPTER 3. FOLLOW-UP AND CANDIDATES 3.3. RESULTS

1.
14 Hy H8 Mgb
S5 1.3
w
L12
g1
= 1.0
£0.9
G 0.8
0.7
%850 4400 4600 4800 5000 5200 5400 5600

Wavelenath (A)

u
[=)

11.15

10.05

log(g)
log(x*)

5000 6000 7000 8000 9000

Teff[K]

x 00 0.2 04 0.6 0.8 1.0
2 170 ‘_ ; : : .
E !....a-"- - ' w s, s.,, XN "#: gl .-'LI“.- V"-:
5 i .. "
g -
o T T T T T T
=2

1.02} |

Lo \ H \ { “ ﬁ "'uh
x / |
2 1.00020kL ih L 1l I| ”L. i ||‘ " ' dhl'l
3 N
N 0.99 ‘
©
€ 0.98
o
=2

0.97r
0.96

Residual
orEH
LYoo o
WOORN

—

0.44 0.46 0.48 0.50 0.52 0.54 0.56

Figure 3.19: Spectrum (top) with line indicators (red if used), stellar parameter fits (middle)
with the results from SED fitting for main-sequence (yellow) and giant stars (red) and spec-
troscopy (green), folded light curve (bottom) with the best-fitting model (blue line) and data
from Pan-Planets (black circles) of candidate PP042-11118.
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Figure 3.20: Spectrum (top) with line indicators (red if used), stellar parameter fits (middle)
with the result from SED fitting (yellow) and spectroscopy (green), folded light curve (bottom)
with the best-fitting model (blue line) and data from Pan-Planets (black circles) and FTW
(red diamonds) of candidate PP155-16969.
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D P [mag] Tsep [K] Tepec [K] PM Al Ryar [Ro)
PP127-21645  15.43 4591 4667 11 0.66
PP140-14711  14.48 4251 4125 1 0 0.61
PP042-11118 1517  6064* 6250 1 0 1.03*
PP155-16969  16.11 5587 5125 5 0 0.86

Table 3.4: Stellar properties for all FGK-dwarf planet candidates, showing their ID, i’-band
magnitude, whether a spectrum was recorded with ES2, effective temperatures Tsgp and
Tgpec, proper motion flag PM, visible motion in the archival optics AO and the stellar radius
Rgtar- Candidate PP042-11118, marked with a ”%”, has an inconsistent SED fitting result
with a strong preference for late-type stars with a surface gravity of log(g)<3.5.

D period [d] To Rplanct [Rj] FPP
PP140-14711 2.663423209 2455367.738464192 117 0.000
PP127-21645 1.752223864 2455679.254400454 1.26 0.053
PP042-11118  4.046999150 2455678.504519418 1.88 0.10
PP155-16969 2.341023650 2455678.516332626 1.92 0.984

Table 3.5: Planetary properties for all FGK-dwarf planet candidates, showing their ID, co-
ordinates right ascension RA and declination DEC, period, initial transit time Ty and the

planetary radius Rpjanet-
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3.3.3 Simulation results

We use the results from our Monte Carlo simulations (see section to set new limits to
the planet occurrence rate around low-mass stars. Our large sample means that, assuming
a null result in which none of the M-dwarf candidates turn out to be actual planets, we can
set new upper limits for the planetary occurrence rates of hot Jupiters around those stars.
The number of detections is characterized with a Poisson distribution, therefore, assuming a
number of k planets in our sample, the probability of having Ng.; planets is:
k

P, = %e*f%t. (3.1)
In our simulations, the geometric probability for a visible transit is empirically being ac-
counted for.Between 9.8% (1d <p <3d) to 2.5% (5d <p <10d) of the simulated Hot-
Jupiter transits pass our visibility criterion (see Eq. . The detection efficiency is therefore
a combination of the geometric probability Pi.qnsit and the detection efficiency Py.;. We now
assume the null result, e.g. & = 0. In order to compare our results to Kovécs et al.| (2013)
and |Zendejas et al.| (2013]), we also use a confidence interval of 95%. Solving

lel(l)
P(Nget < Nppaz) = / e NdN = 0.95, (3.2)
0
we get Nopae=3. We can calculate the upper limit by replacing the number of observed planets

Nget with the product of the number of stars with the detection efficiency and fraction f so
that Ndet = Nstars ' Pdet : Ptransit : f:

3
< .
Fosn < 37 (3.3)

stars * Pdet : Ptransit .
Taking into account the individual detection efficiencies in every field, the geometric proba-
bility for each period bin and assuming that the distribution of planetary radii is even, we
end up with an upper limit of 0.34%. This is a significantly lower result than those found in
previous surveys where small sample sizes counteracted higher detection efficiencies. Splitting
up the results for MO-M2 and M2-M4 sub groups as done in |Kovacs et al.|(2013)) and Zendejas
et al.| (2013), we derive upper limits of 0.49% and 1.1%, respectively. However, we possess
two plausible M-dwarf hot Jupiter candidates. One target, PP635-15204, is a M4V M-dwarf
while the other M-dwarf candidate, PP403-05317, is at the very border between M-dwarfs
and late K-dwarfs. The FPP for PP635-15204 is still rather high with a remaining probability
of 17%, hence we assume one correctly identified hot Jupiter. We calculate the occurrence
rate to be 0.11t833§% with a 95% confidence limit. For the upper uncertainty, we integrate
equation in the range of 1 to N,,4; and determine the fraction limit. For the lower un-
certainty, we consider the scatter of our simulations and calculate the difference between the
average and minimum detected planets per simulation run. It may look counter-intuitive
that a successful detection lowers the supposed fraction but one has to keep in mind that the
null result describes the upper limit, while a successful detection allows for an estimate of
the fraction. Additionally, the uncertainties of the fraction estimate are higher than the null
result’s limit. As another comparison, we determine the best-case results from the Kepler
survey. We assume a number of 3897 stars in the temperature range between 3000 K and
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4000K in the distribution of Dressing and Charbonneau| (2013)) and simulate a system with
the same hot Jupiter population as ours for the given stellar radius. If the criterion

sin(i) < M, (3.4)
e.g. a full transit of the planet, is met, we assume a successful detection due to the photometric
accuracy and the long baseline of Kepler. Note that this criterion is different to eq.
here we assume a full eclipse of the planet. The resulting fraction with one confirmed planet
(IJohnson et a1.|7 |2012[) is 0.17(f8:8£)%, an occurrence rate that is on par with our own results
although 50% higher and with larger uncertainties due to the small sample of cool Kepler
stars. The inclusion of stars up to 4000 K means that this fraction cannot be compared
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Figure 3.21: Adaptation of Figure 13 in |Kovzics et al.| (|2013D, showing the hot Jupiter fractions
determined by different surveys. We added our new results, marked in dark blue (upper
limit) and light blue dotted line (fraction in case of a successful detection). Orange shows the
limits derived from radial velocity surveys (Bonfils et al., [2013), red from the Kepler survey
(extracted by Kovécs et al.| (2013))), red in dotted lines from our own simulations for Kepler
and green from the WFCAM transit survey (Zendejas et al., 2013).

directly to our results. Furthermore, there are three additional hot Jupiter candidates in
the Kepler databasﬂ KOIs 3749.01, 1654.01 and 1176.01. All of their radii are very close
to that of Jupiter and show no signs of inflation, e.g. radii much larger than 1R that is
frequent for hot Jupiters. It is possible that they are in fact Brown Dwarfs or low-mass stellar

3http://exoplanetarchive.ipac.caltech.edu/
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companions, so further follow-up will be necessary to determine their true nature. This means
that Kepler’s occurrence rate limits might end up being higher than assumed here, depending
on whether or not all of the remaining Kepler candidates are planets.

We illustrate the impact of this new occurrence limit in Figure Our result pushes the
upper limit down to the level of other main-sequence stars. The hot-Jupiter occurrence rates
for FGK-dwarfs are estimated to be at about 0.45J_r8:g§% based on the analysis of (Gould
et al.l 2006) or 0.3%-0.6%, depending on stellar type, based on the analysis of Kepler data
(Howard et al., [2012; |Kovacs et al.l 2013). However, theoretical models (Ida and Lin, 2005}
Johnson et al., 2010; Mordasini et al., |2012) point to an even lower fraction for M-dwarfs.

Comparison to the expected number of detections

When comparing our measured detection efficiency to the predictions of [Koppenhoefer et al.
(2009), one has first to consider the difference in the number of data points per star. Pan-
Planets was scheduled for 4% of the total observing time, which we actually received. How-
ever, Koppenhoefer et al. (2009) assumed that this would add up to 280 h, while in the end
we received 165 h because of different reasons (delayed fully operational readiness, weather,
maintenance). This significantly decreased the detection efficiency. The change in observing
time was shown to have a non-linear impact, e.g. doubling the amount of observing time
increased the number of detected planets by a factor of three (see tables 8 and 9 in Kop-
penhoefer et al. (2009))) for periods longer than 3 days. Furthermore, while we assumed a
precision up to 4 mmag red noise residual, the majority of light curves now has a precision
between 5-10 mmag. There is no directly comparable simulation, so we would have to adjust
the previous red noise models. The unforeseen issues for bright stars in 2010 could also not
have been taken into account, meaning that there are less than 1500 data points for any bright
source (i’ < 15.5 mag).

We scale down table 8 in Koppenhoefer et al.| (2009)), which assumes 120 hours of data taken
in one year, for the aforementioned effects - a red noise residual level of 5 mmag and fewer
data points than previously assumed which leads to the final number ng = 3.0fi’:g. We find
our expected number of detected hot Jupiters to be consistent with the scaled estimate of
ng =7.442.9 detections. Overall, based on the results from vespa, we have 5 high-probability
planet candidates. Three of them are around FGK-dwarfs while one more, PP403-05317, is
not yet clearly identified as either M or K. Therefore, our estimated number of 3.01“%:2 shows
excellent agreement with the results.

3.3.4 M eclipsing binaries

We identified 205 systems that were classified as binary M-dwarfs. The complete list is
detailed in Table in the appendix chapter. In the following, we provide samples for
different categories of these systems. In every figure, the period is folded and repeated for an
additional phase for better visual clarity.

e Target PP512-01847, shown in Figure is an example for a contact eclipsing binary
systenflz] with a very short period of 0.23 d.

11 e. a system where both stars are so close that their surfaces touch at the inner Lagrange point L1.
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Figure 3.22: Folded light curve (p=0.23d) of the contact M-dwarf binary system PP512-
01847. The data points (light grey) are binned into 100 points per phase (red).

e Target PP632-22966, shown in Figure is a semi-detached eclipsing binary system
that consists of two M-dwarfs nearly identical in size which orbit each other at a very
short period of 0.23d.
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Figure 3.23: Folded light curve (p=0.23d) of the eclipsing M-dwarf binary system PP632-
22966. The data points (light grey) are binned into 100 points per phase (red).

e Target PP111-24974 is an eclipsing-binary system that appears to be in the transition
between semi-detached and detached. Curiously, while the region between phases 0 and
0.5 appears flat and like that of a detached system, the region between phases 0.5 and 1
indicates a semi-detached state. The system exhibits to have strong variability of about
+8% which we estimate to be due to the stellar rotation. Based on the SR-diagram (see
also section and equation , the variability may be periodic with a SR-peak at
0.78 days and correspond to the rotation period of one of the two stars.

o Target PP602-20459 is an example for a completely detached M-dwarf binary system.
The depths of the primary and secondary eclipses indicate that the primary star is
about 50% larger than the secondary.
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Figure 3.24: Folded light curve (p=7.19d) of the eclipsing M-dwarf binary system PP111-
24974. The data points (light grey) are binned into 50 points per phase (red).
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Figure 3.25: Folded light curve (p=0.59d) of the eclipsing M-dwarf binary system PP602-
20459. The data points (light grey) are binned into 50 points per phase (red).

e Target PP036-18215, shown in Figure [3.26] is an Algol-type EB which appears to be a
system where only the primary contributes to the light curve.
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Figure 3.26: Folded light curve (p=3.6d) of the eclipsing M-dwarf binary system PP036-
18215.
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3.3.5 Variable systems
PP050-06948

The analysis of the white-dwarf sample (see section revealed a very curious system.
Target PP050-06948, shown in Figure [3.27] is a variable system with a period of p=2.63d.
There are several aspects that make this system remarkable:

e Periodical stability over 4 years.

e Broad (=0.1 phase) primary eclipse and no visible secondary eclipse in the normalized,
phase-folded light curve (see Figure |3.28)).

e Roughly sinusoidal variability with a peak at phase 0.5.

e Based on colour cuts (Girven et al. 2011), the primary appears to be a white dwarf.
However, this is incompatible with the broad, rounded shape of the eclipse.
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Figure 3.27: Folded light curve (p=2.63d) of variable star PP050-06948.
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Figure 3.28: Folded light curve (same as Figure [3.27) but normalized by fitting the out-of-
eclipse baseline.

Due to the mysterious nature of this candidate, we recorded low-resolution spectra with ES2

in both detectors TI1 and CC1. The normalized spectra are shown in Figures [3.29] and
[3:301 After visually comparing the spectra to those of different stellar types, there is a strong
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indication that the primary is a blue straggler due to the presence of a deep CaHjy line at
6900A, which is not seen in the otherwise very similar white dwarf spectrum. Additional
information about PP050-06948 is given in Table 3.6

Blue stragglers are rare stars that are hotter and larger than other stars at the main-sequence
turn-off point (Mapelli et al., [2006). They most likely form either by collision (Glebbeek
et al., 2008|), which is more likely in clusters, or by mass transfer through Roche-lobe overflow
(Ivanoval, 2015) in a Primordial-Binary (PB) system. It is, therefore, likely that this system
is a recently formed blue straggler that is still gaining mass from its lower-mass companion.
Multiband photometry and RV measurements will allow a better analysis of this system in
the future.
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Figure 3.29: TI1 spectrum of PP050-06948. Spectral lines are indicated in red.
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Figure 3.30: CC1 spectrum of PP050-06948. Spectral lines are indicated in red.

D RA (J2000) DEC (J2000) period (d) To PM
PP050-06948 295.6122397  17.2936616  2.63225337 2455823.0284827 7
g’ [mag] r’ [mag] I’ [mag] z’ [mag] J [mag] H [mag] K [mag]

13.52+0.007 13.50£0.006 13.54£0.008 13.5940.007 12.83+0.02 12.77£0.02 12.67£0.03

Table 3.6: Properties of PP050-06948.
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UU Sagittae

A search through the SIMBAD database revealed the presence of the planetary nebula Abell
63 (Abell, 1966)) in our field of view with the eclipsing binary UU Sagittae at its centre.
Originally identified by Hoffleit| (1932), Bond et al. (1978) first characterized this system,
a post common-envelope EB, as the central star of this nebula and determined its period.
Further studies (Walton et al., [1993; Bell et al.l 1994} |Afsar and Ibanoglu) [2008) measured the
light curve, eclipse depth and radial velocity of this system in more detail. Having identified
UU Sagittae as our target PP043-25874, we noticed a previously undetected variability in
the primary eclipse depth. The system shows year-by-year variation with the most striking
difference being between the data of 2009+2010 and 201142012, shown in Figure We
are in the process of studying this system further.
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Figure 3.31: Folded light curve (p=0.465d) of UU Sagittae, showing the 2009-2010 (top) and
2011-2012 (bottom) data. The flux has been converted into magnitudes for better visibility
of the variable primary eclipse depth.

3.4 Summary

The Wide-Field Imager in the 2.0 m Fraunhofer Teleskop Wendelstein proved to be a highly
effective instrument for improving the photometric precision during the planet candidate’s
transits. In the near future, multi-band photometry with the new 3-channel camera 3KK
(Lang-Bardl et al., 2010|) will allow the characterization of multiple bands in just a few ob-
serving runs.
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We used the 2.08 m Otto Struve ES2 instrument for the spectroscopic follow-up of our targets.
While the S/N was too low for most candidates fainter than i’=16 mag, we could successfully
confirm the stellar type for the other candidates with the exceptions of PP042-11118 and
PP155-16969 which were wrongly characterized. This also served as a test for the precision of
broadband-photometry classification and SED fitting fared very well, especially considering
the variable dust reddening.

We detected a variety of different targets of interest in the Pan-Planets data, from planet
candidates and large-number M-dwarf EBs to rare variable stars. The planet candidates are
the primary targets for follow-up, especially the M-dwarf and late K-dwarf samples. Overall,
we have five high-priority planet candidates that we aim to follow up with high-precision
spectroscopy as soon as possible to determine their mass and rule out a false-positive identi-
fication. The preliminary RV data that was collected for PP140-14711 already indicates that
this planet may soon become the first confirmed planet, Pan-Planets 1b.

Using Monte Carlo simulations we determined the detection efficiency of the Pan-Planets
survey for several stellar and planetary populations. We expect to find 3.0'_“?:2 hot Jupiters
around F, G and K-dwarfs with periods lower than 10 days based on the planet occurrence
rates derived in previous surveys. For M-dwarfs, the fraction of stars with a hot Jupiter is
under debate. With the large sample size of Pan-Planets, we were able to determine a planet
fraction of 0.11(*)55)% in case one of our candidates turns out to be a real detection. For this
result, we considered the average detection rate of the simulations and compared the scatter
at a 95% confidence.

If however none of our candidates is real, we were able to put a 95% confidence upper limit of
0.34% on the hot Jupiter occurrence rate of M-dwarfs. This limit is higher than the calculated
fraction in case of a successful detection, however, the uncertainties of the fraction are in turn
higher than this upper limit. This result is a significant improvement over previous estimates
where the lowest limit published so far is 1.1%, found in the WTS survey (Zendejas et al.,
2013), or, using our approach to estimate the generous best case for Kepler, 0.17(7501)%.
Despite the significant improvement, our upper limit is still comparable to the occurrence
rate of hot Jupiters around F, G and K-dwarfs, even more so in case of a successful detection.
The estimates from Gould et al.| (2006) based on the OGLE-III transit search seem to be
in good agreement with our new limits. Therefore we could not yet confirm the theoretical
prediction of a lower rate for cool stars. Other surveys with even larger M-dwarf samples
and/or better detection efficiency will be needed to answer this question.

Besides the planet candidates, we identified a large number of eclipsing M-dwarf binary sys-
tems. We are in the process of collecting medium-resolution spectra with SpeX (Rayner et al.,
2003) and aim to provide a full catalogue with all EB’s and fitted parameters to the scientific
community in the near future.

Having access to 4 million light curves means that any type of statistically rare systems may
be found. We detected the peculiar variable system PP050-06948 which may provide addi-
tional insights into the formation of blue stragglers. For the planetary nebula Abell 63, the
collection of photometry over the course of 4 years led to the realization that the primary
eclipse depth of the central star varies over time - something that had been unnoticed in the
past decades.
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Chapter 4

A low-mass planet found in the
Praesepe open cluster with K2

He is not worthy of the honey-comb, That shuns the hives because the bees have
stings.

William Shakespeare, The Tragedy of Locrine (1595) III, II. 39. Shakespeare Apocrypha

Note: Parts of this chapter were used for the publication "K2 Discovers a Busy Bee: An
Unusual Transiting Neptune Found in the Beehive Cluster” (Obermeier et al. 2016b, submitted
to A € A).

Abstract

Open clusters have been the focus of several exoplanet surveys but only a few planets have
so far been discovered. The Kepler spacecraft revealed an abundance of small planets around
small, cool stars. The high star density of clusters makes their members prime targets for
high-precision exoplanet transit searches. Kepler’s new mission, K2, is targeting several open
clusters and star forming regions around the ecliptic and enables the search for transiting
planets around their low-mass constituents. Here, we report the discovery of the first transit-
ing planet in the intermediate-age (800 Myr) Beehive cluster (Praesepe). EPIC 211916756 is
a faint (Kp = 15.5) M3.0 £ 0.5 dwarf from K2’s Campaign 5 with an effective temperature of
Teg = 3471 £ 124 K, approximately solar metallicity and a radius of R, = 0.402 + 0.050 R
Around this star we detected a planet with a radius of Ry, = 3.4710%8 Rg and an orbital
period of p=10.132 days. We combined photometry, medium/high-resolution spectroscopy,
adaptive optics/speckle imaging and archival survey images to validate the planet by ruling
out any false positive detection scenarios and further characterize the system. The planet’s
radius is very unusual as M-dwarf field stars rarely have Neptune-sized transiting planets
(Mulders et al., 2015a)). The comparatively large radius of EPIC 211916756b is consistent
with the other recently discovered cluster planets K2-25b (Hyades) and K2-33b (Upper Scor-
pius) which indicates systematic differences in the evolutionary states or formation of cluster
stars in contrast to field stars. These discoveries from K2 provide a snapshot of planet forma-
tion and evolution in cluster environments and thus make excellent objects to test differences
between field-star and cluster planet populations.
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4.1 Introduction

Exoplanet science is still a young field but what stands out is the strong diversity in the
properties of both discovered planets and their host stars. Already a short time after the first
transiting planet was detected by |Charbonneau et al. (2000); Henry et al.| (2000)), surveys
were initiated with a focus on open clusters for a variety of reasons. The higher density of
stars gives surveys access to more stars for a given field of view. Age, distance and metallicity
of the member stars are well determined, yielding more precise estimates for the planetary
and stellar parameters. Furthermore, most observed field starsE] are relatively old (> 1Gyr)
while many currently targeted clusters present a younger sample (10-800 Myr). In addition,
planet formation in stellar clusters may well be very different due to stronger and more fre-
quent gravitational interactions between the stars. Planets in younger clusters may also be
undergoing thermal evolution, radial contraction, or receive high irradiation from their ac-
tive host stars. Therefore, open clusters are an excellent laboratory to test planet formation
and evolution models. Initial transit surveys that focussed on 47 Tuc (Gilliland et al., [2000;
Weldrake et al., |2005), NGC 2301 (Howell et al., [2005) and NGC 7789 (Bramich and Horne,
2006), respectively, found no evidence for transiting planets. Since then, fourteen planets
have been discovered in open clusters, namely in NGC 6811 (Meibom et al., [2013)), NGC 2423
(Lovis and Mayor} |2007), M67 (Brucalassi et al., 2014, 2016), the Beehive (Praesepe) (Quinn
et al., 2012)), the Hyades (Quinn et al., 2014; Mann et al., 2016a; |[David et al., |2016]) and
Upper Scorpius (David et al., [2016; Mann et al., 2016b). All planets in M67, the planet in
NGC 2423, one planet in the Hyades and the Praesepe planets were detected with the radial
velocity (RV) method. All planets in NGC 6811, one planet in the Hyades and the planet
in Upper Scorpius were discovered with the transit method. Additionally, a ~2 Myr old hot
Jupiter located in the Taurus-Auriga star forming region was detected via the RV method
(Donati et al., |2016). All detections were of planets that likely harbor significant gaseous
envelopes.

All transiting planets were detected with the Kepler space telescope. After the failure of two
of its four reaction wheels, the original mission of the Kepler space telescope ended and was
redirected for the ”second light” survey K2 (Howell et al., 2014)). Instead of continuously
observing the same area over years, the K2 mission now switches fields every three months,
stabilized by the two remaining reaction wheels and solar photon pressure for the third axis
(roll angle). However, the telescope still drifts slowly and has to be corrected by firing the
thrusters every 6 hours. Photometric precision is therefore slightly lower than during the
Kepler mission but, as will be described in the following section, can be corrected very well.
The Beehive cluster (M44), also called Praesepe, is an open cluster targeted by K2 in Cam-
paign 5. It is nearby (d = 183 + 8 pc, [van Leeuwen, 2009; Majaess et al., |2011) and of inter-
mediate age. Past estimates placed the age of Praesepe at around 600 Myr (Fossati et al.,
2008) but new estimates that take into account the effects of rotation in its high-mass mem-
bers suggest an age as old 800 Myr (Brandt and Huang), |2015a)). Furthermore, the kinematics
(Madsen et al. 2002), metallicity (Dobbie et al., 2006) and age (Brandt and Huang, |2015a)
of Praesepe are very similar to the Hyades cluster. The age of Hyades was also redetermined
to 800 Myr (David and Hillenbrand|, 2015; Brandt and Huang} 2015b) and it is now assumed
that both clusters may share the same origin.

"While most stars form in embedded clusters, those usually dissipate in a timescale of 10 Myr (Lada and
Laday, [2003) and we hence call them field stars.
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Since transit signals become stronger the smaller the host star’s radii, M-dwarfs are promising
targets for the detection of small planets in open clusters. Dressing and Charbonneau| (2015)
estimate an abundance of rocky and small sub-Neptunian planets around those stars with
periods shorter than 200 days at an average of 2.5 4+ 0.2 planets per star with radii between
1 —4 Rg. Here, we present the discovery and validation of a transiting Neptune-sized planet
in orbit around the Praesepe-member, low-mass star EPIC 211916756 which was detected in
K2 Campaign 5. In Section we describe the layout of our photometric and spectroscopic
follow-up and detail the subsequent results in Section We validate the candidate as a
planet in Section discuss the impact of our findings in the context of exoplanets in clusters
and the field in Section and provide concluding remarks in Section

4.2 Observations

4.2.1 K2 target selection and photometry

We identified the star EPIC 211916756 as a potential M-dwarf target and high probability
member of the Praesepe cluster in our K2 Campaign 5 (GO5006 - PI Schlieder) proposal.
Other groups also proposed this star as a potential K2 target (GO5011 - PI Beichman,
GO5048 - PI Guzik, GO5095 - PI Agueros, GO5097 - PI Johnson).

EPIC 211916756 was observed during K2 Campaign 5 with nearly continuous photometry
from 2015 Apr 27 to 2015 Jul 10. We extracted the photometry from the pixel data which we
downloaded from the MASTﬂ Our photometric extraction pipeline is described in more detail
in Petigura et al| (2015) and Crossfield et al. (2015). During K2 operations, the telescope
is torqued by solar radiation pressure which causes it to slowly roll around the boresight.
This motion causes stars to drift across the CCD by about 1 pixel every 6 hours. As stars
are sampled by different pixels, intra-pixel sensitivity and flat-fielding variations cause the
apparent brightness of the star to change. Thruster fires to correct for this drift affect the
pointing and therefore pixel position greatly, giving the overall photometry a saw-tooth shape.
We solve for the roll angle between each frame and an arbitrary reference frame and model
the time- and roll-dependent brightness variations by using a Gaussian process. Further, we
adjust the size of our square extraction aperture to minimize the residual noise in the corrected
light curve. This balances two competing effects: larger apertures yield smaller systematic
errors while smaller apertures include less background noise. The square extraction aperture
(r = 1 pixel & 4”) for EPIC 211916756 is shown in Figureon the left panel. The resulting,
de-trended light curve exhibited slow, periodic, ~1% modulations with a period of about
24 days which we attribute to spots on the star’s rotating surface. The timescale of this
variation is long compared to other M-dwarfs in Praesepe and places EPIC 211916756 among
the slowest rotators in the cluster (see also section[4.3.5). This variation is fitted and removed
to produce the final light curve which is shown in the top panel of Figure 4.1

We searched through the optimized light curve with the TERRA algorithm which is described
in more detail by Petigura et al. (2013b). In short, it searches for periodic photometric
dimmings, in first order box-shaped, and fits them with a model from Mandel and Agol
(2002). Using TERRA, we detected a transit signal in the light curve of EPIC 211916756
with a period of P =10.132d and a signal-to-noise ratio (S/N) of 23.97. The phase-folded
light curve is shown in the bottom panel of Figure centred around the transit event.

2The Mikulski Archive for Space Telescopes.
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We subtracted the detected transits and iterated the TERRA algorithm to search for other
transits at different periods but did not detect any secondary signals. It is not possible to
identify periods longer than 25 days since the algorithm requires at least three visible transits
for a detection and the overall observing time was 75 days. Visual inspection also did not
reveal any additional transit features.

4.2.2 Photometric follow-up
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Figure 4.1: Top: Calibrated and normalized photometry for EPIC 211916756, recorded in
the Kepler-band with K2. The upper red lines indicate the detected transits with the corre-
sponding points also marked in red. Bottom: Period-folded light curve with the best-fitting
transit model overlaid as a red line.
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Figure 4.2: Normalized photometry in the i’-band for EPIC 211916756, recorded with the
Wendelstein WFI. We overlaid the best-fitting transit model based on the K2 data (see
Figure , adapted with the corresponding quadratic limb darkening parameters for the
i-band. The binned points (black) agree very well with the model (red line) and share the
same eclipse depth as the K2 light curve. The transit was shifted by about 27 min (new centre
indicated by the blue line) which indicates an error in the initial period estimate within the
fitting uncertainties. The original points (light grey) are shown in the background.

We observed EPIC 211916756 with the 2.0 m Fraunhofer Telescope Wendelstein (FTW)
(Hopp et al.| |2014)), using the Wide Field Imager (WFI) (Kosyra et al., [2014]), on Mt. Wen-
delstein in the Bavarian Alps. An independent transit detection from a ground-based facility
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serves not only to confirm the period and estimate its uncertainty, but also as evidence for the
planetary nature of the transit from a common eclipse depth at different wavelengths. Multi-
band transit photometry can be used to characterize the planet’s atmosphere or rule out false
positive detections (Mislis et al., 2010; Southworth et al., 2012} Mancini et al., |2013; Ciceri
et al., 2016). The limb darkening coefficients differ across photometric bands and can be used
to differentiate between planetary signals and those of shallow-eclipse EBs. EPIC 211916756
was therefore followed up in the i’-band on UT April 16 2016 during suboptimal weather
with seeing between 1” and 3” and cirrus activity. This led to aborting the observations after
about three hours, or around mid-transit. However, due to the relative isolation of the target
and reference stars on the CCD, the data were still salvageable and we could identify the
transit after binning the data in 30 min intervals. The light curve, seen in Figure [£.2] shows
the expected transit depth of 0.7% and agrees very well with the overlaid best-fitting transit
model from the K2 data, adjusted for the respective i’-band limb darkening coefficients. This
light curve is already time-corrected and indicates a slight shift in phase. This implies that
our initial period estimate may have been off by a few seconds per cycle, an effect seen in
follow-up of previous K2 planet discoveries (see Beichman et al., 2016)), but it’s still inside
of the period uncertainty (see also § of =~ 60sec. Following up transiting planets over
larger baselines and therefore improving period accuracy is a valuable step in preserving the
ephemeris for future studies.

4.2.3 IRTF/SpeX

We observed our target with the near-infrared cross-dispersed spectrograph (SpeX, Rayner
et al., 2003) on the 3.0m NASA Infrared Telescope Facility on Mauna Kea. EPIC 211916756
was observed on UT December 09 2015 under excellent conditions with a clear sky and an
average seeing of 0.5”. We used the instrument’s short cross dispersed mode (SXD) with the
0.3 x 15” slit which provides a wavelength range of 0.68-2.5 um and a resolution of R = 2000.
The target was placed at two locations along the slit and was observed in an ABBA pattern
with 16x185s integrations for a total integration time of 2960s. For telluric correction and
wavelength calibration, we observed an A0 standard star plus arc and flat lamp exposures
right after the target. We reduced the data with the SpeXTool package (Vacca et al.l [2003;
Cushing et al., 2004)) which performs flat fielding, sky subtraction, bad pixel removal, spectral
extraction/combination, telluric correction, wavelength+flux calibration and order merging.
We achieved a median signal-to-noise ratio (SNR) of 70 per resolution element in the J-
(1.25 wm), 80 in the H- (1.6 um) and 60 in the K-band (2.2 um). We compare the JHK-band
spectra to late-type standards from the IRTF Spectral Library, seen in Figure The best
visual match for EPIC 211916756 lies between M2 and M3 standards across all infrared bands.

4.2.4 Keck/HIRES

We obtained a high-resolution optical spectrum of EPIC 211916756 using the HIRES echelle
spectrometer on the 10m Keck I telescope (Vogt et al., |1994) on UT December 23 2015.
Our observation followed the procedures of the California Planet Search (CPS, | Howard et al.,
2010). We used the ”C2” decker, providing a spectral resolution of R = 55000, and subtracted
the sky from the stellar spectrum. We utilized the HIRES exposure meter to automatically
terminate the exposure when SNR = 32 per pixel was achieved. The HIRES spectrum was
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Figure 4.3: JHK-band IRTF /SpeX spectra of EPIC 211916756, compared to K4V-M6V stan-
dard spectra from the IRTF spectral library. Each spectrum is normalized to the continuum.
The closest visual match for our target are types M2V and M3V in all three bands. This is
consistent with our SED fitting results and spectral typing using spectroscopic indices.

reduced using standard CPS procedures and cover ~3600 — 8000 A. Two additional spectra
were obtained on UT December 24 and 29 using a redder setting of HIRES at R=48,000;
these data are described in Pepper et al. (2016, in prep.).

4.2.5 Keck/NIRC2

We obtained high resolution NIR images of EPIC 211916756 with NIRC2 on the 10m Keck II
telescope, using the target as a natural guide star to drive the adaptive optics (AO) system.
We observed the target on UT January 16 2016 in the K-band, following a multi-point dither
pattern with integration times short enough to avoid saturation. We used the dithered images
to subtract the sky background and remove the dark current, then aligned, flat-fielded and
stacked the individual images. The star appears single and has no close companions within
several arcseconds. To estimate the sensitivity of the NIRC2 observations, we injected fake
sources with SNR = 5 into the combined image at separations that are integral multiples of
the star’s FWHM. We show our final image and the 50 sensitivity curve in the left panel of

Figure [4.4]
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4.2.6 Gemini-N/DSSI

We also obtained speckle imaging of EPIC 211916756 on UT January 16 2016 in two narrow
band filters centred at 880 nm and 692 nm using the DSSI camera (Horch et al., 2009) which
is mounted on the 8m Gemini North telescope. We followed a standard observing procedure
where the star was centred in the field, guiding was established, and images were taken using
60 ms exposures. The data were reduced and combined into a final reconstructed image using
the techniques described in [Horch et al.| (2011]) and [Howell et al. (2012). These procedures
perform automatic model fits (single, double, triple) and provide estimates of the magnitude
difference and separation for multiple systems. EPIC 211916756 was found to be a single
star. We measured the background sensitivity of the reconstructed DSSI image by using a
series of concentric rings (annuli) centred on the target. The innermost annulus is at the
telescope diffraction limit where our sensitivity is zero. The sensitivities in the subsequent
annuli are interpolated using a cubic spline to produce a smooth sensitivity curve. The 880 nm
reconstructed DSSI image and sensitivity curve are shown in the right panel of Figure [4.4
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Figure 4.4: High-resolution imaging of EPIC 211916756. Left: NIRC2 K-band image and
contrast curve. Right: DSSI 880 nm reconstructed image and contrast curve. The star appears
single in both images and the sensitivity curves rule out the majority of close companions or
background stars that would contribute significant flux to the transit light curve.

4.2.7 Archival imaging

Data taken from photographic plates, now digitally scanned and available online, cover several
decades of astrometry. Our target was first observed in 1954 by the Digital Sky Survey (DSS)
in the red and blue channels with an additional epoch from 1989 and 1990, respectively. We
show the red DSS plates from 1954 and 1989 in Figure The images are centred on the
epoch 2015 coordinates of the target in the EPIC database (08:37:27.059, +18:58:36.07) and
the K2 aperture is overlaid as a green square. The target’s proper motion of 1.4 arcsec over the
course of 35 years results in a visible shift in position, seen in comparison of the middle and
left panels in Figure Based on the archival data, there is no indication for a background
star at the 2015 epoch position. If there is a star still hidden in the background it must be
quite faint in which case it would not significantly dilute the transit signal.
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Figure 4.5: K2 photometry with the pixels used for the light curve creation (left). DSS
(red) plates observed in 1954 (middle) and 1989 (right). The circle shows the dimensions and
location of the aperture that was used for the candidate’s photometry. Over these past 35
years, EPIC 211916756 moved about 1.4 arcsec, which is noticeable in comparison of both
archival images.

4.3 Host star characterization

Validation of the transiting planet candidate and constraints for its physical parameters re-
quire detailed characterization of the host star’s properties. We used several approaches to
estimate the fundamental parameters of EPIC 211916756, including medium-resolution spec-
troscopy, multi-band photometry and kinematics. We place further constraints on close bound
companions and background stars from our high-resolution spectroscopy and imaging. The
results of these data are used to perform a false positive probability analysis of the planet
candidate and estimate its properties. The final stellar properties are shown in Table [4.1]

4.3.1 Medium-resolution spectroscopy

We apply the index based methods of Mann et al. (2013a.bl 2015) and equivalent width (EW)
based methods of Newton et al.| (2014, [2015) to our SpeX spectrum in order to estimate the
metallicity, temperature, radius, and luminosity of EPIC 211916756. These approaches are
calibrated empirically by using wide M-dwarf binary companions and nearby bright M-dwarf
standards with interferometrically measured radii. Our SpeX spectrum, shown in Figure [4.3
suffers from poor telluric correction in the J and H-bands. These residuals result from the
long exposure time of the target which led to a large time baseline (nearly 1 hour) and non-
ideal airmass difference (>0.1) between the target and A0 calibrator. To avoid the systematic
effects introduced when using the index based methods of Mann et al.| (2013b)) in regions of
poor telluric correction (Mann et al., [2013a; Newton et al., 2015)), we use only their K-band
relations. Prior to any analyses, the spectrum was shifted by its radial velocity estimated via
cross-correlation with an M-dwarf standard.

To estimate the star’s metallicity, we use IDL software provided by A. Mann and E. New-
tonﬁ Using the Mann et al. (2013a) K-band index relations, we estimate a metallicity
[Fe/H] = 0.09 £ 0.09 dex. The K-band EW based methods of Newton et al.| (2014) provide
[Fe/H] = 0.12 £ 0.14 dex. The uncertainties were estimated through using Monte-Carlo sam-
pling by introducing small variations in the data and measuring their impact on the fitting
result. These estimates are consistent with each other and also with the metallicity of Prae-

Shttps://github.com/awmann/metal, https:// github.com/ernewton/nirew
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Parameter EPIC 211916756 Reference

Epoch J2000 1

RA 08:37:27.059 1

DEC +18:58:36.07 1

Loy —36.7 4 3.0mas yr—* 2

s —15.1 £3.0mas yr—! 2

RV 35.2+0.2km s~ 3

K, 15.498 mag 1

g’ 17.779 £ 0.00240 mag 4

r’ 16.596 £ 0.00110 mag 4

i 15.369 £ 0.00079 mag 4

z’ 14.789 £ 0.00096 mag 4

y’ 14.529 £ 0.00220 mag 4

J 13.312 £ 0.01700 mag 5

H 12.738 £ 0.02300 mag 5

K 12.474 £ 0.01900 mag 5

Spectral Type M3.0 £ 0.5 6
Tt 3471 £ 124K 6, 8

Tegt 3400 £ 100K 7

d 171+ 15pc 7

d 172+ 14 pc 3
[Fe/H] 0.11+0.17 6, 8
Radius 0.402 £ 0.050 R 6, 8

Radius 0.381 £ 0.070Rg 7
Luminosity 0.021 £ 0.008 Lg, 6, 8

Mass 0.361 4+ 0.069 Mg 6

Density 7.81 £1.90g cm—3 6

Table 4.1: Stellar parameters for EPIC 211916756. References are: 1 - EPIC Catalogue; 2 -
Kraus and Hillenbrand (2007)); 3 - this work; 4 - Pan-STARRSI 37 catalogue (version PV3);
5 - 2MASS catalogue; 6 - this work, using (Mann et all 2016a)); 7 - this work, using SED
fitting from |Obermeier et al.| (2016)); 8 - this work, using |Newton et al.| (2015)

sepe, [Fe/H] = 0.12 £ 0.04 dex (Boesgaard et al., [2013]).

We estimate the effective temperature using the K-band index relations of Mann et al.
(2013b) and the H-band EW-based relations of Newton et al. (2015) using IDL software
provided by A. Mann and E. Newtonﬂ The K-band relations provide Teg = 3460 4+ 73 K
where the adopted uncertainty is the scatter in the polynomial fit. The H-band relations
yield Teg = 3481 + 100 K. The uncertainty was again estimated by using Monte Carlo sam-
pling of the measurement error in the spectrum. These consistent effective temperatures
are used to estimate the radius and luminosity of the star using the aforementioned empiri-
cal calibrations. Following the Mann et al. (2013b) relations, we estimate the stellar radius
R, = 0.393 + 0.036 R and luminosity L, = 0.017 + 0.006 Le. The Newton et al. (2015) re-
lations provide a radius Ry = 0.411 £ 0.034 R and luminosity L. = 0.024 + 0.006 L. These
fundamental parameters, estimated by using different methods, are consistent at the < lo

“https://github.com/awmann/Teff_rad_mass_lum, https://github.com/ernewton/nirew
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level. We adopt the means of these estimates for further analyses and calculate conservative
uncertainties by adding the individual errors in quadrature. The best fit for the star’s distance
is 169 + 12, consistent with membership in the Praesepe cluster. All final values are provided
in Table The methods of [Mann et al.| (2013b)) also provide estimates of the star’s mass
and density, M, = 0.361 £ 0.069 My, and p, = 7.81 +1.90 g cm 3, respectively. We further
used the H20_K2 index (Rojas-Ayala et al., 2012)) to estimate the spectral type of the star.
We determine EPIC 211916756’s type to be M3.0 + 0.5, consistent with visual comparisons
to standard stars and our spectroscopic temperature estimates.

4.3.2 SED fitting

We utilize the SED fitting code from (Obermeier et al. (2016) as an additional layer of our
stellar type characterization. In contrast to spectroscopy, this approach relies on broad-
band photometry. We extract the Pan-STARRS1 37 data for this star and cross-match
its coordinates with the 2MASS catalogue. For the synthetic stellar SED catalog, we use
the newest version of the PARSEC isochrones package (Bressan et al., 2012) which includes
improvements for low-mass stars that were calibrated for Praesepe (Chen et al., 2014)). The
age of the cluster is known (Brandt and Huang} |2015b)), therefore we restrict the synthetic
model population to 800 Myr and Praesepe’s metallicity of ([Fe/H] = 0.12dex). Since the
isochrone models are for nonrotating stars, we furthermore include a second set of isochrones
at 650 Myr. Furthermore, we create a 10th order polynomial to interpolate between the
distance-dependent extinction values given in the 3D dust map from |Green et al. (QOIS)E] and
iteratively fit distance and extinction until both converge. We find that the final photometric
fits for temperature and radius, Teg = 3386 + 100K and R, = 0.43 + 0.070R, agree very
well with the spectroscopic results and the extinction is negligible with E(B — V) = 0.0016.
The better fit was for the 650 Myr model with a marginally better x? of 7.83 against 7.97. We
also estimate a distance of 171 £15 pc which is consistent with a Praesepe cluster membership
and the derived distance of 172 +14 pc based on kinematic distance and K-band magnitude.

4.3.3 High-resolution spectroscopy

We use the methodology and algorithm of Kolbl et al.| (2015)) to search for blended background
stars or close spectroscopic binary companions in the HIRES spectrum. The secondary line
analysis compares the observed spectrum to a suite of about 600 well characterized, slowly
rotating HIRES spectra of FGKM stars from the California Planet Search and attempts to
identify residuals consistent with a fainter secondary star. For faint, late-type stars like EPIC
211916756, this method is sensitive to spectroscopic companions projected within one half
the HIRES slit width (0.4”), with approximate V-band fluxes as small as 3% of the primary
flux and ARV > 10km s~!. This sensitivity range complements our high-contrast imaging.
The algorithm further measures the barycentrically-corrected primary RV using telluric lines.
The analysis revealed no secondary lines within the above sensitivity limits. Using the colour-
temperature conversions of Pecaut and Mamajek| (2013), we estimate that the Kolbl et al.
(2015) analysis of our HIRES spectrum rules out a large range of close companions on cir-
cular orbits down to ~M5.5 types on ~75 day or shorter orbits. Additionally, we measure
RV = 35.2+ 0.2 km s~! which consistent with other Praesepe members. The combined RV
constraints from our multi-epoch HIRES observations are described further in section [4.4.1]

Shttp:// argonaut.rc.fas.harvard.edu/
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We further cross-correlated our HIRES spectrum with a slowly rotating, rotationally broad-
ened M-dwarf standard to place constraints on the projected rotational velocity wsini. This
analysis revealed that the star has a low rotational velocity with the best-match broadened
spectrum having vsini < 3 km s~!. This low vsini and the long rotation period (~24 days)
estimated from de-trended K2 photometry are consistent with the slowest rotating Praesepe
M-dwarfs presented in Douglas et al|(2014). Both indications of slow rotation are also con-
sistent with the low level of magnetic activity inferred from the Ha line. The slow rotation
of this intermediate age M-dwarf is remarkable when considering its close in planet (see §77)
and may indicate differences in angular momentum evolution due to initial conditions, the
primordial disk, planet formation, or planet migration. In contrast, the very similar Hyades
M-dwarf planetary system K2-25 is among the fastest rotating M-dwarfs in that cluster with
a period of ~1.9 days (Douglas et al., [2014; Mann et al., [2016a; David et al., [2016)).

4.3.4 High-resolution imaging

Using the Gemini/DSSI speckle results, we can constrain the contamination from nearby
sources. The DSSI data in the 880nm band provide the best constraints to bound and
background companions at very close separations. At a separation of 0.1”, our sensitivity to
companions is Amag(880nm) ~ 3.5 mag.

Our Keck/NIRC2 AO imaging provides deeper constraints on close background and bound
companions at larger separations. At separations of 0.5” and 0.2”, we estimate to be sensitive
to companions with AK ~ 8 mag and AK = 5 mag, respectively. This effectively rules out all
background sources within these separations that could contribute significant flux to the light
curve. We use the relations of [Pecaut and Mamajek (2013) to estimate that our combined
Keck and Gemini imaging rule out all bound companions at the same distance down to the
hydrogen burning limit at separations of 0.1” (~17 AU) and well into the brown dwarf regime
at 2> 0.5” (~86 AU). We use both our Keck/NIRC2 and Gemini/DSSI contrast curves as
constraints in the false positive probability analysis.

4.3.5 Cluster membership, kinematics, and age

EPIC 211916756 was first identified as a candidate member of Praesepe by [Williams et al.
(1994) and was subsequently included in the proposed member lists of several works includ-
ing [Hambly et al.| (1995]) and |Adams et al.|(2002). Kraus and Hillenbrand| (2007) combined
photometry, astrometry, and the kinematics of well defined cluster members in a maximum
likelihood analysis to estimate that EPIC 211916756 has a >99% probability of cluster mem-
bership. To further investigate its Praesepe membership, we use the star’s partial kinematics
and the methods described in |Lépine and Simon (2009) to estimate a kinematic distance (dyip )
and predicted radial velocity (RV,). In the analysis we adopt the UVW Galactic velocities of
Praesepe from van Leeuwen| (2009) and estimate errors using Monte Carlo sampling. We find
dyin = 172 £ 14 pc, consistent with our SED-based estimates of the star’s distance and the av-
erage cluster distance, and RV, = 34.1 £0.9 kms ™!, consistent with our measured RV from
Keck/HIRES spectroscopy. The consistency of these predictions and measurements, along
with the spectroscopic indications of activity in our HIRES data, confirms the membership
of EPIC 211916756 in the low-mass population of Praesepe which places a conservative con-
straint on its age of 600-800 Myr. We also use the kinematic distance and K-band magnitude
of the star to determine its luminosity using the conversions of |Pecaut and Mamajek (2013)
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to L, =0.021 +£0.003 Ls. At the age of Praesepe, an M3 dwarf is expected to be on the
main sequence and has stopped radial contraction. We can therefore combine our measured
effective temperature and luminosity through the Stefan-Boltzman law to estimate the star’s
radius, Ry = 0.40 £ 0.01 Rg. These alternate estimates of the star’s fundamental parameters
are consistent with those from our SpeX spectroscopy and SED fitting.

4.4 Planet validation

4.4.1 False positive probability

Our collected data in form of photometry, spectroscopy, and high-resolution imaging can be
used to place a number of constraints on the data in order to limit or even completely rule out
all of the plausible false-positive scenarios (see section. In the K2 data itself, we detected
no secondary eclipse that would be indicative of an EB. Based on archival photometry, high-
resolution imaging and high-resolution spectra, a background source is strongly constrained
to less than 3% of flux dilution and can be ruled out completely for a separation of more than
0.2 arcsec. This makes any kind of background blend or triple system very improbable. In
case a background blend did exist, it would not impact the planet parameters significantly
due to the low flux contribution.

For a more quantitative assessment, we utilize the false positive probability (FPP) calculator
vespa (Morton, 2012, 2015|) which is open source and freely available onlineﬂ This program
compares the light curve to transit shapes created by false-positive sources and combines this
with priors about stellar population, multiplicity frequencies and the planet occurrence rate
for the corresponding fitted parameters (see also section . We supply the algorithm with
all of our determined constraints:

e Stellar parameters (radius, effective temperature, limb-darkening coefficient)
e Multi-band photometry from Pan-STARRS1, 2MASS, and WISE

e Contrast curves from adaptive optics and speckle imaging

e Light curve and period from K2

Furthermore, we also extract the photometric light curve from [Vanderburg and Johnson
(2014), remove the periodic modulations, recover the signal with the Pan-Planets signal de-
tection pipeline (Obermeier et al., |2016) and then perform the same analysis. This way,
we end up with an independent confirmation based on a different data reduction and signal
detection routine. Based on all of the above constraints, the results from wvespa rule out all
false positive scenarios to a FPP of less than 0.02% for both analyses. The more strongly
constrained result, using the reduced light curves from |Vanderburg and Johnson/ (2014) and
fitting the signal based on the methodology of (Obermeier et al.| (2016)), is shown in Figure
While vespa does not fit blended planetary systems, there are strong constraints on this
scenario based on high-resolution imaging and the upper limit of 3% in flux dilution for back-
ground sources which makes this scenario highly unlikely. As an additional layer of security,
we furthermore obtained three RV points based on high-resolution spectroscopy in order to
constrain any EB or double-period EB scenario independently of vespa.

Shttps://github.com/timothydmorton/vespa
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Figure 4.6: FPP result from vespa for EPIC 211916756. Constraints are shown in red in the
bottom left. The odd-even factor is a limit for the difference between primary and secondary
eclipse in case of the double-period scenario and is determined by the photometric precision
of the transit.

Unblended EB system

The unblended EB scenario consists of very shallow eclipses of both stars which may emulate
a planet’s transit light curve. There are many constraints to this scenario in the case of EPIC
211916756: the signal of a secondary eclipse is absent in the light curve data and the obtained
Keck spectrum excludes the presence of a second star down to 10kms™" and 3% flux. Based
on both our own observation with HIRES and the two additional data points from Pepper
et al. (2016, in prep.), we cover a time baseline of 6 days. We construct an upper limit for
the RV function, assuming a circular orbit, with the highest amplitude that can still be fit to
the data at 50. The resulting function, shown in Figure [£.7, has an amplitude of RVyax =
941ms~! which equates to a companion mass of 5.25Mj, a giant planet.

Double-period EB system

The double-period case is different to other scenarios in that it assumes an EB system in which
both partners have the same size and eclipse each other; the period is therefore twice as long.
This changes fundamental parameters such as the relative eclipse duration and impacts the
secondary eclipse criterion - strong constraints on the secondary eclipse make this scenario
even more likely. It was the only scenario for which vespa estimated a noteworthy probability
of about 0.5%. However, additional factors help in ruling out this scenario completely.
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Figure 4.7: Radial velocity points (red) for EPIC 211916756 in the single-period (top) and
double-period scenario (middle+bottom), phased to the corresponding period and ITT sce-
nario. ITT stands for the initial time phase of the first recorded eclipse, i.e. whether the
primary or secondary star eclipsed first. The RV curve (blue) shows the maximum amplitude
consistent with the data at 50. Two phases are shown for better clarity with repeated points
greyed out and the error bars of the points are given 1o (red) and 50 (light red). The green
line shows the baseline fit.
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Both partners must have similar radii in this case. As with the single-period EB scenario,
we combine our HIRES RV measurement with the two measurements presented in Pepper et
al. (2016, in prep.) to cover a total time baseline of 6 days. These RV measurements cover
a substantial portion of the transiting planet candidate’s phase and allow us to construct an
RV curve for the maximum amplitude at the 50 level, which is shown in Figure [£.7 Two
cases have to be considered, depending on whether the initial transit time (ITT) was at phase
0 or 0.5 (ITT 0 and ITT 0.5, respectively), i.e. whether the first eclipse was in front of
the primary or secondary star. We place an RV limit of RV ,,,=2270ms~! for ITT 0 and
RV max =1343ms™! for ITT 0.5. Taking the stellar mass determined by medium-resolution
spectroscopy and assuming a circular orbit, this translates to 15.46 My, a low-mass brown
dwarf, or 9.14 My, a giant planet. Any stellar companion would produce a much stronger RV
signal and an eclipse of the primary in front of a brown dwarf cannot create an identically
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deep eclipse signal. Furthermore, brown dwarf companions have already been ruled out by
vespa due to the rarity of close-orbit brown dwarf companions (Marcy and Butler, |2000; |{Udry
and Santos|, 2007; Kraus et al., [2008).

Furthermore, EPIC 211916756 has a probability of more than 99% for being a member of the
Praesepe cluster which means that the baseline of the fitted RV curve for the case of ITT 0,
RV = 36.3 km s~ !, should be consistent with the cluster RV, =34.1+0.9 kms~!. ITT 0 is
only consistent at 30 which further decreases the likelihood of this scenario. In contrast, the
RV baseline for a single-period transiting planet scenario is very consistent with a best fit of
34.8kms~!. Therefore, in combination with all of the other constraints (e.g. AO imaging,
archival optics, stellar characterization), we can rule out this scenario independently from
vespa.

4.5 Planet parameters

We analyse the light curve of EPIC 211916756 with an approach similar to the one described
in more detail by |Crossfield et al. (2015)m In brief: Relying on the emcee package (Foreman-
Mackey et al., 2013), we first use the open-source BATMAN light curve code (Kreidberg,
2015) to fit a transit model based on Mandel and Agol (2002)). This approach is very similar
to the Pan-Planets MCMC fitting model (see section[3.2.5). Utilizing the free and open-source
LDTk/pyLDTk package from Parviainen and Aigrain (2015)@ we propagate our measured
Teg, surface gravity, metallicity and their respective uncertainties into limb-darkening co-
efficients for use as priors in our fit. The overall fitted parameters in our analysis are the
candidate’s orbital period P, initial transit time 7p, inclination ¢, eccentricity e, longitude w,
scaled semi-major axis a/R, and the fractional candidate radius R,/R,. The starting param-
eters for the fit are taken from our TERRA output. In the fit, we do not assume any kind
of TTV’s in the light curve. The best-fitting properties and their uncertainties are shown in
Table

Parameter Units EPIC 211916756
To BJDTpp - 2454833 2338.1477 0015
P d 10.13389 1000068
i deg 88.77+{5
Rp/R, % 7.8615:55
R./a — 0.04007 5 o6
T23 hr 2181_833

a AU 0.0653%0 0042
Rp RE 3471_8;%

R, Rs 0.402700%0
M, M, 0.36170-0%9

Table 4.2: Best-fitting properties of EPIC 211916756 and its planet based on the BATMAN
code.

"Further information about the most up- to-date method will be found in Crossfield et al. (2016), in prep.
Shttps://github.com/hpparvi/ldtk
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We estimate the planet’s mass by using the mass-radius relatiorﬂ provided by |Wolfgang
and Lopez (2015) and [Wolfgang et al| (2016), M/Mg = 2.7(R/Rg)'3. This results in a
mass Mp = 13.71 & 3.62 M@H However, using the relation provided by |Weiss and Marcy
(2014), M/Mg = 2.69(R/Rg)*?, we get Mp = 8.7775:88 Mg. A third mass-radius relation,
published by |Chen and Kipping (2016) yields Mp = 8.26:1):%5 =, based on the relation
M/Mg = (R/Rg)""". The mass-radius models therefore lead to different estimates of the
planet’s mass. While the results from Wolfgang and Lopez (2015) are higher than the other
two, the difference is still small enough for the masses to be marginally consistent with each
other. The absence of TTV’s in the system means that the planet’s mass cannot be deter-
mined through other means as of now. Based on the |Wolfgang and Lopez| (2015) result with
a mass of Mp = 13.71 + 3.62 Mg and a stellar mass of 0.361f8:828M@, we estimate the RV
amplitude of this planet to be 6.8 £1.8ms™*,

4.6 Discussion

So far, only very few planets have been detected in clusters, even less with the transit method.
EPIC 211916756b is only the third known planet in an open cluster that orbits around an
M-dwarf. It most likely belongs to the class of Neptune-size planets with a similar chemical
composition and H/He atmospheres (Marcy et al., 2014; Weiss and Marcyl 2014; |[Rogers,
2015).

However, it is remarkable that the occurrence rate of planets with the radius and period
of both K2-25 (Mann et al., [2016a; David et al., |2016) and EPIC 211916756b is very low
around field stars (Dressing and Charbonneau, [2015; Mulders et al., 2015b)). Furthermore,
the recently discovered planet K2-33b in the open cluster Upper Scorpius (David et al., 2016;
Mann et al., 2016b) exhibits an unusually large radius as well.

While there are four discovered systems with planet radii similar to EPIC 211916756b and
K2-25b, they are even larger and orbit higher-mass stars. Furthermore, the received stellar
flux appears to be significantly higher. The distribution of planetary radii and received
radiation against the host star mass is shown in Figure We placed following restrictions:
All planets in this Figure have to be confirmed and we extract the most recent planetary
and stellar parameters from the NASA exoplanet archive (Akeson et al.,2013]). Furthermore,
the host star radii have to be below 0.5 Ry and the planet irradiance was calculated when
missing.

The probability of detecting three such planets in a cluster without any detections in the
larger field star sample, plus another detection in a scarcely populated region of larger-radius
planets, is too low to be random chance. We present two possible implications from this:

e The formation of short-period planets is different in clusters due to gravitational in-
teractions during migration. An indication for this may be the higher occurrence rate
of hot Jupiters in M67 measured by Brucalassi et al. (2016). However, Meibom et al.
(2013) found an occurrence rate similar to that of field stars for NGC 6811. As of now,
there is insufficient information to confirm this theory.

9And their code: https://github.com/dawolfgang/MRrelation

10The code cannot handle asymmetrical errors, hence we selected the larger of both uncertainties.
Hhttps://github.com/chenjj2/forecaster

2The code cannot handle asymmetrical errors, hence we used the larger of both uncertainties.
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Figure 4.8: Planet radius as a function of the host star mass (left) and received radiation
(right), comparing our discovery EPIC 211916756 (red star) to planet detections in open
clusters (orange hexagons), ground-based surveys (blue diamonds), space-based (Kepler+K2)
surveys (green squares), and revised values for several Kepler planets from |Gaidos et al.| (2016])
(black circles). Similar to Mann et al.| (2016al), only stellar radii below 0.5 Rg and periods
below 100d were included. Two exceptions to those criteria are RV-planet GJ 3470b and
K2-33b which got added due to their similarity despite a larger host star radius. All RV
detections and inflated planets are labelled.

e M-dwarfs remain active for several hundred Myr after their formation to a varying degree
(Shkolnik and Barman, [2014)). Strong UV emission in the relatively young Hyades and
Praesepe cluster M-dwarfs might lead to the inflation seen in Figure Young planets
may also be larger due to initial heat from formation (Mann et al.l 2016a).

e [t is possible that this is due to a selection bias since young stars are more active. Their
variability may mask many of the small-planet transit signals, leading to a perceived
imbalance. However, EPIC 211916756 is only weakly active so while a selection bias
may exist, it is unlikely to be the sole reason.

Measuring the stellar UV activity and the planet’s mass will allow to determine whether the
reason behind the large radii is inflation due to strong UV irradiation and/or initial heat. If
that were the case, they could be seen as outliers of the general planet mass-radius relation
and might be similar to GJ 436b, a Neptune-sized planet first detected by RV measurements
(Butler et al.l |2004) that is showing visible transits (Gillon et al., 2007)) and appears to evap-
orate (Ehrenreich et al.l 2015). However, as can be seen in Figure on the right, GJ 436b
receives several times of EPIC 211916756b’s radiation so it is questionable whether this may
apply here. Both cluster detections also orbit noticeably smaller stars than the larger Nep-
tunian planets.
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Besides this anomaly, EPIC 211916756b is also intriguing for a number of other reasons,
especially for having a well-determined distance, (young) age and metallicity. Only very few
planets are known around relatively young stars and new detections will contribute towards
establishing a more accurate timeline of a planet’s development.

Assuming a circular orbit - considering the transit duration shows no indication of ellipticity
a valid simplification - and using the mass-radius relation from |Wolfgang and Lopez (2015),
we calculate the radial velocity amplitude to 6.8 £1.8ms~!. While an accuracy of ms~! is
entirely feasible today with instruments like HIRES or HARPS, the target is too faint to re-
alistically achieve this with today’s telescopes in reasonable observing times. However, future
dedicated infrared spectrographs such as CARMENES, IRD, HPF and SPIRou (Quirrenbach
et al.| (2014)), Artigau et al. (2014)), Kotani et al. (2014) and Mahadevan et al| (2012)), re-
spectively) will allow the determination of the planet’s mass. This in turn will also provide
additional data for the calibration of the mass-radius relation of Neptune-sized gas planets.
Next-generation large telescopes such as the E-ELT or the TMT may enable a detailed study
of the planet’s atmosphere.

As an alternative to spectroscopy, multi-band photometry enables a more detailed study of the
planet, even for stars that are too faint for atmosphere spectroscopy. Since the transit depth
may change in different photometric bands due to Rayleigh scattering or varying opacities,
the atmosphere can be modelled (Southworth et al., 2012; Mancini et al., 2013} Ciceri et al.,
2016). While this is possible to do with single-band photometric instruments, simultaneous
multi-band capture with GROND (Greiner et al., |2008) or the upcoming 3 channel imager
3KK at Mt. Wendelstein (Lang-Bardl et al., 2010) would be much more advantageous.

4.7 Summary

We report on the discovery of a Neptune-sized planet in the Beehive cluster (Praesepe) that
orbits a cool dwarf star. Discussing and subsequently ruling out each possible false-positive
detection scenario, we validate the planetary nature of this candidate. Using detailed follow-
up, including ground-based transit recording, spectroscopy and high-resolution imaging, we
characterize both the host star and its planet. We noticed a radius anomaly for this planet
and the previously detected K2-25b, both planets around M-dwarfs in clusters. Both of them
possess radii that are in a region seemingly unpopulated by planets orbiting comparable field
stars. Detailed study and future observations will reveal whether this is due to different planet
formation or evolution in open clusters.
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Chapter 5

Summary and outlook

End? No, the journey doesn’t end here.

J.R.R. Tolkien, The Return of the King (novel)

The rising number of exoplanet detections means that statistical analyses can be carried out
in order to characterize the occurrence rate of different planets around different stars. As
already discussed in sections and M-dwarfs diverge in their planet occurrence from
other stars: They are presumed to host less Jovian and Neptunian planets and even less hot
Jupiters. The goal of this thesis was to constrain the occurrence rates and improve on the
previous upper limits of around 1%.

Planet formation in cluster stars may also happen differently than in field stars. Over the
past decade, a paradigm change has occurred concerning the presumed planet abundance in
open clusters. While at first, after several unsuccessful surveys, the assumption grew that
planet formation in a cluster may in some way be different and possibly strongly reduced
compared to field stars (Haisch et al., 2001; Bonnell et al., 2001; Debes and Jackson, [2010), it
is now becoming clear that planets are just as frequent (van Saders and Gaudi, 2011; Meibom
et al., [2013)) and not negatively influenced by the typical orbit interactions (Adams et al.,
2006; [Spurzem et al.l [2009). New RV planet discoveries even indicate that the occurrence
rate of hot Jupiters may be higher than around field stars (Brucalassi et al., [2016)).

In the first chapter, we introduced the concept of exoplanets and how they can be classified.
We described planet formation and discussed different detection techniques. Furthermore, we
summarized formalisms that are relevant to the following chapters such as transit follow-up
and false-positive detections.

The second chapters describes the Pan-Planets project, a photometric survey dedicated to
the detection of hot Jupiters which transit M-dwarfs. We detailed our data reduction, target
selection, and Monte Carlo transit-injection simulations. Utilizing SED fitting, we matched
every star with synthetic SED templates and accounted for extinction reddening by utilizing
a three-dimensional dust map. A total of 65000 M-dwarfs were identified in the field of view,
enough to make a statistical assessment of the planet occurrence rate. We performed exten-
sive Monte Carlo simulations to assess the detection efficiency of Pan-Planets and optimize
the preselection of the targets for visual verification.

In the third chapter, we described our four target categories. After identifying the most
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promising candidates, we followed up the exoplanet candidates photometrically with the
Fraunhofer Telescope Wendelstein Wide Field Imager in order to confirm the period esti-
mate and improve the fit of the transit shape. Furthermore, we recorded spectra with the
McDonald Otto Struve ES2 spectrograph and used them to characterize the candidate host
stars. We combined all of our collected data, created transit models and processed all available
information into the false-positive probability program wvespa. With this, we could already
statistically confirm one planet and identify four high-probability candidates. We assessed the
Pan-Planets data and constrained the occurrence rate to a more precise degree of O.ll(fg:gg)%
in case of a confirmed detection or otherwise an upper limit of 0.34%. Previous surveys had
higher upper limits of about 1%, therefore we were able to set a much more stringent esti-
mate. The hot-Jupiter occurrence rates for FGK-dwarfs were estimated to be at about 0.45%
based on the analysis of (Gould et all 2006) with similar results from the Kepler survey,
where the occurrence rates were estimated to be between 0.3%-0.6%, depending on stellar
type (Howard et al., 2012; Kovacs et al. [2013). Our results therefore indicate a difference
between the occurrence rates of hot Jupiters for FGK-dwarfs against M-dwarfs. If none of
our M-dwarf planet candidates get validated, the null result is still lower than the occurrence
rate estimates for FGK-dwarfs. However, it is quite intriguing that we were able to detect two
high-priority hot Jupiter candidates around late K-dwarfs. If there is a difference between
M-dwarfs and FGK-dwarfs, the cut-off must be quite abrupt. We conclude this chapter with
a discussion of our other target categories, M-dwarf eclipsing binaries and variable systems.
The fourth and final chapter is about a discovery we made in the Praesepe (Beehive) cluster,
using data from the K2 survey. We collected medium- and high-resolution spectroscopy, adap-
tive optics and speckle imaging data and followed up the planet with the Wendelstein Wide
Field Imager. Using all of the available data, we characterized the host star and determined
the false-positive probability of this planet with vespa. Furthermore, we discussed a radius
anomaly for this planet which seems to be common in cluster planets.

Over the past years, the progress in the search for extrasolar planets has accelerated rapidly.
While a decade ago just more than 200 exoplanets were known, this number has now in-
creased by a factor of 14. The public interest is growing as well and citizen-science projects
like Planet Hunterg!| actively put this enthusiasm to use with several confirmed discoveries
based on input from the amateur community. Kepler’s contribution to this explosion of dis-
coveries deserves special recognition. However, this also introduces a change in how future
surveys will be conducted. Small-scale projects will most likely only continue in specialized
niches, as is the case for Pan-Planets. Due to the prospects of easier follow-up, bright stars
are already the main focus of several ground-based robotic surveys such as Super-WASP (Pol-
lacco et al., 2006) and HAT-South (Bakos et al., 2013). In the future, space-based surveys
like TESS (Ricker et al., 2015), CHEOPS (Broeg et al., |2013) and PLATO (Rauer et al.,
2014) and additional ground-based surveys such as Evryscope (Law et al., [2014) and NGTS
(Wheatley et al., |2013) will further observe the whole sky, leading to a complete coverage
of all bright stars where each project is contributing own data. Direct imaging, carried out
with next-generation telescopes like E-ELT and JWST (Gardner et al., [2006), will allow the
characterization of exoplanet atmospheres down to Earth-sized planets.

"https://www.planethunters.org/
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Appendix

My  1.99 10%0 kg

My 1.90 10°7 kg
Mg  5.97 10** kg
Ro  6.96 108 m
R; 7.1410"m
Reg 6.37 105 m
Lo 3.8410% W
AU  1.50 10" m
pc  3.09 106 m

Table A.1: Astrophysical constants used throughout this work.

A.1 Acronyms

AU Astronomical Unit, 149.60-106 km

CCD Charged coupled device

DEC Declination

GPC1 Gigapixel Camera of Pan-STARRS1
IAU International Astronomical Union
FWHM Full-width half maximum
Pan-Planets The Pan-STARRS1 Planet Survey
PSF Point spread function

RA Right ascension

S/N Signal-to-noise ratio

SED Spectral energy distribution
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APPENDIX A. APPENDIX

A.2 Additional tables

ID RA (J2000) DEC (J2000) T.¢s [K] i’ [mag] period [d] Ty
PP453-05705 298.9599143  15.7739332 3774 16.00  0.15013530 2455667.16476
PP455-24938  298.0664537  15.9683828 3565 17.12  0.18316444 2455365.90989
PP512-01847 295.9004414  17.9871674 3654 18.11  0.22896000 2455667.21949
PP013-23689 294.5160503  15.6409142 3637 16.71  0.22985951 2455365.97728
PP632-22966 298.2334517  14.7167112 3872 18.38  0.23479736  2455365.97728
PP451-23096 299.4370360  16.0324448 3531 17.95  0.23784512 2455679.16596
PP235-09044 300.3062391  17.7714028 3959 17.20  0.25271510 2455365.93231
PP032-32860 296.5242449  16.8055010 3729 17.63  0.25609014 2455366.02178
PP026-35677 295.9776872  16.4847896 3637 17.93  0.25953297 2455365.96910
PP134-18802 298.3078559  17.2500753 3886 17.75  0.25986344 2455365.93785
PP602-08743 297.4369333  13.1390926 3197 17.55  0.26215240 2455667.27094
PP039-13870 294.0865776  16.6440436 3723 18.48  0.26690747 2455365.99686
PP621-21999 296.6490360  13.9378706 3969 17.96  0.27231323 2455667.08679
PP655-17542  295.6743649  15.2997697 3197 18.29  0.27696803 2455667.24677
PP045-13457 294.9156436  16.9928576 3723 17.10  0.27879680 2455365.98264
PP121-15029 296.9548960  16.4699333 3965 17.67  0.28143315 2455366.13850
PP553-29819  295.4870995  20.0778010 3691 18.24  0.28338245 2455667.07749
PP542-26245 296.5552671  19.6822659 3838 18.02  0.28405392 2455667.10500
PP526-37105 296.6672225  19.0742641 3815 16.73  0.28410099 2455667.16102
PP634-09005 297.5498800  14.5287315 3197 17.25  0.29465857 2455667.26646
PP031-20706 293.9888061  16.3681676 3687 16.66  0.29553229 2455366.01849
PP336-06081 298.0990153  19.7268496 3987 17.87  0.30990374 2455667.06613
PP417-11286 300.4058632  14.4338776 3981 18.10  0.31733858 2455667.16340
PP659-19398 297.0761008  15.7711994 3903 17.11  0.32671286 2455667.06379
PP435-15531 299.8058238  15.2059517 3520 17.98  0.32814499 2455667.27660
PP419-14539 299.6830502  14.4800577 3539 16.56  0.33179050 2455667.21828
PP039-08767 293.9177223  16.5939374 3767 17.83  0.33355941 2455365.92367
PP535-13977 296.1410112  19.2243465 3843 17.41  0.33403387 2455667.12316
PP311-37625 298.3787278  18.9159435 3355 18.36  0.33428791 2455678.19817
PP520-01062 295.8015536  18.3454726 3616 17.71  0.35691447 2455667.09534
PP655-03341 295.6657536  15.1742538 3953 16.25  0.36262979 2455678.33621
PP009-36308 296.1729660  15.7498153 3637 17.93  0.36293688 2455366.20881
PP531-04582 294.7192667  18.7576437 3767 18.47  0.36304449 2455678.09925
PP305-12758 297.6544004  18.3398868 3197 16.41  0.36338309 2455365.92437
PP531-08675 294.7396165  18.8027488 3797 17.60  0.36793789 2455706.30750
PP612-08614 296.9118943  13.4244599 3649 18.14  0.37184051 2455668.19026
PP047-09188 294.0025560  16.9560366 3268 18.00  4.64281805 2455370.20723
PP509-35626 296.7463098  18.3201484 3863 15.62  5.35611262 2455670.46629
PP450-21114 299.8201789  16.0142279 3779 16.28  5.78506659 2455673.17876
PP550-24953  296.6639622  20.0431242 3929 16.71  5.85663787 2455710.62497
PP046-09699 294.4504932  16.9617022 3539 18.34  6.08730588 2455366.82202
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PP656-34586
PP531-29478
PP517-36067
PP351-25051
PP547-09783
PP545-37428
PP539-15663
PP454-19725
PP559-12707
PP037-23775
PP253-09942
PP531-05850
PP632-05296
PP553-03210
PP603-12823
PP529-34926
PP546-15544
PP558-27659
PP509-14274
PP101-09886
PP027-38470
PP545-14297
PP538-37316
PP061-22248
PP259-09279
PP047-33168
PP550-15703
PP531-06746
PP214-23952
PP550-30944
PP123-08561
PP560-34098
PP552-29551
PP626-27125
PP035-19558
PP524-23811
PP014-15883
PP020-45559
PP539-13826
PP535-19941
PP550-21973
PP349-37370
PP536-08656
PP551-40984
PP022-22711
PP030-32964
PP558-01493
PP061-22248

298.3209298
294.7484120
296.9334456
298.3607573
294.5724212
295.3992843
294.6119433
298.3209324
296.0684255
294.6816305
299.6243877
294.7070762
298.4859261
295.3833106
297.1086563
295.4817686
295.0719541
296.3319002
296.9258760
298.5216393
295.3539311
295.4585348
294.8163441
294.6105595
300.5257095
294.0750582
296.5966723
294.6611412
299.2313001
296.3061271
296.2746763
295.9604505
295.8692041
297.6733266
295.3896499
297.1131934
294.3082544
295.0487390
294.6979982
295.9912869
296.3789643
299.2981690
295.7450502
296.0951561
294.4687163
294.2856223
296.6182653
294.6105595

15.9270354
19.0303384
18.7448865
20.6243178
19.5429423
19.7848298
19.2462623
15.9270352
20.2967171
16.7309455
18.4750136
18.7683205
14.4857648
19.8240458
13.1598789
19.0492823
19.5890274
20.4398064
18.1072822
15.7145510
16.5051435
19.5725512
19.4426745
17.8470792
18.8580177
17.2224841
19.9606832
18.7792861
16.8570036
20.0992807
16.3755200
20.4737513
20.0875998
14.3937724
16.6914540
18.9179943
15.5947508
16.1913558
19.2278504
19.2802579
20.0184139
20.7921304
19.1755718
20.1876727
15.9948478
16.4480067
20.1759116
17.8470792

3197
3774
3745
3764
3723
3745
3501
3197
3723
3682
3838
3723
3971
3535
3838
3806
3761
3394
3442
3287
3604
3391
3576
3767
3539
3774
3619
3767
3761
3690
3883
3554
3716
3909
3714
3885
3779
3426
3576
3845
3723
3723
3554
3206
3793
3649
3706
3767
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16.29
17.68
17.53
17.19
17.33
18.06
17.32
16.29
17.67
18.05
17.46
17.87
18.09
18.25
17.84
16.83
17.53
17.36
16.68
17.21
15.98
18.07
17.56
16.23
17.54
15.34
17.93
17.65
14.54
17.37
16.11
17.71
17.80
17.60
16.72
18.10
17.72
18.23
18.08
17.64
17.82
17.65
15.09
15.99
16.08
17.05
17.58
16.23

0.39659850
0.40765162
0.40783588
0.41221956
0.41230879
0.41502386
0.42085180
0.44205733
0.45952362
0.46286117
0.48046509
0.48051896
0.48239848
0.48919889
0.49260072
0.50444330
0.50714439
0.51543956
0.53112150
0.53852954
0.55072650
0.57741999
0.60326668
0.60524749
0.64251867
0.64469336
0.65329232
0.66094945
0.67844906
0.68698619
0.68828256
0.69433193
0.73739968
0.74635992
0.76083764
0.78618859
0.78943741
0.80525563
0.80909954
0.81053716
0.81113987
0.81447595
0.82315818
0.83506725
0.84324142
0.86406774
0.86559776
0.86893537

2455667.22275
2455679.41394
2455667.20721
2455680.35939
2455667.40274
2455667.38612
2455667.37003
2455365.89615
2455667.42104
2455366.29742
2455366.34996
2455667.48861
2455667.50030
2455678.48102
2455667.28894
2455667.21737
2455667.39336
2455667.19681
2455667.17382
2455366.16392
2455366.14746
2455667.21757
2455667.13299
2455366.43797
2455366.36165
2455365.94764
2455678.26322
2455667.25628
2455365.97714
2455667.30429
2455366.28599
2455667.08989
2455667.24233
2455668.36624
2455366.56984
2455667.56220
2455365.92679
2455366.12628
2455667.15313
2455667.66879
2455667.21390
2455667.47331
2455667.58399
2455667.70866
2455366.11849
2455366.38410
2455706.70319
2455366.15411
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PP559-29131
PP560-12272
PP536-25878
PP543-03725
PP544-32579
PP654-03489
PP540-39903
PP051-24396
PP530-41122
PP559-28395
PP035-25033
PP303-08526
PP309-24565
PP508-16575
PP554-04915
PP559-31018
PP023-28334
PP660-04742
PP035-01394
PP539-24189
PP548-34603
PP158-16121
PP114-18461
PP622-08221
PP538-17287
PP544-21409
PP146-02742
PP528-11294
PP020-45559
PP212-22551
PP552-22671
PP022-36660
PP520-28428
PP648-32334
PP522-44340
PP055-26657
PP118-26125
PP560-17764
PP548-31070
PP546-15650
PP053-02913
PP558-09090
PP535-30274
PP549-18293
PP325-07451
PP123-13162
PP645-28083
PP537-33215

295.9877050
295.8140983
295.5956425
295.9687094
295.8939967
296.0932031
297.1232966
295.3074236
294.9071815
296.0138436
295.3761646
298.2949620
299.3255156
297.1568911
295.1178953
295.9604527
294.0723029
296.9071199
295.3539309
294.7202140
297.3767920
298.2599109
296.7332339
296.1652580
294.8529158
295.9717532
296.8806686
295.7987132
295.0487390
299.8326799
295.8328858
294.4348002
295.9094486
298.4901027
294.8262133
294.1166651
298.0868028
295.8619002
297.1206613
295.0439809
294.5610360
296.3699458
296.2027431
296.9947653
299.3389758
296.5070099
296.2873526
295.2213093

20.4534999
20.2880276
19.3473180
19.4791202
19.7309440
15.1939970
19.8354868
17.4674834
19.0824058
20.4477406
16.7389069
18.3339197
18.8607015
18.1335020
19.8633756
20.4737511
16.1358474
15.5699184
16.5051471
19.3378991
20.1536414
18.4115456
16.1573907
13.7866475
19.2302003
19.6331965
17.4424989
18.8266534
16.1913558
16.8431410
20.0235215
16.1230451
18.5956852
15.5694145
18.7609336
17.5499295
16.6179278
20.3348763
20.1225357
19.5924226
17.2493369
20.2628314
19.3800243
19.9847157
19.3952172
16.4200905
15.0673988
19.3749231

3741
3408
3958
3767
3449
3926
3774
3358
3591
3390
3197
3913
3973
3818
3535
3554
3408
3460
3604
3774
3806
3539
3848
3594
3591
3520
3197
3767
3426
3197
3368
3774
3818
3480
3825
3197
3885
3449
3936
3913
3579
3513
3987
3815
3236
3973
3509
3761

150

16.32
17.63
15.77
17.37
17.10
17.97
18.27
18.25
18.03
17.87
17.65
17.40
16.49
16.81
17.88
17.71
17.18
15.97
15.98
16.47
17.98
17.06
17.51
15.30
17.33
17.04
17.71
17.48
18.23
17.30
17.59
18.13
17.62
17.28
15.68
17.44
18.12
17.68
16.79
18.00
17.36
17.41
16.05
16.49
17.48
17.10
17.70
18.30

0.87007039
0.87619809
0.88482968
0.89465272
0.89600527
0.90122566
0.90326757
0.90815656
0.92023834
0.92515496
0.93143837
0.93294323
0.93829302
1.05496360
1.05936499
1.06354127
1.07745633
1.08831691
1.10139234
1.10300333
1.12075745
1.13928212
1.15054938
1.15471517
1.23543641
1.26419601
1.26989079
1.28905087
1.34820571
1.38829115
1.39788248
1.45709177
1.45870135
1.51991028
1.54588211
1.58621353
1.62476815
1.62976377
1.63114118
1.64400252
1.65495510
1.66679247
1.68791103
1.70149464
1.70767110
1.70852387
1.71424387
1.75435914

2455667.55311
2455667.28788
2455667.43935
2455667.19780
2455667.71342
2455668.19783
2455678.85647
2455366.38669
2455678.03311
2455667.73897
2455368.87541
2455368.91445
2455366.45689
2455678.62160
2455668.01386
2455667.20689
2455366.24000
2455667.04593
2455366.15475
2455667.55091
2455678.75569
2455368.68849
2455366.90997
2455668.55634
2455667.87972
2455667.20605
2455366.71786
2455667.84873
2455366.17730
2455366.72558
2455668.19616
2455368.43785
2455667.19305
2455667.18290
2455706.12376
2455368.98242
2455366.12165
2455667.81757
2455668.49397
2455679.01961
2455366.45856
2455668.36368
2455668.31665
2455667.99709
2455667.04116
2455366.60458
2455667.27142
2455668.65766
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PP004-36667
PP643-27122
PP654-03489
PP047-33168
PP223-10066
PP022-40885
PP559-28395
PP058-41337
PP557-03147
PP621-35268
PP054-21335
PP053-16337
PP614-11917
PP343-40084
PP531-28359
PP545-36815
PP055-16703
PP125-11814
PP101-19187
PP035-33356
PP538-24343
PP457-16545
PP054-13662
PP410-20697
PP016-21308
PP040-19917
PP539-37067
PP550-30944
PP123-08561
PP044-11866
PP161-01335
PP027-38470
PP514-09603
PP414-05300
PP549-23180
PP503-35924
PP508-13394
PP552-29749
PP643-23418
PP322-08743
PP347-38077
PP538-37427
PP339-03824
PP507-00273
PP036-18215
PP027-25493
PP054-19415
PP121-22680

295.2364952
297.3521097
296.0932031
294.0750582
298.8614763
294.3892081
296.0138436
295.6892973
296.9853890
296.2877402
294.1458455
294.8355909
296.0030152
298.5807717
294.7089044
295.5399452
293.9501200
298.7682773
298.7519977
295.5613810
295.1391653
300.2127089
294.2857957
300.0949443
296.4767873
296.3678584
294.6320365
296.3061271
296.2746763
295.0507532
297.1568969
295.3539311
295.1356048
298.3613684
296.6639232
296.0834023
297.2299781
295.8195000
297.2713627
297.1471777
297.0745509
294.9187445
296.7771669
294.8509715
295.1917069
295.6051851
294.4451647
297.1979136

15.4099955
15.0832000
15.1939970
17.2224841
16.9999559
16.1826628
20.4477406
17.9807657
20.1853075
14.0683587
17.4556483
17.3855417
13.4696163
20.4319858
19.0183185
19.7764519
17.4070444
16.8481163
15.8350778
16.8156257
19.3020035
16.4290212
17.3778699
14.2226738
16.0350049
17.0441973
19.4864703
20.0992807
16.3755200
16.9732032
18.1335026
16.5051435
18.0825754
13.9610593
20.0430655
17.9692487
18.1003005
20.0902507
15.0451755
19.0064579
20.3796551
19.4434937
19.6795238
17.6063852
16.6831056
16.3807128
17.4336549
16.5422292

3197
3936
3926
3774
3488
3745
3390
3549
3950
3987
3774
3349
3354
3965
3449
3863
3197
3596
4029
3549
3774
3767
3616
3996
3555
3197
3501
3690
3883
3282
3818
3604
3890
3628
3929
3987
3885
3825
3958
3714
3929
3232
3493
3576
3403
3525
3539
3996

151

17.23
17.54
17.97
15.34
16.82
16.40
17.87
17.59
15.59
16.14
17.90
16.46
17.77
14.77
17.92
16.84
18.34
17.06
14.87
17.64
16.45
14.94
17.42
17.26
16.71
17.87
17.76
17.37
16.11
17.25
16.81
15.98
17.44
17.31
16.71
16.05
17.06
16.60
15.68
15.19
15.90
17.60
16.92
17.68
16.45
18.31
16.84
16.88

1.75767753
1.77437593
1.80246247
1.82342190
1.82435001
1.83484555
1.85031677
1.85647782
1.86180462
1.88403394
1.91076978
1.91276062
1.92824504
1.96145956
1.96294300
1.96355749
1.96550593
1.98877196
1.99029701
1.99430483
1.99504487
1.99779842
2.04502143
2.12198889
2.12840937
2.15306707
2.16122757
2.20685132
2.21516463
2.22058885
2.23901841
2.45176244
2.68818339
2.78218179
2.92830546
3.15699985
3.22739040
3.28285090
3.32123770
3.35484106
3.36308542
3.47278896
3.49747831
3.55781991
3.58485042
3.82777003
3.97766145
4.08539407

2455365.94052
2455680.46580
2455668.19539
2455365.82798
2455366.17571
2455367.07570
2455667.74277
2455367.97709
2455668.40440
2455668.44477
2455368.52379
2455366.90492
2455667.13631
2455668.60677
2455668.48425
2455678.81374
2455368.35218
2455366.00585
2455396.08512
2455366.00256
2455706.07731
2455367.72577
2455367.13537
2455667.49673
2455367.71337
2455366.56055
2455667.13788
2455667.75295
2455366.84700
2455369.10052
2455366.81146
2455366.42821
2455668.27867
2455667.84964
2455707.69418
2455669.63493
2455668.24535
2455667.98290
2455679.63396
2455669.70336
2455678.56667
2455669.63930
2455667.99469
2455678.34268
2455369.75731
2455367.80955
2455367.24506
2455368.08346
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PP047-09188
PP509-35626
PP450-21114
PP550-24953
PP046-09699
PP528-19665
PP034-31701
PP637-12376
PP261-18060
PP114-18461
PP359-31377
PP261-25870
PP510-12577
PP039-11370
PP661-13792
PP304-33229

Table A.2: List of identified M-dwarf eclipsing binaries and periodically variable systems.
Individual identification, RA /DEC coordinates, SED fitting temperatures, i’-band magnitude,

294.0025560
296.7463098
299.8201789
296.6639622
294.4504932
295.8697577
295.7310010
296.4094286
299.6480932
296.7332339
298.3749233
299.5631757
296.6441277
294.0470870
296.3583080
298.2166709

16.9560366
18.3201484
16.0142279
20.0431242
16.9617022
18.9033140
16.8035010
14.5531266
18.9533029
16.1573907
21.0584488
19.0656978
18.1037012
16.6185673
15.6589977
18.5299688

period and initial eclipse time T are listed.

3268
3863
3779
3929
3539
3723
3716
3902
3287
3848
3774
3841
3539
3539
3711
3987
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18.00
15.62
16.28
16.71
18.34
16.59
16.63
14.77
17.79
17.51
17.68
17.18
17.28
16.67
18.09
17.10

4.64281805
5.35611262
5.78506659
5.85663787
6.08730588
6.35991292
6.55258920
7.18084970
7.53978854
7.55947688
7.64082031
8.07875633
8.20736974
8.29419264
9.57876688
9.61056613

2455370.20723
2455670.46629
2455673.17876
2455710.62497
2455366.82202
2455672.98523
2455370.94248
2455672.09764
2455366.52780
2455367.54463
2455679.73980
2455368.10979
2455668.16167
2455375.58063
2455671.41802
2455457.67420
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