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Zusammenfassung

Bisher wissen wir noch relativ wenig tiber die Planetenhaufigkeit bei Sternen,
die schwerer oder leichter sind als unsere Sonne (heifie und kiihle Sterne). Die
meisten Studien von Planetenhaufigkeiten wurden fiir sonnenahnliche Sterne
durchgefiihrt. Wir miissen unser Wissen iiber die Planetenhaufigkeiten als
Funktion der Sternenmasse erweitern, wenn wir Planetenentstehung voll-
standig verstehen wollen. Theoretische Planetenpopulationsmodelle werden
zur Zeit auf Sterne mit anderen Massen erweitert. Zum Vergleich sind Plan-

etenstatistiken von Beobachtungsdaten besonders wichtig.

Es ist allgemein anerkannt, dass Riesenplaneten in nahen Umlaufbah-
nen bis zu Perioden von 10 Tagen bei allen Sterntypen sehr selten sind.
In dieser Arbeit iiberpriife ich eine Hypothese von 166 zusétzlichen nahen
Planetenkandidaten um A Sterne im Kepler Feld. Ich verwende Radial-
geschwindigkeitsdaten von den 2m Teleskopen in Tautenburg und Ondiejov
um nahe Sternbegleiter auszuschlieen. Mit einer statistischen Analyse von
allen 2000 Kepler A Sternen, kann ich eine hohe Haufigkeit dieser Planetenart
ausschliefen. Ich finde eine Hochstgrenze der Haufigkeit von heiflen Jupiters
um A Sterne auf der Hauptreihe von 0.75 %. Das ist weniger oder gleich viel

wie die Haufigkeit um sonnenéhnliche Sterne.

Die Haufigkeit von Planeten um M Zwerge ist immer noch eine offene
Frage. In dieser Arbeit prasentiere ich meine Analyse von 125 Sternen des
CARMENES Surveys. Das Survey wurde fiir diese Sterne beendet weshalb
wir eine erste statistische Analyse durchfithren konnen. Zu diesem Zweck,
berechne ich die Nachweisgrenzen fiir jeden Stern. Von diesen Nachweis-
grenzen leite ich Planetenhaufigkeiten mit zwei Methoden ab. Mit der er-
sten Methode bilde ich eine durchschnittliche Anzahl der Sterne um die
ein Planet entdeckt werden konnte in verschiedenen Periode-Masse Bins
(“Periode-Masse Bin Methode”). Mit der zweiten Methode schétze ich die
Anzahl der Planeten, die wir mit unseren Beobachtungsdaten nicht entdecken
konnten, anhand der entdeckten Planeten ab (“Nicht-Entdeckte Planeten
Methode”). Ich kann eine Hochstgrenze von 1.4 % fiir die Haufigkeit von

heiflen Jupiters setzen. Fiir kleine Planeten ergeben die beiden Methoden
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sehr unterschiedliche Ergebnisse. Die Ergebnisse der ersten Methode (66 %
fiir Perioden bis zu 100 Tagen) stimmen mit den Héaufigkeiten von von kleinen
Planeten bei G Sternen iiberein. Die zweite Methode resultiert mit 1.8 Plan-
eten pro Stern in einer sehr viel hoheren Haufigkeit von kleinen Planeten.
Diese hohere Haufigkeit stimmt mit dem tiberein, was wir von Transitsurveys
iiber Planeten um M Zwerge wissen. Ich zeige, dass das CARMENES survey
in der Zukunft mit 200 Messungen pro Stern bei 10 zufallig ausgewahlten

inaktiven Sternen, diese Diskrepanz auflosen kann.



Abstract

We still know relatively little about the planet frequency around stars that
are more or less massive than the Sun (hot and cool stars). Most occurrence
rate studies were done on stars that are solar-like. We have to increase our
knowledge on planet frequencies as a function of stellar mass, if we want
to fully understand planet formation. Theoretical planet population models
are currently extended to stars with other masses. For comparison, planet

statistics from observational data are particularly important.

It is generally accepted that giant planets in close orbits up to periods of
10 days are very rare around all kinds of stars. In this thesis I test a hypothesis
of 166 additional close-in planet candidates around A-type stars in the Kepler
field. I utilize radial velocity data from the Tautenburg and Ondfejov 2m
telescopes to rule out a close-in stellar companion. With a statistical analysis
of all 2000 Kepler A stars, I can rule out a high frequency of this kind of
planets. I find an upper limit of 0.75 % on the hot Jupiter frequency around
main-sequence A-type stars. This is less or equal the frequency of hot Jupiters

around solar-like stars.

The frequency of planets around M dwarfs is still an open question. In
this thesis I present my analysis of 125 stars of the CARMENES survey.
The survey is finished on those stars which allows us to make a first sta-
tistical analysis. To this end I compute observational detection limits for
each of the stars. From the detection limits I infer the occurrence rates with
two methods. With the first method I average the number of stars around
which a planet could be detected in several period-mass bins (“period-mass
bin method”). With the second method I estimate the number of planets
that could be missed due to observational biases based on the actual planet
detections (“missed planets method”). For hot Jupiters around M dwarfs I
can place an upper limit of 1.4 %. For small mass planets the two methods
give very different results. The results of the first method (66 % for periods
up to 100d) are consistent with G star frequencies of small mass planets.
The second method results in a much higher small planet frequency of 1.8

planets per star. Those higher occurrence rates are consistent with what we
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know from transiting surveys of planets around M dwarfs. 1 show that the
CARMENES survey in the future will be able to resolve this discrepancy

with 200 measurements per star of 10 randomly selected inactive targets.
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Chapter 1
Introduction

We still know relatively little about the planet occurrence around main-
sequence stars that are more and less massive than the Sun (hot and cool
stars). The mass of a star is its most fundamental parameter and influences
the formation and evolution of its planets. As of today!, the Extrasolar
Planets Encyclopedia on exoplanet.eu lists 4482 planets (Schneider et al.
2011). Only 33 of them orbit main-sequence stars with effective temperatures
between T,y = 7300 — 10000 K (A-type stars). Most of what we know
about planets around A-type stars, we know from planets around “retired
A stars” — A stars that have evolved to giant stars. But there are some
recent studies that question the planetary nature of these signals (e.g. -y
Draconis or Aldebaran Hatzes et al. 2018; Reichert et al. 2019). For the M
stars (Teg = 2300 — 4100 K) the sample is larger with around 300 detected
planets. The vast majority of planet detections is still around stars with
spectral types between F6 and KO. As a consequence most occurrence rate
studies were done on the so-called FGK stars. To fully understand planet
formation mechanisms it is necessary to extend this scale to lower (0.08 Mg, <
M, < 0.7Mg) and higher (1.5 Mg < M, < 2.5Mg) mass stars.

Nast update Aug. 6, 2020


exoplanet.eu

CHAPTER 1. INTRODUCTION 2

Planet formation theories can be tested in two different ways: with single
objects or statistically. A planet formation model needs to be capable of
reproducing all of the diverse exoplanets that are observed. If a theory fails
to predict a certain planet type, it needs to be revised.

The most prominent example is the first exoplanet 51 Pegb (Mayor &
Queloz 1995) — a close-in giant planet around a solar type star. Before
its discovery, it was believed that giant planets form n situ in a region
where the stellar irradiance is weak enough such that volatiles can condensate
— beyond a so-called “snow or ice line”. This region was expected to be
around 4 AU to 5 AU for stars of solar type and lower mass (Boss 1995). The
very close orbit of 51 Pegb therefore came as a surprise. The most adopted
explanation up to date is that it formed further out in the protoplanetary
disk and then migrated inwards — so called type II migration (Lin et al. 1996).
One challenge of this migration theory is that it requires a halting mechanism
such that planets are prevented from falling into their star (e.g. Plavchan &
Bilinski 2013). Another suggested scenario for the formation of 51 Peg is that
a two Jupiter system could become dynamically unstable — one planet would
be ejected and the other left in a close-in circular orbit (Rasio & Ford 1996).
Other models claim that in situ formation of 51 Peg is possible but unlikely
(Bodenheimer et al. 2000).

Patzold & Rauer (2002) claim that massive planets are engulfed by their
host stars through tidal interactions. This hypothesis is challenged by dis-
coveries of very close giant planets with periods of less than 1d. Nielsen
et al. (2020) discovered a 3.27Mj,, planet in a 0.98d orbit of a K4-dwarf
and Jackman et al. (2019) found a brown dwarf companion to an M-type
host star in an orbit as short as 0.675d.

Still up until now after several thousands of discovered exoplanets, new
benchmark objects are uncovered. One example is a giant planet published
by Morales et al. (2019), which orbits a very low mass star. This discovery
shows that not a single formation mechanism can explain all the planets
known up to date. The two major formation mechanisms, disk instability
(Boss 2006) and pebble (Lambrechts & Johansen 2012) or core accretion
(Pollack et al. 1996; Alibert et al. 2005), are possibly both needed to explain



the exoplanet diversity. Another very interesting planetary system, cannot
be formed in situ. The A type planet host star HR 8799 hosts four massive
exoplanets. They were detected with the direct imaging method and have
masses of M, = 7Mj,p, —9.2Mjy,, at orbital distances of 16.4 AU to 68 AU
(Marois et al. 2008; Marois et al. 2010). The innermost planet is too close-in
to be formed by disk instability at this location while the outermost planet
is too far out for in situ formation via core-accretion.

With the emergence of planet population synthesis, we are able to com-
pare observations and theory on a statistical level as well. Those large sets of
artificial planets, formed within the core accretion scenario, can be directly
compared to planet frequencies from observations (e.g. Emsenhuber et al.
2020a,b; Schlecker et al. 2020). Those planet population models are cur-
rently extended to low mass stars (Burn et al. 2020). Hence, planet statistics
for this kind of stars is important.

Planet formation depends crucially on the host star properties. Important
host star parameters that have to be considered are the host star metallicity
and the host star mass. The dependence of giant planet occurrence on the
metallicity of the host star is well established (e.g. Fischer & Valenti 2005).
This relation seems to hold for even smaller planets with Neptune or Super
Earth size around K stars in comparison to FG stars (Wang et al. 2018).

In this thesis I focus on the planet frequencies vs. stellar mass. A star’s
evolution depends heavily on its mass. It is thus obvious that the formation
and evolution of a planet also depends on the host star mass. Nevertheless,
a relation between host star mass and planet occurrence rate, is not as well
established as that between metallicity and giant planet occurrence. One way
how the host star mass influences planet formation is via the protoplanetary
disk. The host star mass affects the protoplanetary disks in several ways.
The mass of the disk is observed to be dependent on the mass of the host
star (Andrews et al. 2013). The disk lifetime of stars more massive than the
sun is around two times shorter than that of disks around solar-like or less
massive stars (Williams & Cieza 2011). The location of the “snow line” is
dependent on the luminosity of the star. Observations also indicate that there

is a cutoff location in the disk, inside which planet formation and migration
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become unlikely. This region is also stellar mass dependent (Mulders et al.
2015).

These effects influence planet formation mechanisms. A more massive
disk provides more material for planet formation such that we would expect
a higher frequency of gas giants. A shorter disk lifetime on the other hand
could mean that the disk is already depleted of material before the runaway
gas accretion — necessary to form a giant planet in the core accretion scenario
— or type II migration could be effective (Burkert & Ida 2007; Currie 2009).
The location of the “snow line” of hotter stars is further out, therefore planets
around this type of stars are expected to form in longer orbits. Taking these
effects into account, theories predict a lower frequency of close-in massive
planets around both A- and M-type stars than around G-type stars (e.g.
Ida & Lin 2005; Alibert et al. 2011). The giant planet occurrence for longer
periods on the other hand is expected to increase with stellar mass (Kennedy
& Kenyon 2008).

These theoretical predictions interplay with what is known from obser-
vations. For example: the core accretion theory predicted a low number of
planets with several Earth masses in closer orbits (e.g. Ida & Lin 2008) and
had to be revised after Howard et al. (2010) found several planets in ex-
actly this period-mass region. Gathering more information on the exoplanet
statistics thus brings us a step closer to fully understand planet formation
processes.

Planet frequency studies of A- and M-type stars are still rare. For A-type
stars they have to ultimately focus on giant planet occurrence rates as lower
mass or size planets are mostly not observable. In the following sections I
will first give an overview on what is known about the close-in giant planet
frequencies of solar-like stars followed by a comparison to A-type stars. In
this thesis I will test the hypothesis of a very high close-in giant planet planet
occurrence rate of 8.4 % suggested by Balona (2014). T will use radial velocity
data from the Tautenburg and Ondfejov high resolution spectrographs at the
2m telescopes and data from the Kepler space telescope. The entire analysis
is the content of chapter 2. The second goal of this thesis is to refine the

statistics we have about planets around M dwarfs. Later in this chapter I will
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show what is known about giant and small planets around G-type stars in
order to compare those values to the sparse results we have for main-sequence
M-type stars. Apart from an expected lower giant planet occurrence rate,
it is specifically interesting if the small planet occurrence is higher for stars
with lower mass. I will present what I learned from the Calar Alto high-
Resolution search for M dwarfs with Exo-earths with Near-infrared and
optical Echelle Spectrographs (CARMENES) in chapter 3. My conclusions

are placed in chapter 4.

1.1 Close-in giant planets around G-type stars

The first exoplanet discovered was a hot Jupiter, but further discoveries
showed that this kind of planet is in fact relatively rare. Hatzes & Rauer
(2015) define giant planets from the planet densities to have masses from
0.3-60 Jupiter masses (100-20000 Earth masses). The International Astro-
nomical Union (IAU) currently defines the limiting mass for thermonuclear
fusion of deuterium as a criterion for the upper mass limit of a planet (e.g.
Boss et al. 2007). Above this limit they are called “brown dwarfs”. This
limit corresponds to a mass of 13 Mj,, (e.g. Spiegel et al. 2011). Several
authors confirm that this mass limit does not correspond to a breakpoint in
the mass-density or mass-radius relation, e.g. Bashi et al. (2017) or Chen
et al. (2017). Therefore, I adopt the definition of Hatzes & Rauer (2015) as
my definition of giant planets.

One of the most cited studies of planet occurrence rates from radial veloc-
ity (RV) is that of Cumming et al. (2008), who analyzed data from the Keck
Planet Search with a total number of 475 stars that were observed for around
8 years. They did not find any close-in planets (P, < 10d) with masses
Mpisini > 2 My, for FGK stars although their sample is almost complete in
this regime. The fraction of planets with masses My sin¢ > 1 Mj,, they have
obtained, is only 0.4 % and that of planets with masses M sini > 0.3 My,
is 1.5 %.

Wright et al. (2012) have reanalyzed data of 836 stars from the Lick and
Keck Planet Searches. They reduced selection effects that were probably
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present in the Cumming et al. (2008) analysis. The hot Jupiter occurrence
rate they found is 1.2 % but they define hot Jupiters to have masses in the
range from 0.1 My, to 13 Mj,,. Although they did not publish a frequency
of planets more massive than 0.3 My, I can estimate it from their results.
Nine of their detected planets have masses higher than 0.3 My, and in the
total sample there are 10 planets. Accordingly, the frequency of planets more
massive than 0.3 My, in their sample should be roughly 1.1 %. Howard et al.
(2010) also used data from the Keck observatory and obtained a close-in giant

planet frequency of 1.6 %.

Another large RV-survey was a combination of the High Accuracy Radial
velocity Planet Searcher (HARPS) and CORALIE results by Mayor et al.
(2011). They used 822 non-active stars. Their survey indicates an increase of
giant planet occurrence towards longer periods and a low frequency for close-
in massive planets of 0.9 %. They included planets with M sini > 0.16 M jy,.
Had they included only those with masses > 0.3 My, their occurrence rate
would even be as low as 0.5 %. On the other hand, Wittenmyer et al. (2020)
recently published a giant planet occurrence rate from the radial velocity
Anglo Australian Planet Search (AAPS) around 203 stars of 1.575 . %.

One other way to find planets is through transit surveys. During a transit
the light from the star is partially blocked by the planet that is orbiting in line
of sight. If we compare RV and transit data we have to keep in mind that they
probe a different parameter space — transit surveys obtain an occurrence rate
based on the radius of the planet whereas radial velocities give the M sin¢ of
a planet. Several authors have tried to establish a relation between mass and
radius of planets. Bashi et al. (2017) find two different mass-radius relations
for large and small planets. A large planet, according to them, is a planet
with mass of My > 0.39 My, with a corresponding radius of R, > 12.1 Re.
Chen et al. (2017) find a similar inflection point for the mass-radius relation
at M, > 0.41 My, corresponding to roughly R, > 13Rg. Petigura et al.
(2017) argue that giant planets can have radii down to R, = 8 Rg. This is
true also for the studies mentioned above. The parameter space from transit
and RV survey will not fully overlap, no matter which radius definition is

used.
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Howard et al. (2012) have found a close-in giant planet occurrence rate
that is lower — only 0.4 % — than that obtained by RV studies. They have
studied G and K stars observed with the Kepler space telescope. They have
included all planets with radii from 8-24 Rg,. Fressin et al. (2013) cleaned the
sample from false positives and reached the same conclusion. Their definition
of a giant planet is for planets with radii as small as 6 Rs. Petigura et al.
(2018) have also reanalyzed the hot Jupiter frequency with the same limits
on the planet radius as Howard et al. (2012) but shifted slightly to hotter
stars and with a slightly larger range of log g of the host stars. They found
a hot Jupiter frequency of 0.57 %.

From the COnvection, ROtation et Transits planétaires (CoRoT) satellite
Deleuil et al. (2018) determined a hot Jupiter frequency of 0.98 4 0.26 % for
F5 to K5 stars. Their choice of host stars is comparable in terms of stellar
effective temperature to that of Howard et al. (2012). But on the other hand
they define all planets with radii larger than 5Rg as giant planets. This
is adding planets in the range R, = 5 — 8 Rg to the statistics which may
account for the larger occurrence rate compared to Kepler.

Zhou et al. (2019b) published the first statistical analysis of data ob-
tained with the Transiting Exoplanet Survey Satellite (TESS). Their hot
Jupiter definition is slightly different than that of Howard et al. (2012) with
planets having radii in the range 9-17 Rg, considered as a giants. They claim
that with 0.41 % their result is consistent with that of Howard et al. (2012).
Nevertheless they do not consider two of the main differences between their
study and the Kepler study. Howard et al. (2012) included only G and K
stars and planets with R, = 8 — 9Rg. The two studies should therefore be
compared only in their overlap region of G-type stars for which Zhou et al.
(2019b) report a giant planet occurrence of 0.7 + 0.3 %. This occurrence
rate increases if they include planets with radii of 8-9 Rgq as well. Using the
occurrence rates from Petigura et al. (2018) the results overlap within their
error bars.

Table 1.1 summarizes the results of those surveys. If the same mass/radius
limit is applied throughout the different surveys, the hot Jupiter frequency
around FGK stars is in between 0.4 % and 1.6 %.
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paper method mass/radius range frequency
Cumming et al. (2008) RV M, > 0.3Mj,, 15708 %
Howard et al. (2010) RV~ M, >031M,,, 1. 6+5§
Mayor et al. (2011) RV M, > 0.3Mjy, 0.5704 %
Wright et al. (2012) RV My > 0.3Myy, 1. 1+06 %.
Howard et al. (2012) transit Ry > 8Rg 0.4J_r8_% %
Fressin et al. (2013) transit Ry > 6Rg 0.4370:02 %
Petigura et al. (2018) transit Ry > 8Rg 0.571015 %
Deleuil et al. (2018) transit Ry > 5Rg 0.981028 %
Zhou et al. (2019a) transit Ry > 9Rg 0.7703 %

Wittenmyer et al. (2020) RV M, > 0.3 My 1.5 %.

Table 1.1: Close-in giant planet occurrence rate around main-sequence G-
type stars

1.2 Close-in giant planets around A stars

Up to now there are still very few detected planets around A stars. This
could be due to observational biases or due to a hampered planet formation
around this type of stars.

According to the Extrasolar Planets Encyclopedia? on exoplanet.eu,
only 33 planets are observed around stars with temperatures of 7300-10 100 K.
None of these discoveries are due to radial velocity surveys, 18 are identified
by transiting surveys and 15 by direct imaging. Although radial velocity
surveys did not find planets around A stars, RVs are important to confirm
the planetary nature of transit signals and ideally also to find the mass of the
planet. In table 1.2 I list all known close-in (P, < 10d) A star planets with
some of their properties. Despite the small sample size it is still possible to

obtain upper limits on the A star planet population of close-in planets.

2last update Aug. 6, 2020
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planet name star period  mass
SpT (d) (MJup)
WASP 33b (Collier Cameron et al. 2010) A5 1.22 2.81
KELT-9b (Gaudi et al. 2017) A0 1.48 2.9
Kepler 13Ab (Borucki et al. 2011) 1.76 8.0
HATS-70b (Zhou et al. 2019a) 1.89 12,9
MASCARA-1b (Talens et al. 2017) A8 2.15 3.7
HAT-P-57b (Hartman et al. 2015) A8V 2.47 1.8
WASP-189b (Anderson et al. 2018)° A6IV-V  2.72 2.1
HAT-P-70b (Zhou et al. 2019b) 2.74 6.8
MASCARA-4b (Dorval et al. 2020) A3V 2.82 3.1
KELT-17b (Zhou et al. 2016) A 3.08 1.3

WASP-178b (Hellier et al. 2019) or
KELT-26 b (Rodriguez Martinez et al. 2019)°
KELT-20b (Lund et al. 2017) or
MASCARA-2b (Talens et al. 2018)

A1V 3.34 1.4*

A2V 3.47 3.5

KELT-21b (Johnson et al. 2018) A8V 3.61 3.9
TOI-503 b (Subjak et al. 2020) A 3.67  53.6
KELT-25b (Rodriguez Martinez et al. 2019)° A 4.40 21
KELT-19Ab (Siverd et al. 2018) A8V 4.61 4.14
HAT-P-69b (Zhou et al. 2019b) 4.79 3.6

Table 1.2: Known close-in planets around A-type stars
! Lehmann et al. (2015) ? Borsa et al. (2019) ® Shporer et al. (2011)
4 upper limit
® not yet peer reviewed
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1.2.1 RV-surveys

RV-surveys are not particularly suitable for the detection of planets around
main-sequence A stars. Those stars have very few lines and they are rapid
rotators. Rapid rotation leads to broadened and shallow spectral lines. Find-
ing the center of the line, which is used for RV determination, thus is more
difficult. I will discuss the challenges of A star radial-velocities in detail in

section 2.2.2.

One option to bypass those difficulties is to look at A stars that have
evolved from the main-sequence. Giant stars are cooler and rotate more
slowly. Therefore, they have more spectral lines which are less broadened.
This makes them good targets for precise radial velocities. Reffert et al.
(2015) observed around 380 massive evolved stars with masses of 1 M to
more than 3 Mg. They even observed 113 stars that are more massive than
2.5My. Their findings suggest that there is an increase of giant planet oc-
currence rate from stars with M, = 1 Mg (=~ 2%) to stars with M, = 2Mg
(=~ 5%) in periods up to 840d. Going to higher masses there is again a de-
crease in planet frequency. A-type stars typically have masses from 1.5 M
for WASP-33 (Collier Cameron et al. 2010), 2 M, for Kepler-13 A (Shporer
et al. 2011; Szab6 et al. 2011) up to 2.5 M, for KELT-9 (Gaudi et al. 2017).
This would translate to a giant planet occurrence rate of around 15% for
retired A stars from Reffert et al. (2015). Nevertheless, they did not observe
a single hot Jupiter. As their sample should be complete for close-in giant
planets, this is evidence of a very low hot Jupiter rate of less than 0.3 %
around evolved A stars. Johnson et al. (2007) have already concluded that
planets around intermediate mass stars typically have orbital periods that
translate to semimajor axes larger than 0.8 AU (as compared to 0.1 AU for

the very close-in planets).

One explanation for the absence of close-in massive planets around evolved
stars could be that host stars engulf their planets as they develop from the
main-sequence. This hypothesis is supported by Villaver & Livio (2009) and
Villaver et al. (2014) who determined a higher probability of giant planets to
be engulfed by their host star. Stephan et al. (2018) predict that only 30 %
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of hot Jupiters in binary systems would survive to the white dwarf phase of
their host stars. The other explanation is that migration after gas depletion
of the protoplanetary disk is less effective around higher mass stars such that
the giant planets stay in larger orbits.

Furthermore, some of these discoveries of planets around “retired A stars”
have recently been questioned. Hatzes et al. (2018) suggest that oscillatory
convective modes could mimic a planetary signal in the RV data of the star
~ Draconis. The signal, that seemed to be of planetary nature first, later
disappeared but re-appeard with a phase shift. Similar observations were
made for Aldebaran (Reichert et al. 2019). Therefore an independent planet
frequency analysis of main-sequence A-type stars is useful to constrain planet
migration scenarios.

A first such study was done with the HARPS spectrograph (Pepe et al.
2002). It included 108 main-sequence stars from B9V to F9V (Borgniet et al.
2017). The sample was divided into more massive (M, > 1.5My) and less
massive stars. The challenge of A star RV measurements becomes clear by the
fact that even close-in planets which are Saturn like (M = 0.3 Mjup—1 Myyp)
have zero detection probability within this survey. For the close-in Jupiter
like planets (M = 1 Myyp — 13 Mjy,) the sample completeness rises to 75 %.
With this first study they can constrain the close-in massive planet frequency
to less than 10.5 %.

A second attempt to find the true planet occurrence rate was made with
the Spectrographe pour ’Observation des Phénomenes des Intérieurs stel-
laires et des Exoplanetes (SOPHIE) (Bouchy & Sophie Team 2006). The
survey covered 125 main-sequence stars with spectral types from A0V to
F9V (Borgniet et al. 2019). Both surveys combined give an upper limit
on the A star close-in planet occurrence rate of 4.5%. A comparison to the

close-in giant planet occurrence in solar type stars needs tighter upper limits.

1.2.2 Transit-surveys

Transit surveys are much better suited for the challenge of detecting hot

Jupiters around A-type stars. The geometric transit probability is Piansit =
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B: (R, is the stellar radius and a the distance from the host star). Thus,
transits are more likely to occur around stars with larger radii and close-
in planets are more likely to transit than those with longer periods. On
the other hand, the transit depth is determined by the planet-to-star radius
ratio. This ratio is smaller around A-type stars which makes the detection

of planets more difficult.

Several ground-based and space telescopes are capable of detecting hot
Jupiters around A-type stars. The 18 planets known so far were detected
with Kepler (Borucki et al. 2010), the Kilodegree Extremely Little Tele-
scope (KELT) (Pepper et al. 2007, 2012), the Multi-site All-Sky CAmeRA
(MASCARA) (Talens et al. 2017), the Hungarian-made Auto-mated Tele-
scope Network (HATN) and HATS (Bakos et al. 2004, 2013) and the Super
Wide Angle Search for Planets (WASP) (Pollacco et al. 2006). There is even
a first discovery from the TESS mission — a brown dwarf orbiting an A star
(Subjak et al. 2020).

Of those 18 detections, 17 are close-in or very close-in massive planets.
This means that in contrast to what is observed in radial velocity surveys
around evolved stars — close-in massive planets do exist around A-type stars.
Several of those planets have been confirmed with radial velocity measure-
ments but hundreds of RV-measurements were needed to obtain a mass of
those planets, e.g. for WASP-33 (Lehmann et al. 2015). In addition to that,
all of these transiting surveys can monitor a large number of stars at the
same time. Thus, although the planet fraction is very low they are capable
of finding some candidates. Even if the mass cannot be confirmed with RV
measurements a transiting planet can count as a discovery after all other
options (e.g. eclipsing background binary) are ruled out. Zhou et al. (2019b)
presented a first statistical analysis of the TESS survey. With 0.25 +0.11 %
their derived close-in giant planet frequency is smaller around A-type stars
than around G-type stars (0.71 & 0.31%). I present an upper limit of the
Kepler A-type stars hot Jupiter frequency in this thesis and in Sabotta et al.
(2019).
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1.2.3 Light curve variation of non-transiting planets

Loeb & Gaudi (2003) suggested that planets could be detected in light curves
obtained by space telescopes even if they are non-transiting. Those light
curve variations have three different origins:
1. the changing illumination of the planet with respect to the observer
(reflection effect),
2. the brightness variations due to the planet’s gravitational impact on
the star (ellipsoidal variation) and
3. the changing number of photons that arrive on the detector due to the
motion of the star towards the observer and away from the observer
(Doppler beaming/boosting).
Mazeh & Faigler (2010) and Faigler & Mazeh (2011) modeled these effects

with simple equations:

AFen(1) 27 .
Sl AL lia 1.1
7 q COS (Ppl > (1.1)
AF1<ellip<£) 21 .
niplt) 4 1.2
7 ellip COS P, /2t and (1.2)
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Slbeanl®) _ g gin [ 254 1.3
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Here t = t — t1,ans 1S the time difference with respect to the transit time, F
is the averaged flux and Ayeq, Aenip and Apeam are the respective amplitudes.
The shape of the expected signal in the light curve is shown in figure 1.1.

Several non-transiting planet candidates were already identified using the
light curve modulation due to the three effects. E.g. Millholland & Laughlin
(2017) identified sixty hot Jupiter candidates in Kepler FGK stars and Wong
et al. (2020) presented the phase curve variations of three known planets
observed with TESS. The method was recently extended to model eccentric
orbits as well (Engel et al. 2020) and was proved capable of detecting non-
eclipsing eccentric binary stars.

Due to the characteristic shape of the light curve modulations, it could be

possible to identify these effects in Generalized Lomb-Scargle Periodograms
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Figure 1.1: Model of ellipsoidal-, beaming- and reflection effect. Dashed
lines: single effect, dotted line: combined effects

(GLS-periodograms) (Zechmeister & Kiirster 2009). Balona (2013) and Balona
(2014) studied the GLS-periodograms of Kepler A-type stars. Balona (2014)
identified 166 light curves that show an interesting feature in their peri-
odogram. Part of this feature could be interpreted as the signal of a non-
transiting hot Jupiter. As other methods did not identify a large fraction of
hot Jupiters around this stellar type (see sections above) these planet candi-
dates need follow-up observations. 166 additional planets would significantly
increase the A-star planet sample (see figure 1.2). The resulting hot Jupiter
frequency would become 8.4%. Such a large population of inner planets
would challenge planet formation theories. The first time this hypothesis
was tested was in Sabotta et al. (2019) and the analysis and conclusions are

presented in this thesis.
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Figure 1.2: Known planets around A stars and suggested planet candidates.
Black triangles: detected and confirmed close-in planets of A-type stars from

exoplanet.eu. Gray circles: additional possible planets according to Balona
(2014).

1.3 Small worlds around G-type stars

Small and low mass planets can have various densities, e.g. a system charac-
terized by Guenther et al. (2017) hosts two low mass planets with densities
of 13.1gem™3 and 2gem™3. Yet, several authors tried to establish a mass-
radius relation for small exoplanets, e.g. Wolfgang et al. (2016), Chen et al.
(2017), Ning et al. (2018) which could be used to compare transit and radial
velocity surveys. Statistically, the planet radius range of 0.8 Ry to 4Ry is
equivalent with the mass range of 1 Mg to 10 Mg,.

The Kepler space mission observed more than 58 000 G- and K-type stars
(Howard et al. 2012). For small planets with radii of 2Rg to 4 Rg Howard
et al. (2012) obtained a planet frequency of 2.5% for small planets with
periods P, < 10d and 13 % for periods P, < 50d.


exoplanet.eu
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The radial velocity results can be better compared to Fressin et al. (2013),
who extended the analysis to the radius range from 0.8Rg to 4Rg. For
periods of 0.8d to 10d the occurrence rate is 13.4% and for periods up
to 84d it is as high as 64.9%. Burke et al. (2015) claimed a small planet
frequency of 77 % but they looked at longer periods of 50d to 300d.

Large radial velocity surveys measured the small mass planet occurrence
rate as well. Howard et al. (2010) published data of 166 G-type stars from
the instrument High Resolution Echelle Spectrometer (HIRES) at the Keck
observatory. They determined a low mass (3 Mg to 10 M) planet occurrence
rate of 11.8% for periods up to 50d. They did not use a classical injection-
and-retrieval experiment (see section 3.2) to obtain their detection limits.
For this reason their occurrence rates could be underestimated in the regions
with low completeness (Sabotta et al. 2020, in prep.). Also they did not have
the sensitivity to detect Earth mass planets. In combination those two effects
could be the reason for their relatively low small mass planet frequency.

Mayor et al. (2011) evaluated the data from the HARPS and CORALIE
survey with 822 non-active G-type stars in the same mass-period bins as
Howard et al. (2010). They retrieved a frequency of 17 % in the same period-
mass bin of 3Mg to 10 Mg and a frequency of 41 % in the bin of 1 Mg to
10Mg. Those results are in agreement with those obtained with Kepler

considering the fact that their period bin is larger.

1.4 M stars — giant and low mass planets

1.4.1 RV-surveys

M dwarfs are in principle ideal targets for searching for low mass planets
with the radial velocity method. Due to the low mass of the host stars, the
radial velocity amplitude of a planet with given mass and period increases
in comparison to that of a G dwarf host star. On the other hand, M dwarfs
are relatively faint and their cooler effective temperature shifts the peak
emission to redder wavelengths. Detectors and spectrographs in the past

were designed for the detection of planets around solar-like stars. In recent
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years, the interest increased in refining the planet population around the
smaller M dwarfs. Newer spectrographs are designed to target this type of
stars, with increased sensitivity of detector and spectrograph towards redder
wavelengths, e.g. CARMENES (Quirrenbach et al. 2014), SPIRou (Donati
et al. 2018), the Infrared Doppler (IRD) instrument (Kotani et al. 2018),
The Habitable-zone Planet Finder (HPF) (Mahadevan et al. 2014), the Near
Infra-Red Planet Searcher (NIRPS) (Wildi et al. 2017) and the CRyogenic
high-resolution InfraRed Echelle Spectrograph (CRIRES)(Kaeufl et al. 2004).

The first statistical study of M dwarf occurrence rates was done by Endl
et al. (2006). Until then only very few M dwarf planets were known. For this
reason, they focused on close-in Jupiter like planets for which they deter-
mined an upper limit of 1.3 % from their 90 stars sample. The Keck Planet
Search studied 110 M dwarfs but they found only two M dwarf planets in
their sample (Cumming et al. 2008). They were unable to constrain the over-
all occurrence rates but they predicted a 3-10 times lower occurrence rate
of gas giants for periods of 2000d or shorter than for FGK stars (1-3 %).
A search for companions around only 40 M dwarfs with Ultraviolet and Vi-
sual Echelle Spectrograph (UVES) at one of the Very Large Telescope (VLT)
telescopes yielded similar results (Zechmeister et al. 2009).

Whereas those early studies had to rely on a very small planet sample,
Bonfils et al. (2013) based their statistical analysis on 14 planets and 96 stars
observed with HARPS. They also did not find a single close-in Jupiter-like
planet but with their sample size they could only constrain the hot Jupiter
frequency to be lower than 1%. This low number could still be consistent
with the lower end of the G-type star hot Jupiter rate. For super Earths
with masses smaller than 10 Mg in orbits up to 100d they found an overall
occurrence rate of almost 90 %, but their completeness in this regime is quite
low. This high number is consistent with the G-type small planet occurrence
rate which is determined in narrower period ranges of up to 84 d. For short
periods up to 10d Bonfils et al. (2013) obtain a small planet rate of 36 %,
which is higher than that of 13.4 % found for G-type stars.

The largest and most extensive radial velocity survey of M dwarfs up
to date is conducted by the CARMENES consortium (Quirrenbach et al.
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2014). They observe over 300 stars and more than 28 planets were already
published. A first analysis of a 125 star subsample is provided in this thesis
and in Sabotta et al. (2020, in prep.).

1.4.2 Transit-surveys

The meager statistical data from RV-surveys evidently requires transit data
for comparison. Transit surveys have the similar challenge of M dwarfs being
comparatively cool and faint targets. On the other hand: the planet-to-star
radius ratio of Earth-like planets is bigger than that of small planets orbiting
solar like stars.

One of the most striking results of Howard et al. (2012) was that Kepler
predicts an overabundance of small planets around cool stars. The frequency
of those planets rises steadily the lower the effective temperature of the star.
Mann et al. (2012) removed giant stars from the Kepler cool dwarf sample
and obtained an even higher planet occurrence rate in the range 2Rg to
32Rg than Howard et al. (2012). The results of Howard et al. (2012) were
questioned by Fressin et al. (2013) who cleaned the sample from false posi-
tives. After this procedure they no longer found a correlation of small planet
frequency with stellar effective temperature.

Since then many more analyses of Kepler M dwarfs were published which
utilized improved stellar or planetary parameters or a refined algorithm to
determine detection probabilities. Dressing & Charbonneau (2013) evaluated
the light curves of 3897 dwarfs hosting 95 planet candidates in 64 planetary
systems. Their small planet (1Rg to 4 Rg) frequency for periods less than
50d is 0.9 planets per star. Gaidos et al. (2016) looked at 4216 Kepler
M dwarfs. They revised the stellar parameters of Dressing & Charbonneau
(2013) and typically retrieved larger radii and higher temperatures. From the
new stellar sample, they concluded that a typical M dwarf hosts 2.2 planets
with radii of 1Rg to 4 Rg with orbital periods from 1.5d to 180d. Mulders
et al. (2015) derived a small planet (1 Rg to 4 Rg) occurrence rate around
M dwarfs in orbits up to 50d to be twice that of G-type stars. They also

found out that planets with orbital periods of 10d or less are less frequent
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than planets with longer periods. Hardegree-Ullman et al. (2019) calculated
a planet frequency as a function of stellar type from M3 to M5. Their size
limits are 0.5 Rg to 2.5 Rg. In this regime they determine an overall planet
frequency of 1.2 planets per star and a steep increase from earlier to later
type stars: 0.86 planets/star for M3 dwarfs to a ratio of 3.1 for M5 dwarfs.
Their orbital constraint is 0.5d to 10d. A joint analysis of Kepler data
release 25, Gaia data release 2 and data from 2MASS by Hsu et al. (2020),
also confirmed that small planets (R, = 0.5 Rg —4 Rg) around M dwarfs are
very common. The authors conclude that their results are consistent with
every early M dwarf being a planet host.

All in all, the newer Kepler analyses give evidence to a very high small
planet occurrence rate of at least 0.9 planets per M dwarf. A comparison of
those results with radial velocity surveys will remain a challenge. A 0.5Rg
planet of an M dwarf is still hardly detectable by state-of-the art instruments.
Kanodia et al. (2019) investigated the mass-radius-relation of 24 fully char-
acterized M dwarf exoplanets. According to their findings a 0.5 Rg planet
only has a mass of 0.1 Mg whereas the 1Ry to 4 R4 bin is consistent with
the 1 Mg to 10 Mg bin of Bonfils et al. (2013) and Sabotta et al. (2020, in
prep.). Following the results derived from data of the Kepler satellite, a
low frequency of low mass planets around M dwarfs in the parameter space
reachable by CARMENES and other instruments would be inconsistent with
what we know from the Kepler transit search.

On the other side of the planet mass range there are the giant planets.
Close-in giant planets are very rare around M dwarfs. Up to now not a single
one has been detected by radial velocity surveys. Still those planets do exist.
Bayliss et al. (2018) discovered a hot Jupiter with a mass of 0.8 M, around
an early M-dwarf with M, = 0.6 My with the Next-Generation Transit Sur-
vey (NGTS) in a 2.6d orbit. With their sample of 20000 early M dwarfs
the NGTS team will be able in the future to set tight upper limits on the
frequency of hot Jupiters.



Chapter 2

A stars

Balona (2014) published a list of 166 Kepler stars that could potentially be
planet hosts. My study on the A star planet frequency focuses on this data
set. It is a subset out of around 2000 A stars observed by the Kepler space
mission. In the following I will refer to them as “Balona stars”. If those
“possible planets” exist, the planet frequency of close-in planets would be
around 8.4 %. This is a much higher frequency than that of close-in giant
planets around G-type stars (0.4 %-1.5%).

All of those 166 stars show a peculiar feature in the periodogram of their
light curves (see figure 2.1). Some of the stars in the sample are ¢ Scuti stars
that pulsate. Those pulsations are typically within a few hours and therefore
they cannot explain the features Balona (2014) found at periods of the order

of a few days.

In each of those periodograms there is a broader feature (highlighted in
blue in figure 2.1) which could be due to the brightness variation of spots on
a differentially rotating star. The discovery of possible magnetic structures
on A-type stars is relatively new and made possible by the Kepler satellite.
A stars are believed to not have a convective zone that could lead to activ-
ity signatures similar to those on the Sun. Balona (2013) published a list
of Kepler A stars that could be rotationally variable based on their peri-
odograms. The amplitudes of those light curve variations are typically only

several hundred parts per million. In the meantime Sikora et al. (2020) have

20
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Figure 2.1: Peculiar feature observed by Balona (2014) in 166 Kepler light
curve periodograms; blue: broad feature, maybe spots and differential rota-
tion; green: sharp feature, maybe planet

obtained spectra of several of those stars and confirm that the variability is
liked to the rotation period of more than 10 % of those stars. Bohm et al.
(2015) discovered rotational modulation of the A0 standard star Vega. Even
if there is evidence for spot like structures on A stars those studies did not
test if A stars are rotating differentially. Nevertheless, within this thesis I
will focus on the sample of possible planets as its aim is to study the planet
frequencies around stars more massive than the Sun.

Very close to this broader feature there is a sharp feature (highlighted
in green in figure 2.1). According to Balona (2014) that could be due to
the reflection-, beaming and ellipsoidal effects caused by a potential Jupiter
mass or brown dwarf companion (see section 1.2.3). Such high mass planets
in short period orbits should be detectable with RV measurements although
A stars are not very suitable for RV determination.

A high hot Jupiter frequency of 8.4% around A stars would challenge
planet formation theories and contradict results from transiting surveys. The
first time this planet-hypothesis was tested was in Sabotta et al. (2019). In
the following sections I describe in detail the methods and results presented

in this paper.

2.1 Data

One way to test the planet-hypothesis is to search for radial-velocity vari-

ations. The planet candidates are of Jupiter size and mass (otherwise the
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Table 2.1: Properties of the six Kepler stars observed with OES and TCES
(Sabotta et al. 2019)

! Taken from Gaia DR2 (Gaia Collaboration et al. 2016, 2018)

2 Taken from Frasca et al. (2016)

3 Taken from Hog et al. (2000)

amplitudes of the ellipsoidal, beaming and reflection effect would be too
low). Therefore they are good candidates for observations with a 2m class
telescope. Nevertheless it is not possible to observe all 166 “Balona stars” as
they are relatively faint. If the hypothesis is true all of them have radial ve-
locity variations due to a planetary companion. Therefore, I randomly chose
a subset of six stars for follow-up observations. Their spectral type (SpT)
ranges from A0 to A9 and they have magnitudes ranging from 9.9 —12.0 mag.
All of them are located in the Kepler field in the Cygnus and Lyra con-
stellations. They are visible from central Europe from May to September.

Table 2.1 shows an overview of their characteristics.

In addition to that, we observed MASCARA 1 (Talens et al. 2017) as a
reference. It is the host of a well known massive and short period planet. I
use it as a test if I can detect a planet around an A8 star with radial velocity

data from the telescopes in Tautenburg and Ondfejov. With the spectra



23 2.1. DATA

of MASCARA 1, T also test how many spectra are needed to obtain the
mass of such a planet candidate. The RV-amplitude of this star is 400 ms~*
corresponding to a mass of the planet of 2.7 Mj,,. The orbital period of the

planet MASCARA 1b is 2.15d.

2.1.1 Kepler space mission

The Kepler satellite observed around 156 000 stars during the main mission
from 2009 to 2013. Its main goal was to find the frequency of Earth like
planets around solar type stars (Borucki et al. 2010). As Kepler focused
on detecting planets in the habitable zone, they rejected stars earlier than
F5 (Borucki 2020). For this reason the satellite observed only around 2000
A-type stars.

Most of the A stars were observed in long-cadence mode. The data was
read out every 30 minutes for four years. It is divided in 90-days sections as
the spacecraft was rotated every 90 days. The resolution of the observations
is 4 arc seconds/pixel.

All Kepler data is publicly available from the Mikulski Archive for Space
Telescopes at https://archive.stsci.edu/ (MAST).

2.1.2 TCES - Tautenburg Coudé Echelle Spectrograph

The Alfred-Jensch telescope is located in Tautenburg near the city of Jena,
Germany. It has a 2m primary mirror and an échelle spectrograph called the
Tautenburg Coudé Echelle Specrograph (TCES). The maximum resolving
power of the TCES is A/AX = 67000. For this study, I use a wider slit
(1 mm slit corresponding to 2”7 on the sky) to obtain a higher signal-to-noise
ratio (S/N) in shorter time, such that the spectral resolution is only A\/AX =
35000. The TCES is equipped with three different cross-dispersing grisms.
For this study I use the grism that covers the visual wavelength range from
4700 A to 7400 A.

We took 164 spectra of the six “Balona stars” and 113 spectra of MAS-
CARA 1. The typical S/N of the spectra near the H-alpha region around
6562.8 A ranges from 25 — 120 (see table 2.2).


https://archive.stsci.edu/
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star S/N star S/N
KIC3766112 25 - 45 KICT7777435 30 — 60
KIC4944828 40 — 80  KIC9222948 40 — 75
KIC7352016 30 —35 KIC9453452 30 - 60
MASCARA-1 80 — 120

Table 2.2: Typical S/N for Kepler A star observations from Tautenburg
(Sabotta et al. 2019)

2.1.3 OES - Ondrejov Echelle Spectrograph

Observing with telescopes at different sites increases the chance of having
good observing conditions for at least one of them. Therefore, we observed
the six “Balona stars” with a second similar 2m telescope. The Perek tele-
scope is located in Ondrejov which is about 40 km south east of Prague in
Czech Republic. Observations were conducted with the Ondiejov Echelle
Specrograph (OES). It has a resolving power A/AX = 44000 for a slit width
of 0.6mm (2” on sky). The OES covers a wavelength range of 3870 A to
7090 A with several gaps between the orders at redder wavelengths. We
describe the instrument in detail in Kabéth et al. (2019).

For this study, a total of 65 spectra of the six “Balona stars” and 38
spectra of MASCARA 1 were taken with the OES. Due to the low S/N of the
spectra I co-added several spectra that were taken during the same night. We
obtain only relative and not absolute radial velocities. Therefore, if I want to
combine RV-values of both instruments, I need to have enough data points
from each of them to get a zero point of each data set. Six of the combined
spectra were discarded because the observed stars had too few measurements
to obtain this offset between the two instruments. Correspondingly, 9 spectra
of MASCARA 1 and a total of 18 spectra of three of the “Balona stars” were
used in the final analysis. The spectra were reduced by the Ondiejov team.
They used the usual data reduction steps (see section 2.2). The typical S/N
near the H-alpha region of the spectra ranges from 15 — 30 (see table 2.3).
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star S/N star S/N
KIC4944828 20 - 30 KIC9222948 20 - 40
KIC9453452 15 MASCARA-1 35

Table 2.3: Typical S/N for Kepler A star observations from Ondfejov
(Sabotta et al. 2019)

2.2 Method

2.2.1 The Tautenburg Spectroscopy Pipeline

To achieve homogeneous reduction results it is useful to perform the data
reduction steps with an automated pipeline. I wrote the Tautenburg Spec-
troscopy Pipeline (7-spline) and included a graphical user interface for ease
of use.

The pipeline performs the usual data reduction steps: bias-subtraction,
flat-fielding, removal of cosmic rays, scattered light subtraction, extraction,
wavelength calibration and normalization. It makes use of standard IRAF!
and PyRaf routines? and the cosmic ray code by Malte Tewes based on the method
by Van Dokkum (2001). The pipeline is designed for the Tautenburg Coudé Echelle
spectrograph. It is publicly available in my github repository: https://github.
com/ssabotta/tau-spline.

In order to test if the pipeline is capable of producing well calibrated spectra for
the RV-determination, I have reduced spectra of 51 Peg that were obtained during
the 3rd Tautenburg observing school. The program RADIAL extracted the RVs
using iodine absorption lines as a reference. This program follows the methods
described in Valenti et al. (1995) and Butler et al. (1996) and was successfully
used e.g. in Cochran & Hatzes (1994) and Cochran et al. (1997). 51 Pegb has a
period of P = 4.23d and the RV-semiamplitude is K = (56 + 1) ms~! (e.g. Marcy
et al. 1997). We have obtained 32 RV-values and I can confirm those literature
values. For comparison: Marcy et al. (1997) used a total of 110 spectra. My orbital

solution has a relative error of around 2 % for the period and 15 % for the semi-

TRAF is distributed by the National Optical Astronomy Observatories, which are oper-
ated by the Association of Universities for Research in Astronomy, Inc., under cooperative
agreement with the National Science Foundation.

2PyRaf is a product of the Space Telescope Science Institute, which is operated by
AURA for NASA


https://github.com/ssabotta/tau-spline
https://github.com/ssabotta/tau-spline
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Figure 2.2: RV-curve of 51 Pegb (data from the TLS observing school).
Crosses: individual RVs; big dots: binned RVs

amplitude (see figure 2.2). This proves that the pipeline is capable of producing

well calibrated spectra for the RV-determination.

2.2.2 Radial velocities of A stars

Expected RV errors

Obtaining RVs of A stars is a challenging endeavor. The RV-precision depends
heavily on the number of lines that can be used for determining the Doppler shift
in our spectra. Also blended spectral lines or a low signal to noise that hides
several lines can decrease the precision of the measurements. A high resolution of
the spectrograph increases the precision of the RVs as it improves the sampling of
the spectral lines. A high resolution spectrum requires more space on the Charge-
coupled device (CCD) than a spectrum with a lower resolution. Therefore on a
CCD with a given size there is an optimum of resolution and bandwidth that gives
the best RV precision. With the error functions published in Hatzes (2016) and
Hatzes (2019) I can get an estimate of the RV-error of the TCES A star spectra:

[

— 7 =C(S/N)" R B7 2 (usini/2) f(SpT). (2.1)

In this function there are the instrument dependent factors C' — instrument
specific coefficient, R~3/2 — resolution of the spectrograph, B—/2 — bandwidth of
the spectrograph in Angstroms and the observation dependent factor (S/N)~! —
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Figure 2.3: Comparison of A star and G star spectra: G-type star in blue,
A-type star in orange

signal to noise ratio — and the star dependent factors v sini/2 — rotational velocity

and f(SpT) — spectral type factor.

The SpT dependent factor f(SpT) takes into account that A-type stars have
fewer spectral lines than G-type stars. The rotational velocity is included in the
function because of rotational broadening. Figure 2.3 shows examples of A and G
star spectra. The line number and line width for A-type stars are very different

from those of G-type stars.

For a quantitative estimate I take the RV-errors of the 51 Peg example. These
are calculated by RADIAL with the standard deviation of the RVs in the different
chunks: o051 peg = 9ms~!. I use the same spectrograph and telescope for the A

star measurements. Therefore, equation 2.1 becomes:

g _ (S/N)E)l Peg (U sin i)A star f(SpT)A star Os1p (2 2)
ms~!  (S/N)A star (VSini)51peg f(SPT)s51 peg -

e The typical signal to noise of the 51 Peg spectra is 100 and that of our A

star measurements is around 50.

e The (vsini)a star of a typical A-type star is ~ 80 kms™! (Hatzes 2019).

e The Rotational Period of 51 Peg is 22d (Simpson et al. 2010) and its radius
is R, = 1.2Ry (Fuhrmann et al. 1997). Therefore, the (vsini)sipeg ~
2.8kms L.
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o [ calculate f(SpT) with the formula from (Hatzes 2019):
Te
F(SPT) = F(Tug) = 0.16¢-7(555) (2.3)

e The effective temperature of 51 Peg is 5793 K (Fuhrmann et al. 1997) such
that f(SpT)s1 peg =~ 1.3.

e The typical A star effective temperature is 8000 K such that
F(SpT)A star =~ 2.8.

Accordingly, the expected RV-error of the A star spectra is:

=2.285-22-9ms ' ~ 1100ms™* (2.4)

ms—1
The cross-correlation method

The RVs are obtained with the cross-correlation method. I do not use the iodine
cells in Tautenburg and Ondfejov as a reference, because the RV precision is not
limited by the instrumental drift but by the low number of spectral lines of the
stars and rotational broadening. The S/N is another limiting factor and the iodine
cell takes away flux from the specta.

As a template for the cross-correlation I use the stellar spectra themselves.
Following the example set by Anglada-Escudé & Butler (2012), the template-
construction is an iterative process. First I determine the RV-shift of each spectrum
based on the highest S/N spectrum as a template. As a next step I shift all
spectra with this RV-shift such that all lines overlap. The final template is then a
combination of all those shifted spectra. It has a much higher signal to noise than
the single stellar spectra.

The cross-correlation function can be influenced by the telluric lines, which in
A stars are much narrower than the stellar lines. I therefore avoided those échelle
orders that are contaminated by telluric lines. Additionally, I excluded orders with
no visible lines in the template spectrum. From the useful orders I took only the
middle part with the highest S/N.

The telluric method

The instrumental drift of the TCES within one night is roughly 200 ms~! as mea-

sured using a time series of white light (flat-field) observations taken through the
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Figure 2.4: Telluric template with telluric lines from O5 and H2O. Blue: Oy
and H,O, orange: only O,

iodine cell (Hatzes 2019). I reduced the errors due to the instrumental drifts by
correcting my RVs with the telluric shift as originally suggested by Griffin (1973).
The telluric lines (mainly O2 and H2O) in our spectra are fixed to certain wave-
lengths. Therefore, I can measure the wavelength shift of the telluric lines and
trace down the instrumental instabilities. I extracted the telluric lines with the
ESO Program MOLECFIT (Smette et al. 2015; Kausch et al. 2015) and used cross-
correlation to obtain the corresponding RV-shifts. Figure 2.4 shows the telluric
O2 and HsO lines in Tautenburg. Figueira et al. (2010) determined a RV stability
of 10ms™! of the Oy lines. Lehmann et al. (2013) claim that with the TCES we
can typically reach an accuracy of 50 ms~! with this method. In Figueira et al.
(2010) they did not analyze the HoO lines. I took only the Og lines of the telluric
reference for the determination of the instrumental drifts. The line depth of the
H5O lines is highly variable in comparison to the O lines because of the changing
water content in the atmosphere at both telescope sites. The Os lines from 6275
- 6325 A served as reference for the spectra of the OES and the lines from 6865 -
6945 A served as reference for the spectra of the TCES.

2.2.3 Transit search and modeling

The geometrical transit probability is Piansit = % (where a is the distance of the
planet to its host star). From Balona (2014) we know that the planet candidates

on average have a semi-major axis of a ~ 0.02 AU. The average stellar radius
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star Period (d) Rstar (Re) Transit depth if
Rp ~ RJup
KIC3766112 0.45d 2.320" 0.19%
KIC 4944828 0.93d 2.457" 0.17%
KIC 7352016 0.93d 2.073* 0.23 %
KIC 7777435 0.68d 2.572¢ 0.15%
KIC 9222948 1.29d 1.8211 0.30 %
KIC 9453452 0.61d 2.166" 0.21%

Table 2.4: Transit depths of giant planets in close orbits of Kepler A stars
(Sabotta et al. 2019)
! Taken from Berger et al. (2018)

in the Balona (2014) sample is R, ~ 2.3Rg. The transit depth of a Jupiter-size
planet is therefore 0.2%. The individual transit probability of the 166 stars is
around 53 %. The probability that none of the possible planets is transiting is as
low as 1075%. Hence, I scanned the sample for transiting events in collaboration
with Judith Korth and Sascha Grziwa in Cologne. We used their transit finding
pipeline EXOTRANS (Grziwa et al. 2012; Korth et al. 2019).

Balona (2014) claimed that the transits could be hidden in the data. This
could happen as the transits of very close-in planets cover a large part of the plan-
etary orbit. To double-check if this could happen to the transit finding algorithm,
I conducted a blind test. I merged the Kepler light curves with a transit model. 1
used the transit model code by Parviainen (2015) with the limb darkening coeffi-
cients in Sing (2010). The used transit depths are listed in table 2.4. We searched
for those model transits again with EXOTRANS.

2.2.4 Transit simulation

Among the 2000 A-type stars observed with Kepler, the Kepler-pipeline found only
four transiting planets (see table 2.5). Only one of them, namely Kepler-13 A b,
can be classified as hot Jupiter.

A simulation can be used to obtain an estimate of the underlying planet fre-

quency that would lead to only one transiting hot Jupiter among 2000 observed

stars. The number of planets in each simulation run is drawn from a binomial
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planet orbital period radius
Kepler-13Ab 1.76d 2.042 Rjyp
Kepler-340b  22.9d 3.36 Ry
Kepler-340c  14.8d 2.49 Rg
Kepler-1115b  23.5d 1.7Rg

Table 2.5: Kepler discoveries of transiting planets around A type stars

distribution:

2000 _
Pk,planetS(k) = ( k ) glanet(l - fplanet)(zooo k), (2-5)

The geometric transit probability Piansit = can be calculated from the

R,
a
actual radii of the Kepler A stars published in Berger et al. (2018). For the purpose
of the simulation, the semimajor axis a is randomly distributed from 0.01-0.1 AU.

For a particular planet—distance combination, I count a transit with the prob-
ability Piransit- I ran 7000 simulations in this way to find out how many transits

are expected in the Kepler sample of A stars for various planet frequencies.

2.3 Results

2.3.1 RV results

With the Tautenburg spectroscopy pipeline and cross-correlation I obtained RV
time series for all six sample stars. Additionally, I used spectra of MASCARA 1
(Talens et al. 2017) as a general test if I can get a mass estimate of an A star with

my analysis method.

RV errors of Tautenburg and Ondiejov spectra

From the cross-correlation with my self-template I obtain RVs for each of the
spectral orders. I remove outliers with a sigma-clipping algorithm. The median
of the remaining RVs is the RV value and the standard deviation provides the
corresponding RV-error. The average RV-error of the MASCARA 1 spectra is
990 ms~! which is very close to the expected error. All RVs and corresponding

errors as published in Sabotta et al. (2019) are documented in the appendix.
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RV curves

I have analysed the RV curves with the Radial Velocity Modeling Toolkit — Rad-
Vel — by Fulton et al. (2018). As a first step a maximum log-likelihood fit was
performed. This fit can be used as an initial fit for a Markov-Chain Monte Carlo
(MCMC) exploration. The result of the MCMC test can be used as error of the
K-amplitude and period of the planet candidate.

The fit requires initial masses, periods and eccentricities. MASCARA 1 hosts
a transiting planet with a well-known period (Talens et al. 2017). The periods of
the planet candidates around the six Kepler stars are given by Balona (2014). 1
fix the eccentricities to zero because most close-in Jupiters are in circular orbits
due to the rapid tidal circulation of any eccentric orbits.

For MASCARA 1 there are enough RV-measurements to perform an MCMC
analysis. It results in a K-amplitude of K = (390 4- 130) ms~! which is consistent
with the literature value: K = (400 + 100) ms~! (Talens et al. 2017). For the
“Balona stars” I have obtained only 30 RV-values to determine the upper limits.
This number of RV-values is enough to obtain upper limits in the planetary mass
regime. Therefore, I have also checked the outcome of the RV-analysis for the
case of having only 30 spectra of MASCARA 1. T randomly deleted some of the
RV-values until only 30 RVs were left. A maximum log-likelihood fit results in a K-
amplitude of 570 ms~!. Therefore, the method of using a maximum log-likelihood
fit for obtaining the one ¢ upper limit is plausible. Both RV-curves are shown in
figure 2.5.

The fits of the six RV-curves of the Kepler stars are displayed in figures 2.6 and 2.7.
K-amplitudes of the log-likelihood fits range from (150 — 450) ms~!. The MCMC

analysis of all six of them leads to a most probable K-amplitude of zero.

Upper limits for the companion masses

The maximum log-likelihood fit to the RV-curves serves as the one o upper limit

for the K-amplitude. The companion mass is given by:

o 1/3 2/3
Mpsini) _ og g1 () (L2 M, (2.6)
MJup ms ™! lyr Mg

I show upper limits with 99 % confidence and one o confidence. They range
from 3.8 Mjyp to 7.3 Myyup or 1.5 Myyp to 2.9 My, respectively (see table 2.6). All
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Figure 2.6: RV-curves of (1) KIC 3766112, (2) KIC 4944828, (3) KIC 7352016.
A simple maximum log-likelihood fit gives the 1o upper limit. The most
probable solution after an MCMC exploration is a K-amplitude of zero
(Sabotta et al. 2019).
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Figure 2.7: RV-curves of (1) KIC 7777535, (2) KIC 9222948, (3) KIC 9453452.
A simple maximum log-likelihood fit gives the 1o upper limit. The most
probable solution after an MCMC exploration is a K-amplitude of zero
(Sabotta et al. 2019).
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star star mass max. K period upper limit upper limit

99 % lo
Mo)  (ms) () (M) (My)

KIC3766112 2.2 450 0.45 7.3 2.9

KIC 4944828 2.0 330 0.93 6.3 2.5

KIC 7352016 3.0 290 0.93 7.3 2.9

KIC 7777435 2.1 210 0.68 3.8 1.5

KIC 9222948 2.3 310 1.29 7.3 2.9

KIC 9453452 2.1 270 0.61 4.5 1.9

Table 2.6: Mass upper limits of possible companions to Kepler A stars
(Sabotta et al. 2019)

upper limits lie in the planetary mass regime.

2.3.2 Results of the transit search and modeling

In addition to the results from RV-determination, I have searched the data for
transit signals. I conducted a blind test to prove that we would find a transit of
a Jupiter-like planet in a close orbit around an A-type star. Figure 2.8 shows a
typical example of a transit model. The transit does cover a large part of the orbit
but due to the high transit depth it is still clearly visible in the light curve and
GLS-periodogram. The transit finding algorithm EXOTRANS correspondingly
finds all the modeled transits.

We used the algorithm on the actual data of the 166 “Balona stars” and could
not find any transits of Jupiter-like planets. Several smaller signals were detected
but they are most likely due to activity. Also they were much too small for a

transiting Jupiter-sized planet.
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Figure 2.8: Transit model of a Jupiter size object in Kepler light curve of
KIC 9222948; top panel: 30d section of the time series, middle panel: GLS-
periodogram of the light curve, lower panel: phase-folded and binned light
curve (Sabotta et al. 2019)
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2.3.3 Results of the transit simulation

I ran two transit simulations with close-in giant planet frequencies 0.15% and
1.2% from planet formation theories (see Sabotta et al. 2019). I also ran one
simulation with the planet frequency of 8.4 % as suggested by Balona (2014). The
last one I ran to find the upper limit corresponding to exactly one transit with 2 o
confidence.

For the 20 error, 95% of the simulation outcomes have to lie in this interval
around the median value; for the 1o error 68 % of the simulation outcomes have
to fulfill this criterion.

The simulation results were the following (see figures 2.9 and 2.10):

1. The first simulation used an underlying planet frequency of 0.15%. Within

the 2 o interval 0-3 transits would have occurred and 0-2 transits within the
10 interval.

2. The second simulation predicted 4-15 transits (two o) or 6-12 transits (one
o) for the 1.2 % planet frequency.

3. The third simulation used a planet frequency of 8.4 % as suggested by Balona
(2014). The lowest number of transits within the two o interval would be
49 transits.

4. For the fourth simulation I slowly increased the planet frequency until in
the two o interval at least two transits are expected. This resulted in an
upper limit for the underlying planet frequency in the Kepler A star sample
of 0.75 %.
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Figure 2.9: Transiting objects expected for different planet frequencies with
20; Part 1: 0.15 per cent 0-3 transits (10: 0-2 transits), 1.2 per cent 4-15
transits (10: 6-12 transits) (Sabotta et al. 2019)
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2.4 Discussion

Balona (2014) claimed that 8.4 % of the Kepler main-sequence A-type stars are
hosts to a massive close-in planet with a period of only several days. A frequency
of 8.4% would indicate a much higher frequency of such planets around A-type
stars than around G-type stars (see section 1.1). The aim of the analysis above
was to test this hypothesis of a very high hot Jupiter frequency around A-type
stars.

One valid explanation that would contradict the hot Jupiter hypothesis is that
the peculiar periodicities observed by Balona (2013) are caused by non-eclipsing
stellar companions. I measured upper limits for six of the “Balona stars”. All
upper limits indicate that the mass of a possible companion has to be in the
planetary regime. This is supported by the fact that there is only one eclipsing
binary, namely KIC 6147122, flagged by the Kepler pipeline in the sample of 166
stars. Its orbital period is 15.5d, which is longer than the periods found by Balona
(2014).

The question remains if the Kepler pipeline could have missed a large fraction
of transiting hot Jupiters around A stars. Transits occur periodically. If they
cover a large enough fraction of the planetary orbit they could be obvious in the
periodogram. Therefore, I have analyzed the periodogram of the light curve of
Kepler-13 A which is the only Kepler A star with a known planet. The orbital
period and the aliases of this period clearly show up in the periodogram with a
very high significance (see figure 2.11). I did the same analysis on my artificial blind
test data with the same result (see figure 2.8). I conclude that it is highly unlikely
that the Kepler pipeline, Balona (2014) or the EXOTRANS pipeline would have

missed such a transit event.

x 109

POWER
=
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Figure 2.11: Periodogram of Kepler-13 A b (Sabotta et al. 2019)
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Even if one or two transits were missed: a close-in planet fraction as high as
8.4 % would still be excluded by my results. At this planet fraction at least 49
transiting planets are expected with a 2 o significance. My results provide more
evidence for a very low number of close-in massive planets around A stars. The
upper limit I found is as low as 0.75 % and the most probable frequency is around
0.15%.

What we know from other RV or transit surveys (more in section 1.2) is that
a close-in giant planet fraction of more than 4.5% is deemed unlikely as well.
In comparison to the G star hot Jupiter occurrence rate (0.4 %-1.5%), my results
indicate a lower hot Jupiter frequency (0.15f8:§52 %) around main-sequence A stars.

This study clearly shows that the planet hypothesis is most likely not the origin
for the peculiar features in 166 periodograms published by Balona (2014). In the
meantime Saio et al. (2018) proposed a different explanation for them. They call
the subgroup of stars “hump & spike” stars. The “hump” is the broad feature.
Saio et al. (2018) propose that this broad feature could be caused by Rossby waves.
The hypothesis is supported by the fact that those kind of waves are linked to the
rotational frequency of those stars. The “spikes” or the sharp features could be
a result of spots on the star. Therefore they are linked to the star’s rotational
period. Sikora et al. (2018) proposed that the broad and sharp peaks could be
caused by a region near a convective-radiative boundary and inhomogeneities near
the surface. This demonstrates that the planet-hypothesis is not the only possible

explanation for the peculiar features.
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M stars

3.1 Data

Most of the previous exoplanet surveys focused on solar type stars (e.g. Mayor
et al. 2011; Howard et al. 2012). This is due to the assumption that life could
prevail better on a planet that is very similar to our Earth. In addition to
that, solar type stars are brighter in the visual band than M stars. Neverthe-
less it is of great interest to detect planets around the cooler and lighter M
dwarfs. They are smaller and the transit probability of earth-like planets in
the habitable zone is much higher. Due to the more favorable planet-to-star
radius ratio, it is easier to use transmission spectroscopy to determine the
planet’s atmospheres. In addition to that, M stars have masses of only 0.1
— 0.6 My and are therefore good targets for radial velocity measurements of
low-mass planets. The frequency of M-stars that are near to our solar system
is around 70 % (e.g. Henry et al. 2006, 2018) — our next neighbor, Proxima
centauri is an M dwarf. A further plus in observing earth-like planets in the
habitable zone around M-stars is that shorter periods can be observed and
confirmed in much shorter time.

This change in priorities lead to the need of an instrument that is designed
especially to determine radial velocities of M-stars. The peak emission of M
stars is shifted to longer wavelengths in comparison to G stars due to their

lower effective temperature. Most state-of-the-art high precision spectro-
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graphs do not cover this redder wavelength regime; e.g. HARPS covers a

wavelength range of 378 nm to 691 nm (Pepe et al. 2002).

3.1.1 CARMENES

The M dwarf planet frequency is still an open question. I describe what is
known about the M star planet frequency from transit surveys and HARPS in
section 1.4. The CARMENES consortium was founded to find the occurrence
rate of rocky planets in the habitable zone around M dwarfs. It consists of
11 institutions from Spain and Germany — the Thuringian State observatory
is one of them. The task was to build a high resolution spectrograph that is
capable of finding the M dwarf planet population. It is mounted at the 3.5 m
telesope at the Calar Alto Observatory in Spain. The Calar Alto is located
near Almeria in the Spanish region Andalucia. The weather conditions there
are such that about 2/3 of all night hours can be used for obervations (http:
//www.caha.es/CAHA/MISC/weather .html). CARMENES consists of two
spectrographs in the wavelength ranges 0.55—1.05 pum (visual arm) and 0.97 -
1.7 um (near infrared arm) with spectral resolutions of R = 94600 and R =
80400 respectively.

To avoid instrumental shifts, a temperature stability of the instrument
of + 0.01 K is achieved. This is done by putting the spectrographs into
an isolated vacuum tank. Additionally the infrared spectrograph is cooled
down to 140 K to avoid thermal emission that disturbs the observation at
this wavelength regime. CARMENES is equipped with hollow-cathode lamps
and a Fabry-Pérot-Interferometer which are used as wavelength reference
(Quirrenbach et al. 2014). The radial velocities of the spectra are extracted
with the Spectrum radial velocity analyser (SERVAL) by Zechmeister et al.
(2018). From a drift in the Fabry-Pérot-Interferometer, we know that the
temperature is not stable enough to maintain the required precision of 1 ms™*
at different nights. For this reason, all signals are corrected with a nightly
zero point (NZP), that makes use of a set of pre-defined RV-standard stars
(Trifonov et al. 2018). With those corrections CARMENES and SERVAL

reach down to a 1ms™' precision in the visual channel and 5ms~! in the
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near infrared channel. In the infrared region the spectra are contaminated
by telluric lines and the line density decreases. Although the near infrared
arm does not reach the same precision for RV measurements as the visual
arm, it is very effective in detecting exoplanet atmospheres in wavelength
regions that other spectrographs cannot probe (e.g. Nortmann et al. 2018).
Reiners et al. (2018b) found out that the highest RV precision is achievable
in the wavelength range from 700nm to 900 nm. This wavelength range is
covered by the visual channel of CARMENES. Thus, I base my analysis on
the visual channel observations.

Among the Guaranteed Time Observations (GTO) targets there are ac-
tive and less active stars. Observations of more active stars can be useful to
extract information on the influence of activity on RV measurements. Star
spots can mimic a planetary signal because they distort the line profiles of
the absorption lines. This distortion can be measured as an RV shift. A well
known example is the G-type star HD 166435. The RVs of the stellar activity
measured for this star are similar to the RVs we would expect from a planet
(Queloz et al. 2001). Therefore we need to monitor the activity of our stars
in order to distinguish planetary from activity signals. The CARMENES ac-
tivity indicators (see section 3.1.3) are automatically extracted by SERVAL.

3.1.2 The stellar sample

During the GTO of the CARMENES consortium, about 340 stars are mon-
itored for planetary signals. The stars are selected from the input catalogue
CARMEN(ES) Cool dwarf Information and daTa Archive (Carmencita) (Ca-
ballero et al. 2016). As the survey is still ongoing, I limit my analysis to those
125 stars for which we finished observations. This is is the case if we have ob-
tained 50 RV-values for a star and do not see any periodic signal of planetary
nature or if we have found and published a planet. The maximum observable
K-amplitude to Root Mean Square (RMS) ratio improves rapidly within the
first few measurements and with more numbers of observations it decreases
more slowly (see figure 3.12). The number of nights that can be used during
the CARMENES GTO time is limited. The cutoff at 50 RV-measurements
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is a trade off between the number of stars that are included in the survey

and the maximum number of measurements the team can obtain per star.

Some of the target stars show a large RV scatter of more than 10ms™!

that is most probably caused by activity. Those target stars are called “active
RV loud” and we terminated observations of most of them after 11-13 RV
values were taken (Tal-Or et al. 2018). Furthermore, I did not include in
this list 9 spectroscopic binaries, we ceased to observe after a short time. All
the targets that were added to the CARMENES GTO sample later, were
not included in the analysis as well. They were added because we wanted
to confirm a transiting planet. Therefore, including them would lead to an
overestimation of the planet occurrence rate. The full list of all 125 included
CARMENES stars and their masses can be found in the appendix (tables B.1
and B.2). In the following, I will call this sample the “completed sample”.

A histogram of the masses of the CARMENES GTO sample (see figure
3.1) shows that they are almost equally distributed from 0.1 to 0.6 solar
masses. Almost all of the stellar masses are from Schweitzer et al. (2019)
with a typical error 3-5%. Very few stellar masses are calculated with the
mass-luminosity-metallicity relation from Mann et al. (2019). There are a few
targets in the mass bin 0.6 My to 0.7 Mg and all of them are in our reduced
sample. The earlier and later M dwarfs are a little bit over represented in the
reduced sample but overall the “completed sample” is a good representation
of the whole sample. The median mass of the whole CARMENES sample is
0.348 M and that of the reduced sample is 0.35 M.

I also compared the RMS of the observations and the numbers of obser-
vations of the “completed sample” to the whole sample. It can be noted that
almost all of the high RMS targets are in the “completed sample”. I expect
that the completeness of this sample will be affected by this. As a conse-
quence the median RMS of the “completed sample” is higher (5.3 ms™!) than
that of the whole sample (3.9ms™"). A higher RMS of a time series can ei-
ther be introduced by activity or by planets that increase the RV scatter. To
check what is the reason for the difference in RMS, I divide the time series in
active and less active stars. The active stars are the stars that have stronger

H-alpha emission than 84 % of the sample stars. If I calculate the RMS only
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Figure 3.1: Comparison of (a) upper panel: the masses, (b) middle panel:
the RMS of the observations and (c) lower panel: the number of observations
throughout the CARMENES sample and the reduced sample from Sabotta
et al. (2020, in prep.)
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from the less active stars, the difference of RMS between the reduced and

the whole sample is lower — 4.0ms™! to 3.4ms™!

respectively.

The histogram of the number of observations shows a peak at 50 measure-
ments for both samples. Observations are complete if after 50 measurements
there is no clear planetary signal. There is another peak at 13 numbers of
observations which is caused by the “active RV loud” sample. Observations
were terminated earlier for this kind of stars. Most of the stars with a high
number of observations are also in our “completed sample”. This is because
observations are terminated after the publication of a planet signal. This will
change as the survey progresses. A big number of stars still has less than 50
numbers of observations. The median number of observations of the whole

sample is only 23 whereas that of the “completed sample” is 52.

3.1.3 CARMENES planets

Several CARMENES planets were published in combination with other in-
struments like HARPS or HIRES — e.g. Barnard’s star b (Ribas et al. 2018).
Therefore, it is not sufficient to include all published CARMENES planets in
our occurrence rate statistics. It is necessary to obtain a clean planet sam-
ple that does not rely on observations from other RV or transit surveys. In
order to obtain that, I reviewed the GLS-periodograms of the RV data of all
the 125 subsample stars. I looked for signals with a false alarm probability
(FAP) of 1% or less. The idea is that a signal with FAP of 1% would be
considered a planet candidate and more RV measurements would be taken.

I modeled these signals with a Keplarian fit. If a periodic signal remained
present in the residuals, I modeled both the signals with a two planet fit. I
repeated this procedure up to a maximum of three signals. Usually, one
would repeat removing signals until no signals with FAP < 1% remain in
the data. In the case of our data set, there are several signals that cannot be
removed with a Keplarian model. The aim of this process is to identify those
stars with interesting RV signals. Therefore, a fourth or fifth planet would
show up in the more thorough analysis that should follow. The models were

calculated with the Python package PyAstronomy (Czesla et al. 2019).
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CARMENES uses several activity indicators. For this study, I incorporate
four of them, namely H-alpha, the differential line width, the chromatic index
and the calcium infrared triplet. The H-alpha and the calcium infrared lines
are sensitive to chromospheric activity and are linked to the rotation period
of a star or to a longer underlying activity cycle. Both indices are computed
by SERVAL with the formula I = #ﬁ&) from Kiirster et al. (2003) (Fp
is the average flux around the line center and F; and F5 are median fluxes in
a reference region). Zechmeister & Kiirster (2009) showed that this formula
is similar to the pseudo equivalent width that is calculated by integrating
over the flux in the line core. The chromatic index measures the wavelength
dependence of the RV signal and the differential line width is similar to the
Full width at half maximum (FWHM) of the spectral lines.

If one of the activity indicators has a significant (FAP < 10%) peri-
odogram peak in the vicinity (10 %) of an interesting RV period, I flag the
RV period as activity. I also use rotation periods that were obtained from
photometry by Diez Alonso et al. (2019). The rotation period can be de-
tected in photometry if there is one spot or spot group corotating with the
star. If a second spot or spot group is present, the photometry signal gives
half the rotation period. The same works for three spots (one third of the
rotation period) and so on. Therefore, I flag the rotation period and its first
harmonic of the known rotational period as false positive automatically.

If a star is very active (median H-alpha index higher than in 84 % of
the sample stars), the periodogram peak has to have a FAP of 0.1% such
that this period is flagged as a candidate. To confirm the periodicity of a
signal, at least two orbits of the planet candidate are observed. Accordingly,
I excluded all periods that are longer than half the time baseline.

With this procedure I obtain the signals of 28 known planets and 28
planet candidates that cannot be directly linked to activity indicators or the
photometric rotational period. Of those 28 candidates, all but two can be
vetted as activity signal manually (see tables 3.1 and 3.2). Some of them
show the RV signal in higher harmonics of the rotation period — those are
flagged as “rotation period harmonics”. If a planet candidate signal is not

stable in amplitude or phase over time it is flagged as “unstable period”. The
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two remaining candidates cannot be distinguished with the number of RV
observations and the photometry data we have. The whole list of periodic
signals is shown in the appendix (tables B.3 to B.3). From this list it becomes
clear that there is not a single activity indicator that could be used to find
all the RV signals that originate from stellar activity. Sometimes only one
activity indicator shows the same periodicity as the RV data. Therefore, all

four activity indicators are needed to flag false positive detections.
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Table 3.1: Output of the periodicity search program, known planets and
unclear signals, part 1

CARM. ID period FAP remark

J00067-075 21.17 0.5206% Planet candidate?
J01125-169 3.06  0.0047% Known planet!
J01125-169 4.7 0.0349% Known planet!
J02530+168 4.91 <107%  Known planet?
J02530+168 | 11.41 < 107® Known planet?
J03133+047 229 <107 Known planet?
J03133+047 | 67.91 0.3438% Rotation period*
J04376+528 7.9  0.1966% Rotation period harmonic
J04376+528 | 422.79 0.2191% Unstable period
J04588+498 8.97  0.0081% Probably activity
J06011+4-595 44.1  0.3726% Rotation period harmonic
J060114595 21.52 0.6634% Rotation period harmonic
J06548+-332 14.21 < 107% Known planet®
J065484-332 67.59 1076 Rotation period harmonic®
J06548+-332 | 119.48 0.0003% Rotation period®
JO8413+594 | 206.39 < 1075 Known planet®
J08413+594 39.3  0.0383% Probably activity
J09144+-526 24.4  0.0012% Known planet”
J09561+4-627 8.93 0.0282% Unstable period
J102894-008 | 305.89 0.0166% Unstable period
J11026+219 4.54  0.0409% Activity signal
J11033+-359 1294 <107 Known planet®
J11417+427 4128 < 107% Known planet®
J11417+427 | 514.72 <107 Known planet®
J114214-267 2.64 <107  Known planet®
J11421+267 56.29 0.9319% Unstable period
J11511+352 25.5  0.5200% Rotation period
J12123+544S | 13.68 < 107% Known planet®
J12123+544S | 107.28 0.4552%  Activity period®

I'Stock et al. (2020) ? Zechmeister et al. (2019)

3 Bauer et al. (2020) * Newton et al. (2016)

5 Stock et al. (2020, submitted) ¢ Morales et al. (2019)
7 Gonzélez-Alvarez et al. (2020) 8 Trifonov et al. (2018)
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52

Table 3.2: Output of the periodicity search program, known planets and

unclear signals, part 2

CARMENES ID | period FAP remark
J12479+097 1.47  0.0012% Known planet®
J13229+4-244 3.02 <107%  Known planet!?
J14307-086 249.07 0.3527% Unstable period
J15194-077 5.37  0.0003% Known planet®
J15194-077 2.65 0.4592% Activity period
J15194-077 9.62 0.7188% Activity period
J161674+672S 86.9 <107%  Known planet!!
J16303-126 4.83  0.7732% Known planet!?
J16303-126 17.88  0.0011% Known planet'?
J16581+4-257 11.29 0.2735% Rotation period
J17378+4185 15.52  0.0007% Known planet!?
J17378+185 480.52 0.0073% Activity period!®
J19169+051N 104.24 < 107% Known planet!*
J19169+051N 174.48 0.0008% Activity signal*
J20533+621 183.37  0.1655% Planet? Period is 1/2 year
J211644-025 1445 <107 Known planet!?
J21466+4-668 8.05 <107% Known planet!®
J21466+668 2.31 <107%  Known planet!®
J22021+014 10.96 0.0405% Planet candidate?
J22115+184 381.86 0.0001 % Unstable period
J22137-176 3.65 <107  Known planet!’
J222524-594 13.35 < 107% Known planet!t
J22532-142 61.17 < 107°® Known planet®
J22532-142 30.09 < 10°% Known planet®
J23113+085 141.09 <107 Double star
J23419+441 178.74  0.0001% Unstable period

8 Trifonov et al. (2018) ? Trifonov et al. (2020, submitted)
19 Luque et al. (2018) ! Reiners et al. (2018a)
12 Wright et al. (2016) '* Lalitha et al. (2019)
14 Kaminski et al. (2018) '* Amado et al. (2020, in prep.)

16 Nagel et al. (2019)
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3.2 Method

Most planet surveys publish the detection of planets but an important result
of a survey is also the determination of the detection limits, which combined
with the detections then gives the frequency of planets. To determine the
frequency of planets in our sample, we need to identify possible planets we
missed due to our detection limit. Our method and occurrence rates were
published in Sabotta et al. (2020, in prep.).

3.2.1 Pre-whitening

Before I run my injection-and-retrieval experiment, I remove all signals I pre-
sented in section 3.1.3. This is necessary as periodic signals in the data from
activity or from a planet lower the probability to recover injected artificial
planets. If I would not remove those signals the detection limits would be
higher and would not represent the true probabilities of detecting a planet.
Higher mass upper limits lead to higher planet occurrence rates. Therefore,
pre-whitening of the time series is important if I do not want to overestimate

the planet occurrence rates.

3.2.2 Determining the detection probabilities

Injection-and-retrieval experiments to determine detection limits were used
widely in the literature, e.g. Cumming et al. (1999), Zechmeister et al. (2009),
Meunier et al. (2012) or Bonfils et al. (2013). They all inject simulated planet
signals to the data and check if they can retrieve those signals. Differences of
the methods are mainly in the way how measurement errors and stellar vari-
ability are treated and in the way the planet signals are retrieved. A method
suitable for the CARMENES survey should make very few assumptions on
the stellar variability as this is not very well studied for M dwarfs up to now.
The retrieval process should follow the way of retrieving planet candidates in
CARMENES the closest (see section 3.1.3). Therefore, my approach follows
most closely the one from Bonfils et al. (2013).
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Figure 3.2: Illustration of the injection-and-retrieval experiment work flow

I start by creating a simulated planet signal with the time stamps of our

observations. I compute a grid of possible M sin¢ and periods. Our grid has

3600 points and is logarithmically spaced such that lower masses and shorter

periods have smaller spacing. The masses range from 1 Mg to 100 My, and

periods range from 1d to 10000d. Planet mass and period are taken from
this grid. As in Endl et al. (2000), I add the measured radial velocities,

RVibserved, as error to our simulated data. In that way I include activity

induced RV variations and our intrinsic errors. I compute a periodogram
and check if I can find the injected period in the simulated data. If the FAP

is below 1 % this object would be considered a planet candidate and observed

more frequently. Hence, I expect that this planet would have been detected.
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This process is repeated several times with arbitrary phases (see figure 3.2).
The detection probabilities are calculated for circular orbits and single planet
systems. In section 3.4.3 I discuss why this simplification is reasonable.

For circular orbits the amplitude of the simulated data is computed by:

P “3 1 sin 4 M\ "3
A =284 P * ) 3.1
() (50) (1) &2

The radial velocity of the simulated time series is:

27t
RV = Asin (% + Qb) + R‘/observed' (32)

I assign a detection probability of zero percent to those periods with a
significant peak in the periodogramm of an activity indicator. Up to now it
is not possible to disentangle a possible planet period from an activity signal

at the same period.
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Figure 3.3: Example of a detection map with activity periods excluded. The
detection probability of each grid point is given in gray scales: black grid
points have a detection probability of zero and white corresponds to a detec-
tion probability of 100 %.
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Figure 3.3 shows an example of a resulting detection map. The detection
probability of each grid point is displayed in gray scales. In this example we
would have been able to detect a 2 Mg, planet at a period of 10d.

3.2.3 From detection probability to occurrence rates

In the literature there are several methods that were used to calculate the
planet occurrence rates from detection probabilities (e.g. Bonfils et al. 2013;

Wittenmyer et al. 2016). I use two of the most frequently used methods.

Method 1 — period-mass bins

The only other large RV survey around M stars with published occurrence
rates is Bonfils et al. (2013) who analyzed data from the HARPS spectro-
graph. In order to compare our results to that of Bonfils et al. (2013) we used
a very similar method to obtain the occurrence rates. Basically, one finds an
average number of stars Neg in a period-mass bin around which the planets
in this period-mass regime would have been detected. The other stars are not
included in the occurrence rate analysis. To obtain N.g, Bonfils et al. (2013)
randomly chose points in their log uniform period-mass grid. Through their
injection-and-retrieval experiment, they know how many stars have a detec-
tion probability of 50 % or more for planets with this period and mass. This
number of stars is Nog. They randomly pick a high number of grid points
and report a median number of stars N.g that have enough measurements to
detect a planet in this period-mass bin. The scatter in N.g and a binomial
distribution give the error bars.

The difference in my method is that I calculate an expected number of
planets for a certain planet frequency directly. Measurement errors due to a
binomial distribution of planets are included from the beginning. In addition
to that, I use the detection probability of each individual grid point directly.
The equivalent to the Bonfils et al. (2013) method would be to assign zero
probability to all grid points with detection probabilities of 50 % or less and
100 % to all grid points with detection probability of 50 % or more. This is

not as precise as using the detection probabilities directly but statistically
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both methods lead to very similar results. Furthermore, my method has
the advantage that measurement errors do not have to be recalculated if the
number of detected planets Np has to be revised.

I create a log uniform grid of possible planet frequencies. For every fre-
quency in this grid, I calculate a number of expected planets as follows:

1. Trandomly draw a number of planets that correspond to this frequency

from a binomial distribution.

2. I randomly (uniform logarithmic) assign a period and mass within the
period and mass range of the bin to each of those test planets.

3. To each planet, [ randomly assign a star. The detection probability for
this simulated planet is taken from the detection map of this star.

4. The test planet is counted as a detection with this probability.

5. The number of planets that are counted as a detection is the number of
planets that should be detected if this frequency is the true underlying
planet frequency.

This process is repeated 1000 times. The error bar to the planet frequency
is derived by using the 16 % and 84 % percentiles of the 1000 numbers of
planets obtained in this way. Table 3.3 shows the outcome of this simulation
for the 1 — 10d and 1 — 10 Mg period-mass bin. In this bin the number
of detected planets Np is 8-10. This corresponds to a planet frequency of
2675 %.

I also present a number Pg.; which is the percentage of planets that can be
retrieved. It is calculated from the 100 % planet frequency and it is equivalent
to the Neg of the Bonfils et al. (2013) method.

Method 2 — missed planets approach

With the second method the number of planets that are missed due to the
detection limits is calculated. Each of the detected exoplanets of the survey
is assigned a number of planets with same period and mass that could still
be hidden around the non-planet hosts of the survey. If such a planet could
be detected around all the other survey stars, the number of missing planets

is zero and it is high if such a planet is not observable.
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Table 3.3: Planet frequencies and corresponding number of expected planets
for the 1 —10d and 1 —10 Mg period-mass bin. The number of CARMENES
discoveries is highlighted in boldface.

planet frequency

lower limit median upper limit
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The method is described in detail in Wittenmyer et al. (2020). They
calculate the completeness fraction fo(P, M) of the non-hosts in the sample

with this equation:

1 N; stars

N 2 fra(P). (3:3)

=1

fC(P7M> =

fr(P, M) is the recovery rate — the probability to find a planet at this
specific mass-period combination and N, is the number of stars in the
sample. To obtain this completeness fraction, I calculate detection maps of all
the stars in our sample with only 28 grid points that correspond to the masses
and periods from the planet sample. The detection limits are equivalent to
the recovery rate fr(P, M). The completeness fraction fo(P, M) is a measure
of how many other stars have enough RV measurements to detect a planet
with the same period and mass. To obtain it, I average all the detection
probabilities of this grid point.

The inverse of the individual recovery rate/detection probability fr; of
a survey planet multiplied with the completeness fraction fo(P, M) at this
period and mass, is the number the number of missed planets assigned to a

single survey planet Npyissed, i:

1
fri( Py M) fe(Pi, M)

The total number of missed planets Npisea can then be derived with this

Nrnissed, i = (34)

equation:

Nplanets

Nmissed = § Nmissed, i Nplanets> (35)
=1

where Npjanets 1s the number of planets. The number of detected planets

is subtracted from the sum of all missing planets.

The number of missed planets can then be used to correct the planet

occurrence rate f = Naotected (Nplanets is the number of detected planets). The

stars

corrected occurrence rate is:
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f o Nmissod + Nplancts - Nmisscd + Nplancts Nplanets
corrected — - ' )
Nstars Nplanets Nstars

(3.6)

Nmissed +Nplanets >

with the correction factor ( N
planets

In Wittenmyer et al. (2020) they use only the non-planet hosts to calcu-
late the completeness fraction fo(P, M) of the survey at a certain mass and
period. I modify the method and calculate the completeness fraction of all
stars, including the 30 planet hosts. My pre-whitening procedure subtracts
all significant periodic signals from the data, such that our time series are free
of detectable planet signals. The reason for this change of methods is that
the completeness fraction can be underestimated by using only the non-hosts
if we have a very inhomogeneous sample. With our distribution of numbers
of observations (see figure 3.1) this is the case.

The mean value and error bars of this method are given by the binomial

distribution:

125 Np anets —
P(Nplanets) = < > fplau‘let (1-— fplanet>(125 Nplanets)7 (3.7)

N, planets

where P(Npanets) 1s the probability to obtain a certain number of planets,
Nplanets 1S the number of detected planets and fpjanet is the underlying planet
frequency. The distribution is used with the uncorrected number of planets.
I obtain a cumulative binomial distribution with a lot of values fpianet. The
16 %, 50 % and 84 % level of the distribution serve as the lower error, mean
value and higher error respectively. As a last step, I apply the frequency

correction factor to those values.

3.3 Results

3.3.1 Completeness

I average the detection probability of each grid point to obtain a completeness

map for our survey. The map is shown in figure 3.4. Each point of the map
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represents a period-mass combination. Color coded is the overall detection
probability of the 125 stars subsample for the specific grid point. The planets,
detected by CARMENES, that are listed in section 3.1.3 are overplotted as
yellow stars.

It shows that at a 10d orbit we can detect a planet of 7Mg around half of
our stars. Around 20 % of our stars even a 3 Mg planet can be detected at a
10d orbit. I limit my analysis to half the time baseline as two orbital periods
are needed to confirm the periodic nature of a planet candidate signal. For

this reason, I obtain a zero detection probability starting from a 600 d period.

10* -
] 80
10° -
g 102 5
= ]
10! -
10° 4
10° 10! 102 103 10*
Period (d)

Figure 3.4: CARMENES completeness - color map: average detection prob-
ability of the 125 stars in our stopped subsample; yellow stars: planets with
independent significant periodic signal from CARMENES (Sabotta et al.
2020, in prep.)

Another way to display the survey completeness is by the survey sen-
sitivity. To obtain the average survey sensitivity, [ average the detection
probability along the rows or columns of the mass-period grid. I take the

mass range from 1 Mg to 13 My,;, and periods from 1d to 240d (which is the
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average of half the time baseline). In addition to the average survey sensi-
tivity, I split the sample to higher (M, > 0.337My) and lower mass stars
(M, < 0.337My). The result is shown in figure 3.5. The mass sensitivity
is dampened for the lower mass stars. This is most probably because the

“RV-loud” sample consists entirely of stars out of the low mass sample.
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Figure 3.5: Upper panel: Average detection probability for periods 1-240d
vs. mass of the test planet; lower panel: average detection probability for
masses 1-4000 Mg, vs. orbital period of the test planet

3.3.2 Occurrence rate
Method 1 — period-mass bins

I computed the occurrence rates of the different period-mass bins as described
in section 3.2.3. The result is displayed in table 3.4. In addition to that, I
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Table 3.4: Planet occurrence rates f, Ny is the number of planets detected,
Pt is the fraction of planets we can detect in the period-mass bin (Sabotta

et al. 2020, in prep.)

Period (d)
m sin i (Mg) 1-10 10-102 10%-10?
10°-10* Ny =0 Ny=0 Ny=0
f<0.014 f <0.016 f<0.04
Pdet:(97i2)% Pdet:(glzi:Q)% Pdet:<37:i:5)%
102-103 Ny=0 Ny=2 Ny=1
f<0.014 f =0.0250 f =0.035:0¢
Pig = (88+3)% Puy = (T9+4)% Paey = (324+5)%
10-102 Ny =2 Ny=4-5 Ny =2
f = 0.02579:03 f=0.06799 f = 0.08570:44
Pdet:<70i5)% Pdet:(57j:4)% Pdet:(19i4>%
1-10 Ny;=8-10 Ny=5-17 Ny=0
f = 02650 f = 040755
Piep = 2724 % Par = (13£3)%  Pao = (1.6733) %

split the sample in two host star mass bins. The occurrence rates for earlier
M dwarfs (higher mass) are displayed in table 3.5 and those for the later M

dwarfs (lower mass) in table 3.6.

Method 2 — missed planets approach

With the missed planets approach I determine an overall planet occurrence
rate of 1.85705¢ planets per star. There are 204 missed planets which gives an
occurrence rate correction factor of 8.3. In table 3.7 I list the CARMENES
planet detections and the associated number of “missed planets”.

In order to be able to compare the results of the two methods, I also
computed the occurrence rates in the same period-mass bins as above. Table

3.8 shows the results.
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Table 3.5: Occurrence rates f of the earlier M dwarfs (higher mass), N, is
the number of planets detected, P, is the fraction of planets we can detect
in the period-mass bin (Sabotta et al. 2020, in prep.)

Period (d)
m sin i (Mg) 1-10 10-102 10%-10°
10%-10* Ny=0 Ny =0 Ny;=0
f<0.03 f<0.035 f < 0.09
Pit = (97£2)% Paoy = (93£3)%  Paoy = (32£6)%
102-103 Ny=0 Ny =2 Ny=0
f<0.03 f =0.033199% f <0.08
Pit = (96£3)% Paey = (90£4)% Py = (41£6)%
10-102 Ny=1 Ny=4-5 Ny=2
f=0015501  f = 0.097505 f = 01305
Pit = (87T+4)% Paoy = (T34£6)%  Paer = (19£4) %
1-10 Ny =0 Ny=4-5 Ny;=0
f < 0.09 f=0.60"030 -

Pyt = (29+6) %

P = (10£4)%

P = (14£1.4)%

Table 3.6: Occurrence rates f of the later M stars (lower mass), N, is the
number of planets detected, Py is the fraction of planets we can detect in
the period-mass bin (Sabotta et al. 2020, in prep.)

Period (d)
m sin i (Mg) 1-10 10-102 102-10°
103-10* N;=0 N;=0 N;=0
f < 0.036 f<0.04 f<011
Py = (96 £4)% Pioy = (894£5)%  Piy = (324£5)%
102-103 Ny=0 Ny=0 Ny=1
f<0.04 f<0.06 f=0.0792
Paey = (T94£5)% Paw = (64+7)%  Paw = (25+5)%
10-10? Ny=1 Ny=0 N;=0
f=0.047559 f <0.09 f<0.2
Paoy = (4847 % Pat = (394£5)%  Piw = (14£5)%
1-10 Ny =810 Ny=1-2 Ny=0

f =0.60t33
Py = (25+£5)%

f=0.20t940
Pie = (15 +4) %

Pdet = (18 Zl: 18) %
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Table 3.7: Table of all planets in the sample with the weights for missed

planets
CARM. ID period Msini | fo(P,M) fr(P,M) | missed
(d) Mg in % in % planets
JO1125-169 3.06 1.14 8 36 34
JO1125-169 4.66 1.09 ) 34 o8
J02530+168 4.91 1.05 4 100 23
J02530+168 1141 1.11 2 100 49
J03133+047 2.29 3.95 44 100 1
J06548+4-332 14.24 4 25 100 3
J08413+594 203.6 147 66 100 1
J09144+526 24.45 10.3 48 100 1
J11033+35 12.95 2.7 16 100 )
J11417+427 514.7 68 32 96 2
J11417+427 41.38 96.7 75 100 0
J11421+267 2.64 21.36 69 100 0
J12123+544S | 13.67 6.9 43 100 1
J124794-097 1.47 2.81 37 100 2
J13229+244 3.02 8 o8 100 1
J15194-077 5.37 15.2 64 100 1
J16167+672S | 86.54 24.7 56 100 1
J16303-126 4.83 3.18 24 100 3
J16303-126 17.88  4.25 25 100 3
J17378+185 15.53 6.24 36 100 2
J19169+051N | 105.9 12.2 38 100 2
J21164+025 14.44 13.3 57 100 1
J21466+668 2.31 2.55 28 100 3
J21466+668 8.05 3.53 26 54 6
J22137-176 3.65 74 55 100 1
J22252+594 13.35  16.57 61 100 1
J22532-142 30.13  241.5 80 100 0
J22532-142 61.08  760.9 87 100 0
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Table 3.8: Planet occurrence rates f, Ny is the number of planets detected,
Pyt is the fraction of planets we can detect in the period-mass bin (Sabotta
et al. 2020, in prep.)

Period (d)
m sin i (Mg) 1-10 10-10? 102-10°
10*-10° Ng=0 Ny =2 Ny =1
- Nmiss = 04 Nmiss = 05
- Ceorr = 1.2 Ceorr = 1.5
- f=002570015  f =0.027007
10-10? Ny =2 Ng =4 Ng =2
Nmiss =1 Nmiss =3 Nmiss =4
Ceorr = 1.5 Ceorr = 1.7 Ceorr = 3.0
f=00247002  f=0.064T003 f=0.062-005
1-10 Ng =10 Ng=7 Ny =0
Nmiss = 141 Nmiss = 65 -
Ceorr = 10 Ceorr = 11.8 -
f=120165  f=06315% -
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3.4 Discussion

3.4.1 Comparison of the two occurrence rate methods

I have derived the occurrence rate from the sample completeness with two
different methods. With the first method — the “period-mass-bin” method —
I basically average the detection limits in several period-mass bins to derive
a percentage of planets that can be detected in this bin. This percentage
of planets is used to correct the planet occurrence rate. With the second
method — the “missed-planets” method — I look at the detection probability
that is related to every single CARMENES planet detection. This is used
to derive a number of planets with same mass and periods we could have
missed in the rest of the sample. The number of “missed planets” is used to
correct the planet occurrence rates. In table 3.9, I show a direct comparison
of the two results.

In the period-mass bins with masses higher than 10 Mg, the two methods
are consistent within the error bars. For this thesis, I have analyzed a sub-
sample of 125 stars out of over 300 CARMENES GTO stars. Therefore the
occurrence rates in those bins are probably overestimated. I included all of
the already published CARMENES planets with signals in CARMENES data
only. The higher mass planets need fewer numbers of observations to show
up in the periodogramm. It is probable that we have already found most
or all of the higher mass planets with periods less than 600d in our GTO
sample. This bias can boast the occurrence rates in general but it cannot
explain a relative increase of planet frequencies towards longer periods.

For the period-mass bins below masses of 10 M4, the “missed planets”
approach gives a significantly higher planet occurrence rate than the “period-
mass-bin” method. Furthermore, with the “missed planets” method I find
a higher planet fraction for shorter periods than for longer periods but with

the “period-mass-bin” method the opposite is the case.
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Table 3.9: Planet occurrence rates f obtained with the “period-mass bin”
approach (method 1) in black and the “missed planet” approach (method 2)
in red.

Period (d)

m sin i (Ma) 1-10 10-102 102103
102107 F<001d  F=00200 F=00370

N f=0.0255001  f = 0.025551

10-100 | f=0025%0%  [=006708 [ =0.085"0

f= 0.024%;%;) f= 0.064i8;ggz4 f=0.062155°

1-10 f= 0.26t8;gg f= 0-40f8:§g -

f = 1201—031 f - 063t020 o

If T split the sample into earlier and later M stars at M, = 0.337 Mg,
I observe something similar. The results of the “period-mass-bin” method
suggest that the early M dwarfs host their low-mass planets at longer periods
than the later M dwarfs (see tables 3.5 and 3.6). I calculate the “missed-
planets” for the same stellar mass bins with the second method and obtain
occurrence rates of f = 1.567030 and f = 0.67703) for the 1-10d and the
10-100d bin respectively. This result differs from the results obtained by
Kepler. Mulders et al. (2015) found that the occurrence rates of planets
around all kinds of main-sequence stars are lower at short periods but reach
a plateau for longer periods. The sample completeness in the 1-10 Mg and
10-100d bin is very low. Only 13 % of planets are detectable in this bin.
Nevertheless, with the current completeness and both methods, this drop
of occurrence rate of lower mass planets around stars with M, < 0.337 Mg,
towards longer periods is significant.

Both occurrence rate methods have their strengths. The “missed planets”
method probes only the parameter space of the planets that were detected.
With the “period-mass bin” approach, we can probe the whole parameter

space and give upper limits where we did not find any planets.

Within the “missed planets” method, some planets clearly dominate the
statistics — especially Teegarden b and c¢ and the two included planets of YZ
Ceti. Their host stars have masses 0.132 Mg and 0.094 Mg, respectively, so
both of them belong to the lower mass sample. If I remove only YZ Cetid
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from the statistics, the frequency of planets in the 1-10d and 1-10 Mg bin
changes from f = 1.20703% to f = 0.717525. Therefore, a single false positive
could lead to a wrong occurrence rate estimate. The correction factors in
the low mass bins are c.,., = 15 and ¢, = 11.8. A high correction factor
also leads to a higher uncertainty as a slight deviation would result in a
significantly different value.

In figure 3.4 the planets used for this study are shown. It is clear that in
the 10-100d low mass bin, the detected planets are not well distributed over
the whole bin. As the “missed planets” method relies on the planet detections
it is possible that the occurrence rate in this bin is significantly too low. A
single detection in the region with longer period and lower mass would boast
the occurrence rates. As the survey completeness is low in this region, the
probability to find such a planet is also low although the occurrence rate
could be very high.

The risk of the period-mass-bin method on the other hand is that if I
choose the bin size too large, the occurrence rates can be underestimated.
This is the case especially if the detection limits in this bins are very inho-
mogeneous. This is the case in the bins with M sini <10 Mg

I calculate the occurrence rates by distributing the planets in a log-
uniform fashion in the period-mass bins. I use the survey sensitivity shown
in figure 3.5 to find out if this is reasonable. In figure 3.6, I plot a histogram
of the detected planets per mass. I use six logarithmic histogram bins with
masses from 1 Mg to 1000 Mg. I correct the planet number in each bin with
the average survey sensitivity. The resulting planet number is decreasing with
increasing planet mass. In the 1 Mg to 10 Mg bin the lower mass planets are
three times as frequent as the higher mass planets. The survey completeness
is lower for lower mass planets. Therefore, if I distribute the test planets in

a log-uniform way, I underestimate the planet frequency.
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(a) Number of planet detections vs. planet mass for the whole sample of 125 stars,
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Figure 3.6: Number of CARMENES planet detections as a function of planet
mass for various stellar masses. Histogram: number of CARMENES planet
detections; Squares: number of planets corrected for observation bias.
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The question is if a very high low mass planet occurrence rate of 1.6
planets in periods of 1-10d is realistic from what we know about planets
around stars with M, < 0.337Mg. We know at least one example with no
planet detections in this mass-period range. Recently, Ribas et al. (2018)
published the discovery of a 3.2 Mg planet around Barnard’s star in a 233d
orbit. With more than 700 measurements they do not find such a planet
with mass in the range of 1 Mg to 10 Mg at shorter periods. The used RV
measurements exclude such a companion. Hence, to get such a high number
as 1.6 planets per star, most planet hosts should have at least a second
companion. The Extrasolar Planets Encyclopaedia lists 17 planets in 13
planetary systems with those parameters. This corresponds to a multiplicity
of only 1.3 planets per star — this is without counting stars that do not have
any planet detections in this regime. The exoplanets known today therefore
support a high occurrence rate of 1 planet per star or higher but do not
support a very high number of 1.6 planets per star.

In the 10-100d bin the same exercise leads to a multiplicity of 1.4 planets
per star with planet mass of 1 Mg to 10 Mg. This is twice the number of 0.7
determined with the “missed planets” method or seven times the number of
0.2 planets per star determined with the “period-mass bin” method.

For these reasons I think that the true occurrence rate in the 1-10d low
mass bin is somewhere in between the ones determined by the two methods
but most likely closer to the “missed-planets” results. In the 10-100d bin,
the occurrence rate could be significantly underestimated by both methods.
With the future CARMENES legacy program the true planet frequencies in

those bins can be determined (see section 3.4.6.

3.4.2 Comparison to HARPS (Bonfils et al. 2013)

The largest previous radial velocity study of M dwarfs was the HARPS M
dwarf survey (Bonfils et al. 2013). It included 102 stars and 14 planets. A di-
rect comparison of their occurrence rates with mine is presented in table 3.10.
The results are consistent in all but one period-mass bin. In the 10-100d
and 10-100 Mg bin they deviate from the HARPS upper limit.
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Table 3.10: Planet occurrence rates f from the HARPS survey (Bonfils et al.
2013) in blue and CARMENES results in black.

Period (d)
m sin i (Mg) 1-10 10-102 102-103
10%-10° f<0.01 f=0.02700% f<0.01
f<0014  f=002708  f=0.03"03
10-10? f=0.03"00 f<0.02 f<0.04
f= 0.025t§;§4§5 f= 0.06t§;§§ f=0.0851011
1-10 f= 0.36f8;%8 f= 0.52t8;%g —
f=026T00 [ =0.407535 -

In the low mass bins I obtain lower planet occurrence rates. This is
partly due to a better completeness of our sample in this area. The HARPS
completeness over the two low mass bins is roughly 14 % (1-10d) and 6 %
(10-100 d) whereas ours is 27 % and 13 % respectively. This leads to smaller
correction factors.

Another reason for the discrepancy could be observational bias. The five
planets included in the HARPS statistics of the 1-10d and 1-10 Mg, period-
mass bin are G1876d, G1581e, Gl433b, Gl176b and G1667 Cb. Three of
those stars were in the original CARMENES GTO sample but they were
stopped after 20-30 RV-measurements, because the planet discoveries were
already published by the HARPS team. The CARMENES measurements
were published in Trifonov et al. (2018). This introduces an observational
bias. As those signals are not confirmed by CARMENES data alone, those

planets are not included in the planet sample of this thesis.
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Including two more planets in our earlier M dwarf sample and one in our

later M dwarf sample would alter the occurrence rates as follows:

e the overall occurrence rate in this bin would increase from f = 0.2670 5
to f = 0.3379:15

e the occurrence rate of the earlier M dwarf sample would increase from
f<0.09to f=0.101310

e the occurrence rate of the later M dwarf sample would increase from
f=0.60103% to f = 0.7379:3

The three planets included in the HARPS statistics of the 10-100d and
1-10 Mg bin are G1581 ¢ and d and G1667 Cc. Both planet hosts are in our
low mass planet sample but with 0.33 Mg (in CARMENES) and 0.32 M,
(Anglada-Escudé et al. 2013) they are still three times as heavy as our very
low mass planet hosts. Our results suggest that early M stars have a low
planet occurrence rate of less than 9% in the 1-10d and 1-10 Mg period-
mass bin (see table 3.5). The HARPS results suggest the exact opposite.
This could mean that the fraction of low mass planets close to their star

increases for lighter stars than 0.33 M.

I find a similar discrepancy of the results for planets with M sini > 10 M.
The HARPS results suggest a higher planet frequency closer to the host star
but CARMENES results suggest the opposite.

One possibility could be that we have already detected all planets with
Msini > 10 Mg in the CARMENES sample such that an occurrence rate
study of the whole sample will lead to a lower occurrence rate in the 10-100d
bin. Therefore I ran the occurrence rate study on the whole sample. The
result in the 10 to 100d and 10 to 100 Mg bin is f = 0.02570 ;5 and in the
1 to 10d bin it is f = 0.008000:. This means that the frequency increase

towards longer periods persists.

As we find all of the planets in this bin around our earlier M dwarf (higher
mass) sample, the mass distribution of the host stars cannot explain this. A
future study of combined HARPS and CARMENES occurrence rate could

resolve this issue.
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3.4.3 The effect of eccentricity and multiplicity

Most of the detection probability analyses for RV-surveys assume circular
orbits of single planets. In the following sections I will show why this is a
reasonable simplification.

In order to include eccentricity and multiplicity in our injection-and-
retrieval experiment I would have to make some strong assumptions on the
underlying distributions. The problem is the following: our knowledge on
the eccentricity distribution is limited as highly eccentric orbits reduce the

detectability in transiting and RV-surveys.

Multi planet systems

Multi planet systems can have an impact on the planet detectability. It
is thus necessary to find out what the impact of the assumption of single
planets is and how it affects the results. Garcia-Piquer et al. (2017) retrieved
only around 3 % of their simulated multi-planet systems completely. A lot of
planets in their simulation had such a low mass that they cannot be detected
by current RV surveys. For this reason the probability to detect all planets
of a multi-planet system is very low. Hatzes (2019) ran a simulation with
the TRAPPIST-1 system as an example. It shows that at an RMS value of

I around 500 numbers of observations are needed to find all the seven

3ms~
planets but the first planet can already be identified with 60 numbers of
observations.

The results of Tremaine & Dong (2012) on the other hand imply that it
is mostly valid to approximate multi-planet systems as several single planet
systems (“approximation of separability”).

To estimate the effect of multi-planetary systems in our survey I use an
artificial planet population (Burn et al. 2020). The accuracy of the model
is not crucial to the success of this test as I only need several input planets
in realistic orbit and mass configurations. The artificial sample consists of
around 4x700 planet systems. The artificial host stars have stellar masses
of 0.1 Mg, 0.3Mg, 0.5Mg and 0.7Mg. Almost every star of the artificial

population is the host of a multi-planet system. I randomly draw 125 planet
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Figure 3.7: absolute number of retrieved planet hosts from artificial sample
out of 130

hosts in the same mass distribution as in the real CARMENES sample. I use
this as the first population. I construct a second population consisting of only
the single planet with the highest RV-amplitude out of the first population.
To obtain realistic measurement errors and time stamps I randomly pick
CARMENES time series with 26, 39, 52, 85, 102, 155 and 203 number of
observations. On top of these time series I insert the artificial planets with
50 random inclinations, phase angles and orientation of the ellipse in the

orbital plane. The mutual inclinations are taken from the planet population.

In the multi-planet mode I detected significant signals (i.e. FAP < 1%)
in the periodogram of 7 % —49 % of the planet hosts in comparison to 11.6 % —
41 % in the single planet mode. The ratio of significant signals detected in
the multi-planet mode to those detected in the single planet mode depends
on the number of observations (see figure 3.7). With 26 RV measurements
around 60 % of multi-planet hosts can still be identified in comparison to
single planet hosts. Starting from around 80 RV measurements multi-planet
systems begin to be more likely to be detected than the corresponding single
planet system. At the level of 50 observations 80 % of the multi-planet hosts
can be identified.
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With data from the Kepler satel-
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I estimate how many planets we

might “lose” with the “approxima-

tion of separability”. For this estimate, I assume that all of the stars in our
sample host planets. In this case roughly 60 % are single planet host which
means that 75 multi-planet hosts remain. Half of our stars have 53 or less
observations. Roughly 75% of multi-planet hosts can be identified among
them, which means, we “lose” only 25%. In this case only 9 multi-planet
hosts are lost (7 % of the planet hosts we put in originally). Considering that
the uncorrected planet occurrence rate is 28/125 = 22.4 %, this number of

lost multi-planet hosts shrinks to 2.

Therefore, I conclude that missed multi-planet systems have a very low
influence on the planet occurrence rate. Therefore, treating multi-planet
systems as several single planet systems is a reasonable simplification used

in occurrence rate studies.
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Eccentric orbits

Cumming (2004) stated that the periodogram itself is sensitive for most
eccentric orbits with e < 0.4. The observed eccentricity distribution param-
eterized as described in Kipping (2013) (see figure 3.9) shows that around 80
% of the detected planets fall under this criterion. If T include eccentricity
in our injection and retrieval experiment, consequently I do not see much of
a difference on the 90 % detection threshold. The difference occurs in the
90-100 % detection probability area where some of the orbits cannot be de-
tected with our sampling. To calculate the completeness map I count every
grid point with a detection probability of more than 90 % as a detection.
Therefore the effect of eccentric orbits is negligible.

To double check this effect I ran a similar test as for the multi-planet
systems. I took the same data set with 26, 39, 52, 85, 102, 155 and 203
number of observations. Using the the artificial planet population I compared
the single planet systems with the same set of single planet systems with
eccentricities set to zero. The resulting correction factor is close to one for
all numbers of observations (see figure 3.8). In the artificial population high
eccentricities are very rare as well.

With either the observed eccen-

tricity distribution or the artificial

population as a test I therefore con-

clude that using circular orbits for 20 1

our completeness map is reasonable.

Probability in %

Therefore neither eccentric orbits 0
nor multiple planets significantly al- 0.00 025 050 0.75

ter the planet statistics. Eccentricity

Figure 3.9: Observed eccentricity dis-
3.4.4 Number of obser- tribution asin (Kipping 2013)

vations needed
The detection probability of Earth

like planets in our sample is quite low. Figure 3.5 implies that it is zero on

average for periods up to 240d for planets around our early M dwarfs and
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close to zero for planets around our later M dwarfs. For this reason, it is
of interest how many observations are needed to find a planet of this mass
around an M dwarf.

I selected three example stars with masses Mga,= 0.17 Mg; Mgpar= 0.315
Mg and Mg, = 0.51 Mg, of which more than 200 RV values were obtained
with CARMENES. I sequentially removed RV measurements to find out how
this affects the detection probability. As the phase coverage of the RV data
typically got better towards later observing times, I deleted points starting
from the beginning until only 20 RV measurements remained. For each data
set I computed detection maps. I identified the lowest mass synthetic planet
that could be retrieved with a 50 % detection probability. The same was done
for the 16 % and 84 % detection probability level. The results are shown in
figures 3.10 and 3.11. In the figures the 1 Mg level is indicated with a dashed
gray line. The 50 numbers of observations threshold is highlighted as well,
as CARMENES observations are completed at this amount of measurements
if no interesting signal is present.

With 50 measurements I could not detect an Earth mass planet in a 10d
orbit around the three stars with different masses. In the low mass case I
could see the signal of a 1.8 Mg planet. Starting from around 80 numbers
of observations I get a detection probability of 14 % and starting from 100
numbers of observations it increases to 50 %. To get an Earth like planet at
a 10d period with 84 % detection probability at least 400 RV-measurements
are required.

In the case of the My, = 0.315 Mg, star an Earth like planet could be
detected in a 1.4d period orbit with 200 observations. A similar longer
period planet would be undetected even with 200 RV measurements. With
50 RV-values we could find a 2 Mg, planet at a 1.4d orbit and a 3.5 Mg planet
at a 10d orbit.

Around the early M dwarf with Mg.,= 0.51 M an Earth mass planet
cannot be detected although there are 370 observations. The lowest mass
planet, that could be detected in a 10d orbit has a mass of around 3 M.
With 50 observations we could see the signal of a 5 Mg planet.

Keeping this result in mind, it is obvious, why the four low mass planets
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Figure 3.10: Upper limit for masses at different numbers of observations;
dots are at 50 % detection probability, filled area is 16 % and 84 % detection
probability; upper panel: late M dwarf with Mg, = 0.17 My; lower panel:
earlier M dwarf with Mg,,= 0.315 Mg
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in our sample are orbiting very low mass stars. This does not mean that
higher mass M stars do not host very low mass planets of less than 2 Mg but
with CARMENES we cannot determine their frequency. In this simulation
I included the activity of the stars by using the actual RV-values. Most M
stars are active stars and even a perfect instrument could not detect such
planets if the RV-jitter due to activity is not mitigated.

The upper limit of planets that we can detect depends not only on the
stellar mass, but also on the intrinsic RMS scatter of the observations. Our
three stars have RMS of 2.6 ms™ (M= 0.17 Mg), 2.9 ms™ (M= 0.315
Mg) and 2.98ms™ (Mgar= 0.51 My). The RMS scatter of these stars are
lower than the median value of the CARMENES sample, but there are stars
that show even lower scatter. For this reason, I plot the 50 % upper limits
in K-amplitude normalized to the RMS (figure 3.12).

I fit the result with a power law:

flx)=a-2"+ec (3.8)

1

Nobs

From the result of the fit I conclude that for our sample % x — at least
at a period of 10d. The plot shows that there is a significant improvement
in % from 50 to 200 numbers of observations but more observations do not

significantly improve the K to RMS ratio.
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(a) K amplitude/RMS for a star with Mgar= 0.17 Mg
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Figure 3.12: K amplitude/RMS of the time series vs. number of observations
for three different stars with masses of (a) M= 0.17 Mg, (b) Mgtar= 0.315
Mg and (¢) Mgar= 0.51 Mg at the period of 10d. A power law fit is plotted
in red.
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3.4.5 Comparison with planet population synthesis

I compare our results to the artificial planet population from planet popu-
lation synthesis models (see section 3.4.3). The artificial planets are from
the next generation Bern models that form large amounts of artificial planet
systems with the core accretion planet formation mechanism (e.g. Mordasini
et al. 2012; Emsenhuber et al. 2020a; Schlecker et al. 2020). These models
are currently extended to low mass stars (Burn et al. 2020). From such a
preliminary artificial population, I plot a subset of the population that is
comparable in host star mass distribution into the completeness map (see
figure 3.13).
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Figure 3.13: CARMENES completeness with artificial planet population
overplotted in gray (CARMENES planets in orange)

It becomes obvious that most artificial planets have periods and masses
that are not detectable with CARMENES. My results from section 3.4.4
imply that the vast majority of the synthetic planets cannot be detected
even with a very high amount of measurements. In a future project I want

to assign CARMENES time series to the synthetic populations and assign
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Table 3.11: Planet occurrence rates f from planet population synthesis in
red, from the HARPS survey (Bonfils et al. 2013) in blue and CARMENES
results in black.

Period (d)
m sin i (Mg) 1-10 10-10?

10-10? f=0.07£0.03 f=0.01£0.01

f=0.0350 f <0.02
f=002570%,  f=0.0615%
1-10 f=0.52+0.10 f = 0.74+0.11
f=036%7%  f=052"%
f=026755  f=0.40%0%

detection probabilities to each planet in collaboration with Martin Schlecker
at the MPIA in Heidelberg. The goal is to obtain an observable population
that can be directly compared to the real planet sample.

Nevertheless, I can already compare the occurrence rates in four of the
period-mass bins obtained from theory, HARPS and from our sample (see
table 3.11). The theoretical sample is consistent with the HARPS and
CARMENES occurrence rates in the sense that most artificial planets are
in the 10-100d and 1-10 Mg period-mass bin. It is also consistent with
HARPS in the sense that the least amount of planets is expected in the 10—
100d and 10-100d period-mass bin. In this bin it is inconsistent with our
results from CARMENES. For that reason it is of importance to resolve the
true exoplanet frequency of that bin in the future. It can give helpful clues
on where the planet population synthesis models have to be better adapted
to low mass stars. The overall higher frequencies are expected due to the
fact that by construction of the models multi-planet systems with a lot of

planets are favored.

3.4.6 Implications for the CARMENES legacy program

The CARMENES data that has been obtained up to now allows to determine
the frequency of planets with M, > 10Mg in orbits shorter than 100d. With

more data we could additionally resolve the frequencies of long-period planets
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and of low-mass planets with masses from 1 Mg to 10 Mg:

1. As shown in figures 3.10 and 3.11 we know that with 50 observations,
we can detect planets with masses of 3 Mg to 10 Mg in a 100d orbit
depending on the host star mass. In this thesis, I analyze only orbital
periods until half of the time baseline. If you do not apply this strict
criterion, the occurrence rates of this bin become smaller than those
in the shorter period bin (see master theses of Juan Carlos Munios and
Ivan Munos). The current theoretical planet population models also
predict a lack of planets with masses of 10 Mg or more for periods longer
than 10d. Therefore, we should aim for obtaining the same number of
measurements spread over a longer period of time in order to obtain a
longer time baseline of the observations. In this way we can probe the
100-1000d bin for this mass range in the future.

2. Secondly, and maybe more importantly, we should aim at resolving
the discrepancy of planet occurrence rates of planets less massive than
10 Mg in short period orbits around our sample of stars with lower mass
(stars with M, < 0.337Mg). The stars with lower mass are ideal for
observations with CARMENES as they mostly emit in a wavelength
region that cannot be observed as well with most other instruments.
Out of this sample we should randomly select 10 inactive stars for
which we increase the amount of RV-measurements to 200. However,
one could argue that this will introduce a bias towards inactive stars.
This is the case only if the planet population of active stars is different
from that of inactive stars. Up to now planet formation models do
not include stellar activity. Therefore, the RV quiet sample in fact
is a better test sample for those theories than the whole sample. In
addition to that we have to avoid active stars as it is more difficult to
detect small mass planets around them.

The aim of this strategy is to get a more homogeneous sample that
can be probed down to lower mass stars. The different results of the
two occurrence rate methods are mainly due to a very large range of
upper limits of the 125 star sample. The occurrence rate of this highly

observed sample will have large error bars but the number of stars is
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sufficient to distinguish between 1.6 planets per star or 0.6 planets per
star. In the first case, we expect around 16f§ planet discoveries and
in the second case only 6f§. In the 10-100d bin this strategy will also
significantly improve the statistics. My results suggest that the planet
frequency is lower in this bin than that of the short period bin. If
future observations support those results, this would challenge planet

formation theories.



Chapter 4
Conclusion

The aim of this thesis is to study the frequencies of planet around A and
M type stars. As A stars are heavier and M stars are lighter than the stars
typically studied, my results can be used to test planet formation theories
as a function of stellar mass. To this end, I have analyzed radial velocity
data from the OES and TCES spectrographs in Ondiejov and Tautenburg,
radial velocity data from the CARMENES spectrograph and photometric
data from the Kepler space mission.

I have tested the hypothesis of a very high close-in giant planet occur-
rence rate of 8.4 % around main-sequence A-type stars. The hypothesis was
formulated by Balona (2014) based on periodic variations in Kepler light
curves that could originate from a sub-stellar companion. I have studied the
radial velocities of six stars out of a sample of the 166 A-type stars with a
proposed planetary companion. I have obtained upper limits that are clearly
in the planetary regime such that I can rule out a close-in stellar companion
as a cause of the observed light curve variations.

From the sample of roughly 2000 Kepler A stars I can statistically rule
out such a very high frequency of giant planets. I have derived an upper
limit of 0.75% with the most probable frequency being much lower with
about 0.15%. This is further evidence that close-in giant planets are very

rare around A-type stars and probably even rarer than around G-type stars.

87
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This is expected from theory and protoplanetary disk observations. Giant
planets in total are expected to be more frequent around this type of stars,
as the protoplanetary disk is observed to have a higher mass. Therefore it
has more material to form planets. On the other hand this also results in a
shorter disk lifetime and consequently in a shorter migration timescale. For
this reason giant planets maybe do not have enough time to migrate inwards
such that their periods are in general longer. This leads to a lower number
of close-in giant planets as compared to giant planets at longer periods.

Considering the lower protoplanetary disk mass of M stars, we expect a
generally lower giant planet occurrence rate. I have studied a subset of 125
stars out of the 300 stars in the CARMENES M dwarf survey. From this
sample I have obtained planet frequencies for different mass and period bins.
My results support a lower giant planet frequency in orbits longer than 10d
and they also support a similar or lower frequency of close-in giant planets
as compared to G-type stars. In fact, the planet with the highest mass in
short period orbits detected with CARMENES has a mass of only 14 M.
My upper limits for the close-in giant planet occurrence are higher than the
frequencies published for G-type stars. For this reason a much larger sample
of stars needs to be observed in order to obtain tighter upper limits.

In the intermediate mass range of 10-100 Mgy my CARMENES results
indicate an increased frequency towards longer periods in contradiction to
earlier results from HARPS and planet population synthesis. The HARPS
M dwarf planet statistics includes no planet detections, whereas I include four
or five planet detections in this mass-period range. The planet frequency, I
determined in this thesis, increases from 2.573 . % in the 1-10d bin to 675 %
in the 10-100d bin. A bias could be introduced by the selection of 125 out
of over 300 target stars. Even if this was the case, the frequency increase
towards higher periods would be supported by the large data set as well.

Planets with masses lower than 10 Mg are very numerous around G-type
stars. Results from the Kepler mission hint towards an even higher number of
small mass planets around low mass stars. I have retrieved occurrence rates
from my detection limits with two different methods. For higher masses those

methods produce similar results. In the lower mass regime the completeness
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is inhomogeneous across the period-mass bins. As a consequence I have ob-
tained very different low mass planet frequencies. With the first method of
essentially averaging the detection limits throughout the period-mass bin I
have obtained a frequency of 66 % for periods up to 100d. This is consis-
tent with small mass planet frequencies known for G-type stars. The second
method assigns a number of missed planets associated with every planet de-
tection. With this method I have found an occurrence rate of 1.8 planets per
star. This is a lot higher than the number of planets around solar like stars.
Nevertheless, this number is consistent with some of the Kepler frequencies
of low mass planets around M dwarfs. In order to unify the results of both
methods, we need to gather a higher number of observations per star. My
results suggest that this number should be around 200 for 10 quiet low-mass
stars. This could be the aim of an extended CARMENES legacy program.
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MASCARA-1-b Tautenburg data
time RV RV err time RV RV err
bjd) () () D) () ()
42450000 42450000
7966.36 2103 874 7971.58 1328 536
7966.39 2101 1027 7971.55 1253 1104
7966.43 1931 608 7973.36 1242 539
7966.46 1349 382 7973.38 1594 864
7966.47 1395 493 7973.4 2265 780
7966.49 1735 820 7973.42 1389 1125
7971.39 1494 1223 7973.44 1725 580
7971.4 1833 591 7973.47 2027 510
7971.42 1363 484 7973.49 2488 303
7971.43 1404 404 7973.51 1728 425
7971.45 2559 538 7973.53 1421 849
7971.46 2393 1360 7973.55 1350 546
7971.48 1185 863 7973.57 1306 506
7971.49 1802 565 7973.59 877 613
7971.53 539 704 7979.34 2343 1029
7971.54 2554 758 7979.37 2170 1046
7971.55 820 1189 7979.39 2065 844
7971.57 1370 1163 7979.41 2152 682
7971.58 2285 1002 7979.43 1557 1037
7971.56 1885 465 7979.45 2510 512
7972.45 873 334 7979.47 1102 270
7972.47 667 869 7979.49 1376 1076
7972.48 978 799 7979.51 1806 337
7972.49 1345 267 7979.53 1706 353
7971.51 1046 683 7979.56 1521 736
7971.52 2120 836 7979.58 1812 892
7971.54 1119 584 7979.56 1268 1140
7971.55 1709 945 7980.33 2020 421
7971.56 1412 443

Table A.1: Barycentric Julian dates at mean exposure and the radial veloci-
ties determined from cross-correlation.
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MASCARA-1-b Tautenburg data

time RV RV err time RV RV err
bid) () (®) b () ()
42450000 42450000

7980.35 2402 303 7998.34 670 489
7980.38 2393 1133 7998.36 821 754
7980.4 1766 898 7998.38 768 1266
7980.42 1071 468 7998.45 1397 692
7980.46 1539 1061 7998.47 825 1287
7979.53 1244 859 7998.49 1159 1032
7980.55 983 694 7998.51 1612 989
7980.57 401 1265 7998.54 621 1372
7980.59 761 808 7999.36 1129 1874
7995.33 2291 455 7999.51 1262 1040
7995.35 1460 882 7999.53 1603 1099
7995.37 1389 338 7999.55 1572 507
7995.4 867 470 8000.41 315 1087
7995.42 1637 770 8000.43 626 834
7995.43 1225 566 8000.45 840 762
7995.44 102 1260 8000.47 937 828
7995.46 834 1219 8000.49 508 437
7995.47 953 851 8000.51 197 592
7995.49 628 633 8000.53 891 432
7995.5 -309 662 8000.55 1091 426
7995.52 611 1003 8000.57 1388 1534
7995.53 309 916 8001.39 945 514
7995.54 624 505 8004.37 1454 643
7995.57 1281 1758 8007.41 251 1559
7995.59 734 1520 8008.49 513 1610
7996.37 -418 2582 8012.46 979 580
7996.39 -3 2173 8013.4 549 952
7996.41 -54 2306 8014.3 1479 592

Table A.2: Barycentric Julian dates at mean exposure and the radial veloci-

ties determined from cross-correlation.
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MASCARA-1-b Ondriejov data

time RV RV err
(bjd) () (%)
+2450000

8313.41 791 1156
8313.48 5211 1054
8313.51 2453 2798
8313.54 2959 3167
8313.59 6032 3331
8314.56 2375 364

8314.41 1465 1712
8314.43 1412 1729
8334.4 2874 473

Table A.3: Barycentric Julian dates at mean exposure and the radial veloci-
ties determined from cross-correlation.



APPENDIX A. RV DATA 102

KIC 3766112 Tautenburg data KIC 4944828 Tautenburg data

time RV RV err time RV RV err
(bjd) () (m) bjd) (=) ()
42450000 42450000

7557.49 -469 1402 7557.51 942 982
7558.46 74 1080 7558.51 -499 1016
7562.48 -1348 569 7562.51 970 1384
7563.49 -909 1604 7563.51 653 1396
7564.48 -976 1159 7564.51 232 1254
7566.51 -815 316 7585.49 246 897
7592.39 -1121 895 7585.53 -344 1039
7585.47 -1098 711 7588.52 =217 1315
7588.5 -1292 1818 7625.41 -122 887
7625.39 -848 801 7625.41 -122 887
7625.39 -848 801 7880.47 1000 976
7883.51 -366 1144 7883.53 515 962
7884.48 -889 1219 7884.5 454 704
7889.51 576 2206 7889.45 810 744
7911.45 798 989 7911.42 572 1146
7918.5 -209 1294 7918.53 -1075 620
7924.47 -910 1675 7923.47 360 892
7940.42 -477 656 7923.53 864 1073
7944.45 -2435 666 7924.49 320 1326
8001.46 -3458 207 7940.45 636 972
8008.38 -1139 348 7944.36 -790 569
8009.43 -1241 1297 7944.37 -332 1109
8012.36 -1535 1532 8001.53 -351 1132
8013.51 -2304 263 8007.46 -1321 675
8014.5 -2067 829 8008.41 -1314 1270

8012.39 510 805
8012.51 -149 705
8014.39 =315 590
8014.52 33 871

Table A.4: Barycentric Julian dates at mean exposure and the radial veloci-
ties determined from cross-correlation.
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KIC 4944828 Ondriejov data

RV err
(%)

time RV
bjd) ()
42450000
7884.52 -279
7892.47 -1641
7905.39 1051
7926.51 113
7929.41 -896
7935.52 260
7946.36 402
8314.48 -89
8334.5 220

1023
1105
994
1120
1135
849
787
111
959

Table A.5: Barycentric Julian dates at mean exposure and the radial veloci-

ties determined from cross-correlation.
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KIC 7352016 Tautenburg data KIC 7777435 Tautenburg data

time RV RV err time RV RV err
bjd) (%) (=) (bjd) (=) (m)
42450000 42450000

7557.42 -325 1115 7557.53 206 977
7558.42 -653 303 7558.52 479 1154
7562.41 -172 951 7562.53 238 1235
7563.41 -711 1164 7563.53 380 531
7564.38 -740 829 7564.53 410 943
7566.41 -585 775 7585.51 128 864
7589.43 -1664 666 7588.42 846 968
7585.40 -454 1278 7588.54 -b74 1348
7588.45 -1176 1129 7625.43 69 951
7625.33 -778 657 7883.55 435 815
7625.52 -2699 1042 7884.52 108 1112
7880.49 -300 891 7889.48 1400 1186
7883.46 -298 538 7911.47 528 785
7884.43 -808 847 7919.44 -1099 1427
7884.56 -1454 618 7923.49 -423 1062
7914.43 -452 1040 7924.50 -225 877
7919.42 475 643 7940.49 538 747
7923.41 298 392 7944.39 309 759
7924.42 -926 1048 8001.55 170 842
7940.47 -239 1095 8007.44 -674 765
7944.47 -1608 617 8008.42 -1073 975
8001.49 -2128 1345 8012.40 12 1339
8008.33 -706 1178 8012.53 -182 910
8009.38 -1196 1111 8014.41 486 1082
8012.32 -1363 1003 8014.54 -185 463

8013.49 -2296 1035
8014.45 -2559 1071

Table A.6: Barycentric Julian dates at mean exposure and the radial veloci-
ties determined from cross-correlation.
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KIC 9222948 Tautenburg data KIC 9453452 Tautenburg data

time RV RV err time RV RV err
(bid)  (2) () bid) (=) (®)
42450000 42450000

7557.44 -668 893 7557.40 -13 1176
7558.44 316 737 7558.39 -461 1197
7562.46 -450 771 7562.38 256 1553
7563.46 =272 836 7563.38 148 1144
7564.46 -968 1265 7564.41 -1069 1557
7566.49 -1014 1236 7566.38 -350 1111
7590.43 -1583 1348 7568.39 174 609
7585.42 -1530 1150 7585.35 -2035 911
7588.47 -1763 956 7585.37 -1182 1117
7625.36 -1614 825 7625.31 -1147 442
7625.36 -1614 825 7625.31 -1147 442
7880.52 -927 1419 7880.44 28 800
7883.48 -734 1257 7883.43 -124 832
7884.45 -1416 1451 7884.41 -251 527
7889.43 -827 1288 7884.54 -1155 736
7911.49 823 787 7889.54 -992 1270
7912.46 485 627 7912.48 105 571
7919.46 82 1328 7919.49 484 1641
7923.43 0 1196 7923.38 263 565
7924.44 -966 1310 7924.39 -9 1235
7941.44 -511 781 7939.53 262 1212
7944.49 -366 714 7941.47 -519 1215
8001.57 -1764 1428 7942.38 -1558 496
8008.36 -2940 7302 7942.49 -456 1362
8009.41 -1095 1583 8001.51 -2615 1720
8012.34 -809 1645 8008.31 -1489 1240
8014.37 2635 5670 8009.36 -1207 1720
8014.47 -1946 1670 8012.29 -1302 1153

8013.47 -2342 1423
8014.43 -2357 1313

Table A.7: Barycentric Julian dates at mean exposure and the radial veloci-
ties determined from cross-correlation.
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KIC 9222948 Ondrejov data KIC 9453452 Ondfejov data

time RV RV err  time RV RV err
bid) (=) (=) b () (@)
42450000 42450000

7892.42 -366 415 7891.41 251 254
7929.45 476 993 7928.46 -3 199
7948.37 405 69 7948.42 -268 115
7995.52 -1512 606 8322.40 -25 126

8334.58 -332 167

Table A.8: Barycentric Julian dates at mean exposure and the radial veloci-
ties determined from cross-correlation.
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CARM. ID mass CARM.ID mass CARM. ID mass

(M) (M) (M)
J00051+457 0.565 J04472+206 0.149 J10289-+008 0.485
J00067-075 0.114 J04588+498 0.649 J10482-113 0.096
J00183+-440 0.449 J05019-069 0.168 J10564+070 0.11
J01013+-613 0.442 J05062-+046 0.252 J10584-107 0.149

J01019+541 0.127 J05084-210  0.151 J11000+228 0.423
J01025+716 0.512 J05314-036  0.599 J11026+219 0.603
J01026+623 0.597 J05365+113 0.655 J11033+359 0.452
J01033+-623 0.203 J060004-027 0.237 J11054+435 0.43

J01125-169 0.132 J060114-595 0.265 J11110+304W 0.5382
J01352-072 0.257 J061034-821 0.458 J11417+427 0.381
J02088+-494 0.32 J06105-218  0.598 J11421+267 0.485
J02222+478 0.622 JO6371+4+175 0.51  J11511+352 0.506
J02362+068 0.261 J065484-332 0.392 J12123+544S  0.635
J02442+4-255 0.384 J065744-740 0.248 J12156+526 0.251
J02519+224 0.251 JO074464-035 0.339 J12189+111 0.135
J02530+4-168 0.094 JO7558+833 0.239 J123124-086 0.611
J02565+554W  0.689 J0O8413+4-594 0.12  J12479+097 0.354
J03133+4-047 0.16 J09143+526 0.622 J13005+4-056 0.169
J03463+-262 0.658 J091444-526 0.605 J13196+333 0.606
J03473-019 0.514 J09163-186  0.563 J13229+244 0.264
J04153-076 0.234 J09449-123  0.31  J14010-026 0.552
J04290+219 0.744 J09561+4-627 0.64 J14173+454 0.263
J04376+528 0.653 J100234-480 0.601 J14257+236W  0.678
J04429+189 0.537 J10122-037  0.575 J14294+155 0.555

Table B.1: CARMENES stopped GTO stars included in the analysis, part 1
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CARM. ID mass CARM. ID mass CARM. ID  mass

(M) (M) (M)
J14307-086 0.739 J18051-030 0.521 J22021+014 0.6
J14321+081  0.105 J18174+483 0.51 J22057+656 0.314
J15194-077 0.33 J18189+661 0.128 J22096-046  0.531
J15305+094  0.111 J18198-019 0.656 J221144409 0.123
J15499+796  0.143 J18353+457 0.631 J22115+184 0.58
J16167+672S 0.699 J18356+329 0.074 J22137-176  0.171
J16254+543 0.35 J18580+059 0.622 J222524594 0.385
J16303-126 0.323 J19169+051N 0.526 J22468+443 0.352
J16313+408  0.164 J19255+096 0.108 J22518+317 0.482
J16555-083 0.09 J19346+045 0.632 J22532-142 0.37
J16570-043 0.274 J19511+464 0.246 J225594178 0.599
J16581+257  0.572 J20093-012 0.141 J23113+085 0.33
J173034055 0.59  J20305+654 0.415 J23216+172 0.437
J17338+169  0.211 J20533+621 0.597 J23351-023  0.119
J17355+616  0.606 J21164+025 0.402 J23381-162  0.508
J17378+185  0.489 J21348+515 0.494 J23419-+441 0.141
J175784046  0.155 J21466+668 0.258 J23548+385 0.295
J18022+642  0.173 J22012+283 0.303

Table B.2: CARMENES stopped GTO stars included in the analysis, part 2
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CARMENES ID | period fap remark

J00067-075 21.17  0.5206% planet?

J00183+440 40.65 0.5847% Rotation peak

J01025+716 43.39 1075 Activity peak (CalRT)
J01026+4-623 9.33  0.0100% Rotation peak

J01026+-623 18.9  0.3146% Activity peak (CalRT,Ha)
J01125-169 3.06 0.0047% Known planet

J01125-169 80.62 0.0173% Activity peak (dlw)
J01125-169 4.7 0.0349% Known planet

J02088+-494 60.62 0.4171% RV loud

J022224-478 28.23  0.0072%  Activity peak (CalRT,dlw)
J025304-168 4.91 1076 Known planet

J025304168 11.41 1076 Known planet

J02530+168 172.34  0.0011%  Activity peak (dlw)
J03133+047 2.29 107  Known planet

J031334-047 67.91 0.3438% planet?

J04153-076 1.8 1075 Activity peak (crx)
J04290+219 12.53  0.0048% Rotation peak

J04290+219 25.07 0.0036% Activity peak (CalRT,dlw)
J04290+219 175.22 0.0314% Activity peak (crx)
J04376+528 16.3  0.1925% Activity peak (CalRT,dlw)
J04376+528 7.9  0.1966% planet?

J04376+4-528 422.79 0.2191% planet?

J04588+498 8.97 0.0081% planet?

J05084-210 693.32 1076 period longer than time baseline
J05314-036 37.08 0.0033% Activity peak (CalRT,Ha,dlw)
J05314-036 10000 10-¢ period longer than time baseline
J05365+113 11.77 1076 Activity peak (CalRT,Ho,dlw)
J05365+113 12.47  0.0409% Activity peak (CalRT,Ha,dlw)
J06011+4595 83.39 0.0704% Activity peak (dlw)
J06011+595 44.1  0.3726% planet?

J060114595 21.52  0.6634% planet?

J06103+821 10000  0.0230% period longer than time baseline

Table B.3: Output of the periodicity search of the CARMENES stopped
subsample; part 1
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J06105-218 2621.41 0.0002% period longer than time baseline
J06548+332 14.21 1076 Known planet

J06548+332 67.59 107  planet?

J06548+332 119.48 0.0003% planet?

J06574+740 1.7 0.9875% RV loud

J074464-035 2.78 1075 Activity peak (crx,dlw)
J08413+4-594 206.39 106 Known planet

J08413+4-594 2236.05 1076 period longer than time baseline
J08413+4-594 39.3  0.0383% planet?

J09143+526 16.32 1075 Activity peak (CalRT,Ha,dlw)
J09143+526 1468.72  0.0201% period longer than time baseline
J09144+526 1432.22  107%  period longer than time baseline
J09144+4-526 24.4  0.0012% Known planet

J09144+526 16.66 1075 Activity peak (CalRT,Ha,dlw)
J09561+627 18.66 1075 Activity peak (CaIRT,dlw)
J09561+627 8.93  0.0282% planet?

J10122-037 10.65  0.0004% Rotation peak

J10122-037 21.4  0.0056% Activity peak (CalRT)
J102894-008 305.89 0.0166% planet?

J10482-113 1.52  0.0702% Rotation peak

J10482-113 293  0.0321% Activity peak (dlw)

J105644-070 2.7 107 Activity peak (crx,dlw)
J10584-107 4.62 1075 Activity peak (crx)

J11026+4-219 13.74  0.4204% Activity peak (crx)

J11026+219 13.95  0.1249% Activity peak (crx)

J11026+219 454  0.0409% planet?

J110334-359 12.94 107 planet?

J11033+4-359 1960.31 1076 period longer than time baseline
J11054+4-435 1043.71 0.0005% period longer than time baseline
J11417+427 41.28 106 Known planet

J11417+427 514.72 106 Known planet

J11421+267 2.64 10  Known planet

J114214-267 56.29  0.9319% planet?

Table B.4: Output of the periodicity search of the CARMENES stopped

subsample; part 2
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CARMENES ID | period fap remark
J11511+4352 11.12  0.0028% Rotation peak
J115114352 25.5  0.5200% planet?
J12123+544S 13.68 1076 Known planet
J12123+4-544S 107.28 0.4552% planet?
J12156+4-526 2.54  0.0045% RV loud
J12189+111 1.55  0.2962% RV loud
J124794-097 1.47  0.0012% Known planet
J13229+4-244 3.02 1076 Known planet
J132294-244 87.38 0.1654%  Activity peak (crx,dlw)
J14307-086 249.07 0.3527% planet?
J143214-081 1.46  0.1494% RV loud
J15194-077 5.37  0.0003% Known planet
J15194-077 2.65  0.4592% planet?
J15194-077 9.62  0.7188% planet?
J15305+094 505.74 0.3923% period longer than time baseline
J15499+796 10000 0.2739% period longer than time baseline
J16167+672S 86.9 10  Known planet
J16167+672S 361.2 1075 Activity peak (crx)
J161674+672S 22.06 0.0018% Activity peak (CalRT,He,dlw)
J16303-126 4.83  0.7732% Known planet
J16303-126 17.88 0.0011% Known planet
J16313+408 1.99  0.3866% Activity peak (dlw)
J16555-083 11.18 10°¢ Activity peak (Ha,dlw)
J16581+257 539.22 0.0051% period longer than time baseline
J16581+4-257 11.29 0.2735% Rotation peak
J17303+055 33.77  0.6047% Activity peak (CalRT,Ha,crx,dlw)
J17378+4-185 15.52  0.0007% Known planet
J17378+4185 480.52 0.0073% planet?
J17378+185 40.3  0.0038% Activity peak (CalRT,Ha)
J17578+046 311.25 0.0010% Rotation peak
J18174+483 16.04 0.3243% Rotation peak
J18353+457 262  0.1111% Activity peak (Ha)
J18356+329 201.65 0.0685% period longer than time baseline
J18356+329 108.57 0.8765% period longer than time baseline
J191694-051N 104.24 106 Known planet
J19169+-051N 174.48 0.0008% planet?
J19169+051N 23.67 0.4980% Activity peak (crx)

Table B.5: Output

subsample; part 3

of the periodicity search of the CARMENES stopped
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J19255+006 382.16  10°  Activity peak (dlw)

J19346+045 2.52  0.6427% planet?

J20533+621 118.33  0.3981% Activity peak (crx)

J20533+621 183.37  0.1655% planet?

J21164+4-025 14.45 1076 Known planet

J21164+4-025 42.98  0.0002% Activity peak (CalRT)
J213484-515 26.34  0.3320% Rotation peak

J21466+668 8.05 10  Known planet

J214664-668 2.31 1076 Known planet

J21466-+668 92.47 1075 Activity peak (Ha)

J22021+014 10.96  0.0405% planet?

J220574+656 123.74  0.0001% Activity peak (crx)

J22096-046 2380.57 10-¢ period longer than time baseline
J22096-046 10000  0.0146% period longer than time baseline
J22115+4+184 381.86  0.0001% planet?

J22115+184 39.04  0.0809% Activity peak (CalRT,dlw)
J22137-176 3.65 10  Known planet

J22137-176 611.67 1076 period longer than time baseline
J22252+-594 13.35 10  Known planet

J22468+443 2.19 1079  Activity peak (crx,dlw)
J22468+443 4.36 1075 Activity peak (crx,dlw)
J224684-443 3.22 0.8860% RV loud

J22532-142 61.17 106 Known planet

J22532-142 30.09 1075  Known planet

J231134+085 222531  107%  period longer than time baseline
J231134-085 141.09 1076 planet?

J23419+441 178.74  0.0001% planet?

J23419+441 9321  0.5426% Activity peak (dlw)

Table B.6: Output of the periodicity search of the CARMENES stopped

subsample; part 4
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Acronyms

T-spline Tautenburg Spectroscopy Pipeline
A APS Anglo Australian Planet Search

Carmencita CARMEN(ES) Cool dwarf Information and daTa Archive

CARMENES Calar Alto high-Resolution search for M dwarfs with Exo-
earths with Near-infrared and optical Echelle Spectrographs

CCD Charge-coupled device
CoRoT COnvection, ROtation et Transits planétaires

CRIRES CRyogenic high-resolution InfraRed Echelle Spectrograph

FAP false alarm probability

FWHM Full width at half maximum

GLS-periodogram Generalized Lomb-Scargle Periodogram

GTO Guaranteed Time Observations

HARPS High Accuracy Radial velocity Planet Searcher
HATN Hungarian-made Auto-mated Telescope Network
HIRES High Resolution Echelle Spectrometer

HPF The Habitable-zone Planet Finder

TAU International Astronomical Union

IRD Infrared Doppler
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KELT Kilodegree Extremely Little Telescope

MASCARA Multi-site All-Sky CAmeRA

MAST Mikulski Archive for Space Telescopes at https://archive.stsci.
edu/

MCMC Markov-Chain Monte Carlo

NGTS Next-Generation Transit Survey
NIRPS Near Infra-Red Planet Searcher

NZP nightly zero point
OES Ondiejov Echelle Specrograph

RMS Root Mean Square

RV radial velocity

S/N signal-to-noise ratio

SERVAL Spectrum radial velocity analyser

SOPHIE Spectrographe pour I’Observation des Phénomenes des Intérieurs
stellaires et des Exoplanetes

SpT spectral type

TCES Tautenburg Coudé Echelle Specrograph

TESS Transiting Exoplanet Survey Satellite
UVES Ultraviolet and Visual Echelle Spectrograph
VLT Very Large Telescope

WASP Super Wide Angle Search for Planets
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Table B.7: List of Symbols

Quantity Symbol Value in SI

Newtonian gravitational constant G 6.6742 x 107t m3kg=ts?
Astronomical unit AU 1.495978 706 6 x 10 m
Parsec pc 3.0856775807 x 10 m
Day d 86400

Year yr 3.154 x 107 s

Mass of the Sun Mg 1.98892 x 103 kg
Radius of the Sun Re 6.961 x 10°m
Luminosity of the Sun Lo 3.846 x 1026 W

Mass of Jupiter M jup 1.898 x 10*" kg

Radius of Jupiter Riup 6.9911 x 10*m

Mass of the Earth Mg 5.9724 x 10** kg
Radius of the Earth Re 6.371 x 103 m

Stellar Mass M,

Stellar Radius R,

Planetary Mass M,

Period of a Planet P

Right Ascension o)

Declination 4]

Inclination 1

Degree ©

Minute (plane angle) !

Second (plane angle) "

Eccentricity e
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