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Abstract

A quarter of a century ago the first planet outside of the Solar System was de-
tected. With an orbital period of a few days, this discovery immediately puzzled
astronomers. How could such a large gas giant be formed so close to the violent
environment of it’s host star? This thesis attempts to illuminate the secrets of
planet formation by studying the orbital orientation of several different system
configurations. Today we believe that these ”hot Jupiters” formed further out,
but then migrated inwards to their current location. However, the history be-
hind this relocation is still a mystery, with two major contenders: disk migration
and/or high-eccentricity migration. A way to distinguishing between these two
origin scenarios is to measure the spin-orbit angle of Jupiters with hot host stars,
multi-planet systems or planetary systems containing warm Jupiters.

The first few chapters contain a general introduction to the scientific field of
exoplanets, as well as an explanation of the current state of the research into
planet formation. It is presented how spin-orbit observations can be used to reveal
the dynamic history of giant planets, and how this is measured in practice through
the Rossiter-McLaughlin effect. The use of the Rossiter-McLaughlin effect is
demonstrated on MASCARA-3, a system containing a hot Jupiter orbiting a hot
host star. We report the detection of this system, and use a combination of the
Doppler shadow and velocity anomaly techniques to establish it’s alignment. The
hot nature of it’s host star combined with the low spin-orbit angle points towards
the planet originating from disk migration. We also introduce the discovery and
characterisation of K2-290, which is a triple-star, multi-planet system consisting
of a mini-Neptune and a warm Jupiter. We present observations of the velocity
anomaly for both planets, introducing the first case of obtaining the Rossiter-
McLaughlin signal for several planets in the same system. The data reveals the
first retrograde multi-planet system, and provides the first direct evidence of a
planet originating from a primordial misaligned proto-planetary disk. Finally we
display the Rossiter-McLaughlin measurements of three planets in the M-dwarf
system of Trappist-1, all transiting on the same night. The data indicates an
aligned system, and we show how a preliminary investigation suggests our velocity
anomaly model also applies to M-dwarf systems. Lastly we conclude that disk
migration might be an alternative explanation for the misalignment of some giant
planets, and discuss the bright future of spin-orbit and formation studies.
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Resumé

Det er et kvart århundrede siden vi opdagede den første planet uden for Sol-
systemet. Med en omløbstid på få dage, forundrede denne straks astronomer.
Hvordan kunne en gasplanet dannes så tæt på stjernens voldsomme omgivelser?
Denne afhandling forsøger at kaste lys på hemmelighederne bag planetdannelse
ved at studere banerne af forskellige planetsystemer. I dag tror vi at disse ”hede
Jupitere” blev dannet længere væk, for sidenhen at migrere indad til deres nuvæ-
rende placering. Historien bag deres udflytning er stadigvæk et mysterium, men
med to forslag: migration gennem den protoplanetare disk og migration pga. en
høj eccentricitet. En måde at skelne på, er at studere banen af Jupitere omkring
varme stjerner, såvel som fler-planetsystemer og systemer med en varm Jupiter.

De første kapitler indeholder en introduktion til exoplanetvidenskab og en præ-
sentation af den nuværende forskning i planetdannelse. Det bliver præsenteret
hvordan observationer af rotation-bane-vinkler kan bruges til at afsløre dynamik-
historien for gasplaneter, og hvordan denne måles gennem Rossiter-McLaughlin-
effekten. Brugen af denne effekt demonstreres på MASCARA-3; et system med
en hed Jupiter kredsende om en varm stjerne. Vi beretter om dennes opdagelse,
og viser at planeten bevæger sig i samme retning som sin stjernes rotation. Dette
– kombineret med stjernens høje temperatur – tyder på at planeten stammer fra
migration gennem sin disk. Vi introducerer også opdagelsen og karakteriseringen
af K2-290; et tripel-stjernesystem med en mini-Neptun og en varm Jupiter. Vi
præsenterer observationer af den spektroskopiske formørkelse for begge planeter;
det første eksempel på målinger af Rossiter-McLaughlin-effekten for flere planeter
i det samme planetsystem. Dataene afslører for første gang et fler-planetsystem
der bevæger sig modsat stjernens rotation, og vi retfærdiggører at dette er det
første direkte bevis på en planet som stammer fra en skæv proto-planetarisk disk.
Endeligt viser vi Rossiter-McLaughlin-målinger af tre planeter i det røde dværg-
system Trappist-1, som alle formørkede stjernen den samme nat. Dataene viser
at planeterne bevæger sig i samme retning som stjernens rotation. Vi viser des-
uden hvordan foreløbige beregninger tyder på at vores modeller også gælder for
planeter om røde dværge. Til sidst konkluderer vi at migration gennem en proto-
planetar disk kan være en alternativ forklaring på skævheden af nogle gasplanet-
systemer, og vi diskuterer fremtiden for forskning indenfor rotation-bane-vinkler
og planetdannelse, såvel som exoplanetvidenskab i det hele taget.
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1
Introduction

Gazing at the night sky, you cannot help but feel a sense of calm. The stars,
the Moon, the planets; all appear to be ever-present and their orbits never-
changing. Even after we are gone, they will keep illuminating the darkness;
day after day, decade after decade. As the stars trail across the sky, the cosmos
seems peaceful and static. In reality, the Universe is anything but calm: Everyday
galaxies are merging, stars are dying, planets are forming. Dynamical interactions
continuously sculpts the inhabitants of space; be it the collapse of a molecular
cloud giving birth to stars, or the collision of planetesimals creating planetary
systems. Both during and after their construction, dynamics might continue to
influence the shape and orbit of these extra-solar planets or exoplanets.

Exoplanets are worlds outside our Solar System. Their existence was long pon-
dered by philosophers and scientists alike: while ancient Greeks like Epicurus
freely debated the possibility of an infinite number of worlds, the same notion
proved fatal for Renaissance philosopher Giordano Bruno (Bruno, 1584), who
was burned at the stake as a heretic. During the Age of Enlightenment New-
ton argued for the presence of planetary systems similar to our own (Newton,
1713), and by the 19th Century modern astronomers were actively searching for
exoplanets (Jacob, 1855). Though the presence of an exoplanet could in hind-
sight be inferred from 1917-observations of a white dwarf (Zuckerman, 2015), it
was not until 1992 that we saw the first definite confirmation of the existence
of extra-solar worlds, with the discovery of two planets orbiting a pulsar (Wol-
szczan and Frail, 1992). A few years later, the research field of exoplanets kicked
off with the detection of 51 Peg b – the first discovery of an exoplanet orbiting a
main-sequence star (Mayor and Queloz, 1995).

While the search for planets was ongoing throughout the 20th century, it was
restricted by the technological limitations on telescopes and their instruments.
Though the first 1992 detection was made by taking advantage of the precise
timing of pulsars, subsequent discoveries were made through primarily photom-
etry and spectroscopy observations. It was not until the 1970’s invention of the
CCD and the use of gas cell for wavelength calibration in spectrographs, that
significant advancements were made (see Seager and Lissauer, 2010, for a brief
historic review). This progress accelerated after the first discoveries, leading to
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1. Introduction

both major constructions and upgrades of ground-based spectrographs and ob-
servatories and to the launch of large-scaled exoplanet-focused space telescopes.
These have not only played a large part in the detection of exoplanets, but also
in their characterisation.

Discovery and characterisation of exoplanets

Today we know of 4044 planets distributed in 3004 planetary systems1. Since
stars greatly outshine their planets, a vast majority of these have been detected
through indirect methods. With the launch of space mission surveys such as
CoRoT, Kepler, K2 and TESS, the photometric transit method has become the
most numerous technique, resulting in the discovery of more than 3/4th of the
known planets. In this approach, the planet passing in front of its star will
diminish the amount of light we receive. The shape, depth and duration of
the resulting transit light curve can reveal e.g. the orbital inclination and the
planetary radius. If we would like to know it’s mass or orbital eccentricity, we
can combine it with the radial-velocity (RV) method, of which a majority of the
remaining planets have been discovered through. Here, we take advantage of
the gravitational influence the planet has on its star, causing it to orbit their
common center-of-mass. Due to the Doppler effect, the movement in our line-
of-sight (the radial direction) leads to the displacement of the stellar spectral
lines. Measurements of sub-meter precision shifts (i.e. Earth-like planets and
orbits) have been made possible with the upgrade and invention of state-of-the-
art spectrographs such as HARPS, HARPS-N, SUBARU and ESPRESSO.

The above techniques are not only applicable in the detection of exoplanets, but
can also be used to characterise e.g. their host star, the planetary atmosphere
and the orbital architecture. Combining knowledge on the individual systems
with population studies has revealed a great deal about exoplanets in general: to
name a few, we now know that almost all sun-like stars have planetary systems
(Dressing and Charbonneau, 2013) and that small planets in multi-planet systems
have low eccentricities (Van Eylen and Albrecht, 2015). In addition, the orbital
orientation has been revealed for more than 100 planets2, and can be deduced
by e.g. performing spectroscopy during transit. This information is crucial for
understanding the formation and evolution history of the planetary system, and
will play a large part of this thesis.

Exoplanets and the Solar System

The Solar System contains eight planets: four inner rocky worlds and four outer
gas giants. While the search for exoplanets has revealed Earthly worlds like
Proxima b (Anglada-Escudé et al., 2016) – orbiting the closest star to Earth
– and the seven planets in the Trappist-1 system (Gillon et al., 2016), it has
also resulted in the detection of planets very different than what we know from

1exoplanets.nasa.gov, accessed 2019-09-02.
2https://www.astro.keele.ac.uk/jkt/tepcat/obliquity.html
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1. Introduction

the Solar system. Indeed, examining the distribution of these foreign worlds3,
the most common exoplanets discovered are super-Earths and mini-Neptunes,
not present in our own neighbourhood. Another example is the very first 1995
exoplanet around a main-sequence star; a hot Jupiter. Though the Solar System
contains the gas giants Jupiter and Saturn, they have orbital periods of 12 and
29 years, while 51 Peg b has an orbital period of 4 days. Today we know of almost
500 hot Jupiters, and have also discovered a few dozen of their colder relatives,
the so-called warm Jupiters.

Even though astronomer Otto Struve already speculated the presence of such
close in gas giants in the 1950’s (Struve, 1952), the short orbital periods of the first
exoplanets came as quite a surprise for the scientific community, which believed
that systems with Jupiter-like exoplanets would resemble that of our own Solar
System (Seager and Lissauer, 2010). This surprise arose mainly from the fact,
that it is hard to explain how a gas giant could form in such close proximity to
their host star. While we today believe they mostly formed further away from
their star, how they arrived at their observed location is still a mystery. This
question in particular and the topic of planet formation in general is one of the
main motivations of the PhD thesis presented here, which has aimed at enhancing
the knowledge on this by studying it’s connection to orbital architecture. This
has been done by obtaining spin-orbit (mis-)alignments in multi-planet, hot and
warm Jupiter systems.

Thesis outline
In this thesis topics surrounding planet formation and orbital architecture is
attempted illuminated by measuring the spin-orbit angle of different kind of exo-
planetary systems through observations of the Rossiter-McLaughlin effect. This
is done by focusing particular on systems with Jupiter-like planets as well as
different multi-planet configurations.

In Chapter 2 details of the different planet formations and migration scenarios are
presented. The general consensus of how giant planets are formed is explained,
as well as a brief description of the basic physics and ideas behind disk migration
and high-eccentricity migration. The scientific background behind the interest
in the spin-orbit alignment is also given, with a detailed explanation of the con-
nection between spin-orbit studies and migration methods. It is presented how
extra observations of multi-planet or hot Jupiter systems might hold the key to
understand the origin of hot Jupiters.

Chapter 3 deals with the technical aspects of obtaining the spin-orbit angle of
a planetary system. It is explained how the Rossiter-McLaughlin effect can re-
veal the (mis-)alignment of systems through the velocity anomaly and Doppler
Tomography techniques, and how these two approaches are modelled in prac-
tise. These models are put to the test in Chapter 4, which presents the discovery,
characterisation and orbital architecture of the hot Jupiter system MASCARA-3.

3using e.g. http://exoplanet.eu.
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A simultaneous expansion of both the multi-planet and warm Jupiter population
is given in Chapter 5. Here the discovery and characterisation of K2-290 is
introduced; a triple-star, multi-planet system containing a warm Jupiter and a
mini-Neptune. Spin-orbit measurements of this system is presented in Chapter
6, which shows the first direct evidence of primordial misalignment together with
the first Rossiter-McLaughlin publication of several planets in the same system
and the first multi-planet system found to be retrograde.

Chapter 7 is about the very frontier of spin-orbit measurements. It deals with
observations of spin-orbit angles of planets orbiting M-dwarfs in general and
Trappist-1 in particular. Trappist-1 contains seven Earth-sized planets orbit-
ing a slowly rotating M-dwarf. We show observations enclosing the Rossiter-
McLaughlin signal for three of these planets during a single night, suggesting
an aligned system and presents us with the smallest planets having a measured
spin-orbit angle. We also show a preliminary numerical simulation of the Rossiter-
McLaughlin effect in the Trappist-1 host star, showing that the analytic model
from Chapter 3 is also suited for describing the signal in line-rich M-dwarfs.

An overall conclusion on the research carried out during this PhD is given in
Chapter 8, which puts the findings into the context of orbital orientations mea-
surements, planet formation and the origin of hot Jupiters. In addition, future
prospects of alignment studies are presented, as well as the future of research
into warm and hot Jupiters.

The basis of Chapter 4 and 5 are manuscripts which have been accepted in
peer-reviewed journals (though the latter is not yet published), with only minor
deviations (see each chapter for more details). Chapter 6 builds from an almost
complete draft, which will be submitted in the near future. In accordance with
GSST rules, parts of this thesis was also used in the progress report for the
qualifying examination.
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2
Formation and migration

2.1 Hot and warm Jupiters

Before describing the work done during this PhD, it will be beneficial to first
present the terminology and examine the current scientific consensus on the origin
of hot Jupiters. These planets are commonly defined as gas giants with masses
0.25 > M/MJup > 13 and with an orbital period < 10 days (Boss et al., 2003;
Dawson and Johnson, 2018), which will also be the case in this work. The
lower and upper mass limits corresponds to approximate boundaries of which
the Jupiter becomes a super-Neptune or a brown dwarf, respectively. Gas giants
with orbital periods 10 > P/days > 200 are referred to as warm Jupiters, and
are due to their larger orbits harder to detect than their hotter counterparts.

Hot and warm Jupiters have differences besides their periods like their occur-
rence rates (e.g. Santerne et al., 2016), eccentricity distribution (e.g. Petrovich
and Tremaine, 2016) and companionships (Huang et al., 2016). Despite these
differences, some part of the warm Jupiter population might serve as current
or failed proto-hot Jupiters. If hot and warm Jupiters have a common origin,
examining warm Jupiters might be the key to solve the origin mystery of hot
Jupiters.

2.2 Classical formation theories

Before the discoveries of the first exoplanets, the theories of planet formation –
built on observations of the Solar System – were thought to be well-established for
several decades (Safronov, 1972): Stars are born in collapsing, rotating molecular
clouds, forming together with circumstellar disks. These disks are flat due to
angular momentum preservation and consist of gas and dust. Gas giants can be
formed in these proto-planetary disks at and beyond the ”snow line”; a sweet-
spot far away from the star, where the temperature is cool enough for ice and
dust to be highly abundant. This is thought to happen either by the collapse
of fragmented parts of the disk (disk instability) or by the capturing of gas by
a proto-planetary core (core accretion). However, the former mechanism seems
unlikely in the context of hot Jupiter formation, due to it’s imposed temperature
and density constraints on the gas (see e.g. the review papers Chabrier et al.
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(2014) and Dawson and Johnson (2018)).

In the core accretion scenario, the planetary core is created first, followed by
the accretion of gas. In short, the core is produced first by dust grains colliding
and growing larger and larger, forming pebbles, rocks and planetesimals. When
these reach sizes of 1 km s−1 (de Pater and Lissauer, 2015), their growth to
several Earth-mass sized proto-planetary cores will continue by a combination of
collisions and gravitational focusing. If gas has not yet been depleted at the core’s
location, it can then attract a gaseous envelope from the disk by first growing
hydrostatic, and then through runaway gas accretion (Pollack et al., 1996) before
the gas has evaporated. This is illustrated in Fig. 2.1.

Figure 2.1: The growth in time of a giant planet through core-accretion. When
the core has been formed, the initial gas accretion happens first through hydrostatic
growth and then through runaway gas accretion. This figure is an adaption of figures in
Pollack et al. (1996), made and modified by Phil Armitage (www.solarsystemorigins.
wordpress.com/2013/11/10/lecture-12-giant-planet-formation/).

If planets remained static after their formation, the above picture would not be
sufficient to explain the presence of hot Jupiters. While the formation of the
proto-planets might happen at a location close to the star (e.g. the rocky planets
in our Solar System), their growth is in most cases simply too slow to reach the
planetary core stage before the evaporation of most of the gas from the inner
part of the protoplanetary disk due to stellar radiation (see however Batygin
et al. (2016) for special cases allowing this). Because of this rapid depletion, it
therefore seems impossible that hot Jupiters formed in situ.
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2.3 Migration mechanisms

Hot Jupiters either originate from in situ formation or migration (see Fig. 2.2).
Because of the in-situ complications just mentioned, it is presently believed that
most hot Jupiters form very far from their star, and then migrate inwards (Daw-
son and Johnson, 2018). However, the mechanism of this orbital evolution is
greatly debated. The two main theories are disk migration (Goldreich and
Tremaine, 1980; Lin and Papaloizou, 1986) and high-eccentricity migration (Rasio
and Ford, 1996). In both cases, the end-product is a hot Jupiter, but distinguish-
ing between which of these two are behind their creation is not straight-forward.
In the following, the general concept of the two mechanisms are discussed, as
well as possibilities to determine the most probable from observations.

Figure 2.2: Sketch from Dawson and Johnson (2018) illustrating the three hot Jupiter
origin scenarios; 1) in situ formation, 2) disk migration and 3) high-eccentricity migra-
tion.

2.3.1 Disk migration

Disk migration is the in- or outwards movement of the planet through the proto-
planetary disk due to angular momentum exchanges between the two. This
mechanism is typically divided into three categories; Type-I, Type-II and Type-
III. Here a simplified explanation of the three is given, but see e.g. Nelson
(2018) for a more comprehensive review. In the Type-I scenario (Goldreich and
Tremaine, 1980) resonance torques will excite spiral density waves in the gas of the
disk, which in return will exert unequal torques on the planet, making it move
in the radial direction towards or away from the star. For the Type-III case
(Masset and Papaloizou, 2003) or runaway migration, asymmetrical co-orbital
torques – exerted by gas close to the planet – can cause rapid migration and
create a feedback-loop for planets in high-mass and high-density disks. Both
Type-I and Type-III migration happen for planets with masses smaller than
Saturn and smaller than Jupiter, respectively. Though these might affect the
planet at the core-creation stage, they therefore cannot be responsible for the
inwards migration of the finished Jupiter-sized planets (Heller, 2019).
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In Type-II migration (Lin and Papaloizou, 1986) tidal torques from a massive
planet makes radical changes to the disk by clearing an annular gap in its orbit.
Locked in this gap, the planet will move inwards as the gas in the disk accretes
onto the star. Historically, this mechanism had (in isolation) problems stop-
ping the migration and avoiding hot Jupiters from being consumed by their star.
However, several possible solutions have been proposed to slow down the planet,
including planet-star tidal interactions and the stellar magnetic field curtailing
the inner part of the proto-planetary disk (Lin et al., 1996), possibly in combi-
nation with the planet arriving in specific resonances with the disk (Rice et al.,
2008). The rate might also be decoupled from the vicious accretion, by being
slowed down (or sped up) through Type-I migration if material is able to cross
the gap; an action caused by the movement of the planet that changes the equi-
librium of the outside gas (Hasegawa and Ida, 2013; Duffell et al., 2014). The rate
and strength of this depends on the disk environment, but seems unimportant
for disks with low viscosity (Robert et al., 2018).

A few direct images of circumstellar disks have indicated the presence of gaps
caused by Type-II disk migration (see e.g. the HL Tauri system: ALMA Part-
nership et al., 2015; Akiyama et al., 2016). In addition, indirect methods of
testing the prevalence of this mechanism as a hot Jupiter origin process might
be possible by studying the spin-orbit (mis-)alignment distribution of hot and
warm Jupiters: if most close-in giants were thought to stem from disk migration,
we would (naively) expect alignment between the stellar equator and planetary
orbit. In Sec. 2.5 it will be discussed in detail why this is more complicated than
it appears.

2.3.2 High-eccentricity migration

An alternative to disk migration is high-eccentricity migration. Here, the planet
does not arrive at its present location until after the gas disk has either been
accreted or dissipated. Instead, the migration happens when the eccentricity and
semi-major axis of the planetary orbit gets perturbed by dynamical interactions.
Following these perturbations, the eccentricity and spin-orbit angle of the system
might have changed. If the orbit has become highly eccentric (> 0.9, Dawson and
Johnson, 2018), it’s periastron distance will also decrease drastically, achieving
a semi-major axis comparable to that of hot Jupiters. Though the planet in this
orbit only spends very little time closest to it’s host star, it will here be affected
by tidal forces exerted by the star. This causes the orbit to lose energy, leading
to a slight decrease in speed, orbital shrinking and eventually orbital circulation.
The end result is a hot Jupiter in an approximately circular orbit.

The initial perturbations of the planetary orbit can happen either via scattering
mechanisms (Rasio and Ford, 1996) and/or secular interactions (Wu and Lith-
wick, 2011; Petrovich, 2015). In the case of scattering, the Jupiter and a close-by
third body – such as an additional planet or star – might cross paths and interact
with each other. These interactions rarely result in collisions, but instead grav-
itational scattering, leading to changes in the eccentricity and the semi-major
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axis for the planet, and an ejection or new orbit for the perturber. Though it
has long been questioned whether eccentricities of > 0.9 can be reached by this
mechanism alone (see e.g. Ford et al., 2001; Petrovich et al., 2014), new simu-
lation studies reproduce systems with eccentricities of e > 0.99, suggesting that
there is no upper limit through this mechanism (Carrera et al., 2019). However,
even if gravitational scattering was not sufficient in driving the eccentricity to
large enough values, it can serve as a starting point to perturbations by secular
interactions.

Secular interactions are changes which take place on large time scales, and can
happen in systems containing two or more bodies. Here the planet(s) (or addi-
tional companion stars) begin with a significant eccentricity and/or inclination,
and exchange angular momentum between each other. These exchanges are ei-
ther periodic (Petrovich, 2015) – happening through e.g. the Kozai mechanism
(Kozai, 1962) between the Jupiter and another planet(s) (Naoz et al., 2011) or
star(s) (Wu and Murray, 2003) in the system – or chaotic (Wu and Lithwick,
2011), with the exchange happening between three or more planets or stars. In
both cases, the deficit in angular momentum compared to circular and co-planar
orbits, leads to loss of angular momentum in the Jupiter’s orbit, which then
becomes progressively more eccentric and/or inclined.

Because high-eccentricity migration originally not only changes the eccentricity,
but also might change the spin-orbit angle, and since these changes are suppressed
in the stellar disk (Kley and Nelson, 2012), we would intuitively believe that large
misalignments indicate a dynamical origin as opposed to disk migration. This is
examined in more detail in the following sections.

2.4 Migration and spin-orbit studies

Many different approaches have been applied to figure out whether disk or high-
eccentricity is the most dominant migration mechanism. The most explored
procedure has been to examine the obliquity or spin-orbit angle of hot Jupiter
systems (Fabrycky and Winn, 2009). This is the angle between the planetary
orbital plane and the stellar equator. It is worth to note, that due to the way
the obliquity is usually observed (see Chapter 3), the obtained quantity is often
the projected angle λ, instead of being the three-dimensional value ψ.

If the star and proto-planetary disk were aligned at formation, the disk migration
mechanism should lead to aligned hot Jupiter systems, i.e. with spin-orbit align-
ments and obliquity angles of zero. In contrast, if the planetary orbit is perturbed
in the high-eccentricity mechanism, the hot Jupiter system could achieve large
obliquity value, and will thus be misaligned. The validity of these assumptions
and statements are examined in detail in the next section.

The first spin-orbit measurement of an exoplanet was performed at the beginning
of this millennium (Queloz et al., 2000), and with two decades of observations we
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now know the obliquity of 154 planets1, including prograde, polar and retrograde
systems. A large amount of systems are misaligned which points to the migration
origin being high-eccentricity. But what about the aligned systems? Several
population studies have been performed on the combined sample of systems with
measured spin-orbit angles, including Winn et al. (2010) and Albrecht et al.
(2012). In these studies, it was shown that systems with hot host stars have high
obliquities, while systems with cool hosts show low obliquities.

Tidal
Circulation:
Tides in bb

Tidal
Realignment:
Tides in bb

Dynamical
Instabilities

Figure 2.3: Sketch showing the phases of the high-eccentricity migration mechanism:
A planet experiences dynamical instabilities by e.g. another star. This can make the
planetary orbit highly eccentric, causing the star to tidally affect the planet. Following
this, the orbit will become tidally circulated, resulting in a Hot Jupiter system. At
timescales depending on e.g. the scaled orbital distance and the temperature of the
star, the planet can in return tidally affect the star and realign the stellar equator with
the orbital plane. In this sketch planet-star scattering is the reason behind the orbital
change, but this might also happen due to e.g. secular interactions.

These observations of misaligned systems and their relationship with stellar tem-
perature, were explained by the high-eccentricity migration happening in three
steps (see Fig. 2.3): 1) the orbit of Jupiters near the snow line become per-
turbed, leading to highly eccentric, possibly misaligned orbits, 2) the planetary
orbits shrink and become circularised through stellar tides dissipated in the planet
leading to hot Jupiters and 3) planetary tides dissipated in the star realign the
stellar equator with the planetary orbit, with an rate depending on the stellar

1www.astro.keele.ac.uk/jkt/tepcat/obliquity.html, accessed 2019-09-02.
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effective temperature. This rate is thought to be connected to the Kraft break
via the tides’ ability to dissipate in convective vs. radiative stellar envelopes,
providing an explanation for the temperature dependence (see e.g. Winn et al.,
2010; Albrecht et al., 2012; Dawson, 2014). High-eccentricity migration followed
by tidal realignment could therefore explain the existence of both aligned and
misaligned systems in unison, lending further credibility to the origin of hot
Jupiters being explained by this mechanism. But, even though these studies at
first glance seemed to solve this long-standing puzzle, the interpretations faced
several problems. First of all, it is theoretically hard to keep the hot Jupiter from
decaying and subsequently perishing into it’s host star, since the realignment hap-
pens at the expense of the planet’s orbital angular momentum. Secondly, initial
assumptions such as primordial spin-orbit alignment being the only outcome for
the disk migration scenario deserves a closer inspection. The former problem was
addressed in e.g. Lai (2012), suggesting the orbital decay happens on a much
slower timescale than the realignment. The latter problem and possible solutions
are addressed in the next section.

2.5 Tilted disks, warm Jupiters and multi-planet systems

At first glance, the obliquity observations seemed to resolve the hot Jupiter origin
in favour of the high-eccentricity mechanism, since the initial conditions for sec-
ular interactions are thought to be unlikely to occur in the protoplanetary disk,
as the orbits here are driven to low eccentricities and inclinations (see e.g. Kley
and Nelson, 2012). However, arguing that disk migration cannot lead to mis-
aligned systems hinges on one important assumption: The proto-planetary disk
and stellar equator were primordially aligned. Several misaligned circumstellar
disks have already been discovered (see e.g. Brinch et al., 2016), and theoretical
studies suggests that stars and their disks are frequently misaligned at an early
stage for reasons unrelated to planets: Proposed mechanisms include chaotic
star formation (Bate et al., 2010) and torques due to neighbouring stars (Baty-
gin, 2012), but these fail to explain the distinction between observed obliquities
of cool and hot stars (as discussed in e.g. Dai and Winn (2017)). However, rel-
atively recently a disk-torquing mechanism tilting the disk and simultaneously
depending on stellar temperatures was presented (Spalding and Batygin, 2015).
Here the inner edge of the proto-planetary disks of hot massive stars are tilted due
to magnetic interactions, followed by disk migration of the resulting misaligned
planets.

Several approaches have been suggested to try to distinguish between primor-
dial misalignments due to tilted disks or misalignments happening due to high-
eccentricity migration caused by dynamical interactions. This includes studying
tilted disks, eccentric binaries, multiplanetary systems or warm Jupiters (see e.g.
Albrecht et al., 2012). Though the realignment of hot Jupiter systems first ap-
peared to support the high-eccentricity migration scenario, it also pollutes the
original distribution of spin-orbit angles, making it complicated to study the
origin further. It is therefore crucial to obtain a sample not sculpted by the re-
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alignment. The realignment timescale is believed to scale very steeply with the
scaled distance between the star and planet a/R?, in addition to the planet-star
mass ratio Mp/M?. Using the same relations as in Albrecht et al. (2012), the
orbital synchronisation timescale behave in the following way (Zahn, 1977):

tC ∝
(
Mp

M?

)−2(
a

R?

)6
(2.1)

tR ∝
(
Mp

M?

)−2(
1 + Mp

M?

)−5/6(
a

R?

)17/2
(2.2)

where the C and R subscripts refer to stars with convective and radiative en-
velopes, respectively. For cold stars with a convective envelope and hot Jupiters,
this timescale is relatively short, and most observed systems of this type show
alignment. By obtaining a large sample of 1) hot stars with radiative envelopes,
or cold stars with 2) small-sized planets or 3) warm Jupiters, it is possible to
study the original spin-orbit angle, avoiding the polluted, realigned population.

Warm Jupiters are located at the outer edge of the disk, not affected by the tilt
presented in Spalding and Batygin (2015). If high-eccentricity migration is the
dominant mechanism behind hot Jupiters – and warm Jupiters are precursors
for these planets – warm Jupiter systems should show large obliquities. On
the contrary, if hot Jupiters originate from a tilted inner disk followed by disk
migration, warm Jupiters should never have become misaligned in the first place,
and we expect these to have low obliquities. Thus, if warm Jupiter systems are
in general found to be aligned, we would expect hot Jupiters to originate from
disk migration, while if they are mainly found to be misaligned, we would expect
them to originate from high-eccentricity migration.

Another possibility in differentiating between the two origin channels is to study
misaligned multi-planet systems. If the hot Jupiter originate from a tilted disk
and disk migration, we expect all planets to be similar misaligned. In contrast,
in the high-eccentricity migration scenario, we could imagine that the inclination
of all planets in the system are affected differently by e.g. scattering events.
Significant mutual inclinations would therefore point towards high-eccentricity
migration opposed to disk migration. Here it is important to keep in mind
that secular interactions from a third body might also act to change the orbital
architecture after the migration of the hot Jupiter, independent of whether the
planet originates from disk or high-eccentricity migration. This is thought to be
the case for the two known misaligned multi-planet systems of Kepler-56 (Huber
et al., 2013; Gratia and Fabrycky, 2017) and HD 3167c (Dalal et al., 2019).

Due to observational biases, the sample sizes for both warm Jupiters and multi-
planet systems have so far been too small to draw any definite conclusions on the
origin of hot Jupiters: We only know the spin-orbit angle of a few more than a
dozen warm Jupiters, and the numbers are even worse for multi-planet systems,
where only a handful have had their spin-orbit measured or inferred (see Fig.
2.4). Two of those show misalignment, but both can be explained by subsequent
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secular interactions after their migration. During this PhD study, this has been
attempted to be mitigated by targeting these type of systems for observational
follow-up and analysis.
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Figure 2.4: The projected absolute spin-orbit angle as a function of the scaled orbital
separation for systems containing cold host stars (Teff < 6250 K). Compact multi-planet
systems are marked with grey. We only include systems which have constrained λ to
within 30 deg, and exclude systems with their spin-orbit inferred from estimation of the
stellar inclination i?. The data is obtained from www.astro.keele.ac.uk/jkt/tepcat/
obliquity.html

2.6 Several formation pathways?

It is important to keep in mind, that an alternative explanation for either out-
come of the above observations could be that warm and/or hot Jupiters have
more than one formation pathway. A recent population study proposed that
15 % of hot Jupiters originate from disk migration, while 85 % originate from
high-eccentricity migration (Nelson et al., 2017). Examining hot Jupiters orbit-
ing hot stars – which are believed to have very high tidal realignment timescales
(See Eq. 2.2) – might be a way to study whether hot Jupiters form via two forma-
tion pathways, while avoiding getting the sample polluted by realigned systems.
This was done in Winn et al. (2010), which found that these systems all have
high obliquities, indicating formation by high-eccentricity migration only. How-
ever, revisiting the study using the now much expanded sample of hot Jupiter
obliquities, the picture seems ambiguous: several of these systems show align-
ment, together with the original sample showing misalignment, as can be seen
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in Fig. 2.5. The overabundance of aligned systems cannot be explained through
current theories on high-eccentricity migration and tidal realignment. One ex-
planation for the two populations is that we simply do not understand tides
as well as we thought we did. Another possibility is that the two populations
each have their own origin; the aligned systems formed through disk migration,
while the misaligned systems formed via high-eccentricity migration. For warm
Jupiters, two distinct populations has been supported by observations of eccen-
tricities (Dong et al., 2014) and companionships (Huang et al., 2016). In the
former, a picture similar to above is proposed: warm Jupiters with high eccen-
tricities originate from high-eccentricity migration, while warm Jupiters with low
eccentricities form in-situ or originate from disk migration. The loneliness of hot
Jupiters have been explained theoretically by the giant planet migrating inwards
through high-eccentricity migration, ejecting companions on the way (Mustill
et al., 2015). However, if warm Jupiters are the progenitors for hot Jupiters, this
is in conflict with the many companions observed to warm Jupiters, suggesting
two different formation scenarios for these. Either way, the formation paths of
both hot and warm Jupiters will be illuminated greatly by having a large sample
of both studied in detail and with great accuracy.
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Figure 2.5: A histogram of the hot Jupiters orbiting hot stars with measured
obliquities. In contrast with earlier studies (Winn et al., 2010), there seems to
be a significant number of aligned systems, as well as misaligned. This might in-
dicate, that hot Jupiters form via two formation pathways: the aligned by disk
migration and the misaligned by high-eccentricity migration. By only using sys-
tems with hot stars, the sample is not biased by possible realignment of the stellar
spin-axis. The data are extracted from the obliquity database of John Southworth
(www.astro.keele.ac.uk/jkt/tepcat/obliquity.html).
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3
Obtaining spin-orbit angles

3.1 Spin-orbit measurements

As discussed in the previous chapter, the spin-orbit angle – or obliquity – of a
planetary system is the angle between the stellar equator and the planetary orbit.
This is sketched in Fig. 3.1. Due to the spin-orbit angle being able to probe the
origin of hot and warm Jupiters, several methods have been utilised to obtain
it. These include studying the velocity anomaly due to the Rossiter-McLaughlin
effect (Rossiter, 1924; McLaughlin, 1924), the related Doppler Tomography tech-
nique (Albrecht et al., 2007; Collier Cameron et al., 2010), examining starspots
(Sanchis-Ojeda et al., 2011; Mazeh et al., 2015) and gravity darkening (Barnes,
2009). In this chapter, the theory on absorption line shapes necessary to describe
the Rossiter-McLaughlin (RM) effect will be introduced (Sec. 3.2), and it will be
presented how to acquire obliquities from the resulting velocity anomalies (Sec.
3.3) and the Doppler Tomography technique, even on low S/N data (Sec. 3.4).

Measuring the Rossiter-McLaughlin effect is the most commonly used method
to obtain spin-orbit angles. Before the discovery of the first exoplanets, it was
previously measured in binary systems. The technique traditionally takes ad-
vantage of the radial velocity of the star changing during a planetary transit.
Another related approach is to directly study the changes by performing Doppler
Tomography. This method utilises the underlying physics behind the Rossiter-
McLaughlin effect, by examining the distortion of the stellar absorption lines due
to the transiting planet. Doppler Tomography was first used on an exoplanetary
system in Collier Cameron et al. (2010), and has since gained popularity, partly
due to its success on systems with rapidly spinning stars (see e.g. Talens et al.,
2017).
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λ

Figure 3.1: A sketch showing the definition of the spin-orbit angle; the angle between
the stellar spin and the planetary orbit.

3.2 Line shape and broadening

To describe the theory behind the Rossiter-McLaughlin effect, it is necessary
to construct an accurate model describing stellar lines both in- and outside of
transit. In the following, the different physics behind the model will be explained,
with a large part based on the description in Gray (2005).

3.2.1 Line formation

Stellar absorption lines are generated in the stellar photosphere, and stem from
bound-bound molecular and atomic transitions. The line will not be sharp, but
will instead extend over a range of wavelengths, due to different broadening
mechanisms. Local broadening mechanisms include natural broadening, pressure
broadening and thermal Doppler broadening. These can individually be described
by Lorentzian, Gaussian and Voigt functions. However, if the lines are weak the
convolution of all of these will be dominated by the thermal broadening, resulting
in a line profile that can be assumed to be Gaussian (p. 430 Gray, 2005). In
this thesis, the intrinsic stellar line profile is therefore assumed to be Gaussian
in shape, as is also done in e.g. Collier Cameron et al. (2010). Besides the
intrinsic line broadening, the shape of the absorption lines will also be affected
by other phenomena. The model presented here includes limb darkening and
stellar rotation as well as micro- and macroturbulence.
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3.2.2 Limb darkening
Limb darkening is an effect which makes the limbs of the stellar disk appear
dimmer than the center. This is because an optical depth of unity will probe
further into the star at the center than at the limb. Throughout this thesis, a
quadratic limb-darkening law will be used, with coefficients calculated from e.g.
Claret (2000)1. The normalised intensity at a given point is then given as:

I

I0
= 1− c1(1− µ)− c2(1− µ)2 (3.1)

where µ = cos θ with θ being the angle between the observer and the given
point on the surface, when measuring from the stellar center. A limb-darkened
modelled stellar disk can be seen on figure 3.2.

3.2.3 Stellar rotation
Because of the stellar rotation, the line will experience Doppler broadening: The
preceding limb will broaden the line towards longer wavelengths, while the ap-
proaching limb will broaden the line towards shorter wavelengths. Since the
equivalent width of the line must be conserved, the rotational broadening will
lead to the line becoming more shallow than the intrinsic line profile (Gray, 2005,
pp. 466-469).

The largest Doppler shift will occur at the limb. However, since the stellar poles
might be inclined compared to the observer’s line-of-sight with an angle i?, the
limb-velocity is not necessarily the 3D rotational velocity, v. Instead, what is
measured is the projected velocity, v sin i?. Here it is assumed, that the star
rotates as a rigid body. For Doppler Tomography, the stellar line distortion
during transit can typically only be resolved for v sin i? > 5− 10 km/sec.

3.2.4 Microturbulence
Microturbulence describes the non-intrinsic small-scale motions of elements in
the stellar photosphere. This motion is typically around 1-2 km/sec (Hirano
et al., 2011), and leads to a Doppler-broadening of the spectral lines. Because
this effect is small compared to e.g. stellar rotation and macroturbulence, it is
impossible to disentangle it from the other broadening mechanisms and measure
the shape of it. Therefore, it has become the standard procedure to assume it
takes the form of an isotropic Gaussian (Gray, 2005, p. 430). To include it in our
computation, the microturbulence profile should be convoluted with the intrinsic
stellar line, which was also assumed Gaussian. Since the convolution of two
Gaussians is a new Gaussian, the intrinsic line can be defined to automatically
include microturbulence (Hirano et al., 2011):

G(v) = 1
β
√
π

exp(−v2/β2) (3.2)

1Using the software created by John Southworth, http://www.astro.keele.ac.uk/jkt/
codes/jktld.html
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where β is the dispersion parameter, including both the intrinsic thermal line
broadening and microturbulence, and is given as

β =

√(
2kBTeff
µ

+ ξ2
)

(3.3)

with kB being the Boltzmann constant, µ the molecular mass, Teff the effective
stellar temperature and ξ the microturbulence parameter. If it is desired to
include the broadening due to the instrumental profile in the computations, a
possibility is to add the squared PSF width in the expression for β (as is done in
Hirano et al., 2011).

An estimate of ξ (which can be used as a prior) can be calculated following the
model from Coelho et al. (2005), which depends on the stellar surface gravity
log g.

3.2.5 Macroturbulence
Macroturbulence describes the large-scale motion of mass in the stellar photo-
sphere. Large structures are usually defined in such a way, that photons remain
in them from creation until they escape the stellar surface (p. 431 Gray, 2005).
One example of macroturbulence is the convective motion in the outer envelope
of cool stars. While the Sun’s macro-cells can be resolved, this is (usually) not
the case for other stars. Therefore, the individual spectrum for each macro-cell
is observed simultaneous, and macroturbulence will lead to a broadening of the
stellar line.

However, looking at the convective cells of the Sun, it is easily seen that this
motion is not isotropic: near the center the motion will be radially, while it
will be tangentially near the limb. This means, that a model describing macro-
turbulence will be more complicated than a simple Gaussian. In this thesis,
the radial-tangential anisotropic model described in Gray (2005) pp. 433-434 is
used, in which macroturbulence is described as a linear combination between the
tangential and radial motion respectively:

M(v) = 1
2
√
π ζ

(
1

cos θ e
−( v

ζ cos θ )2
+ 1

sin θ e
−( v

ζ sin θ )2
)

(3.4)

where ζ is the macroturbulence parameter and it is assumed, that half of the
stellar surface have radial motion, the other half tangential. As described previ-
ously, θ is also used when determining the limb darkening, and can be calculated
using (Hirano et al., 2011):

sin θ =
√
x2 + y2

R?
, cos θ =

√
1− x2 + y2

R?
(3.5)

where x and y are the stellar disk coordinates, and R? is the stellar radius. The
macroturbulence parameter ζ can be calculated using the relation between ζ and
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Teff given in Gray (1984) and Valenti and Fischer (2005). It is important to note,
that the broadening due to macroturbulence is comparable to the broadening
caused by stellar rotation in cool stars.

3.2.6 Computing a numerical stellar line

Constructing a stellar disk is the first step in numerically creating a modelled
stellar absorption line. Each surface element (i.e. pixel) on this disk is assigned
a certain value, which is then scaled in accordance with the quadratic limb-
darkening. The velocity of the stellar disk can be seen as a number of vertical
bands parallel to the projected rotation axis, with the Doppler shift increasing
from the center towards the edge, until it reaches a value of v sin i? (as is nicely
illustrated in Gray (2005), fig. 18.3 and fig. 18.5).

As discussed in Gray (2005, p. 436), it is not permitted to simply convolve the
macroturbulence and rotation profiles, because of their non-isotropic nature. In-
stead the approach should in principle be to do full disk integration, by combining
the Dopplershift caused by macroturbulence and rotation on the intensity value
at each pixel on the modelled stellar disk and sum them up. However, look-
ing at the radial-tangential model, it is apparent that the description is circular
symmetric. Therefore, another procedure with less computations is to split the
model stellar disk into rings, and calculate the rotational profile and macrotur-
bulence for each ring. The value of µ will (approximately) be the same at every
pixel in a given ring, and the macroturbulence will therefore also be the same
at any pixel in a given ring. To get the rotational profile, each limb-darkened
pixel of a ring can then be added in bands of the same velocity value. Creating
the rotational profile in this way, ensures that limb darkening is automatically
accounted for. For each ring, the line is then created by convolving the intrinsic
line profile (including microturbulence) S(v) with the rotational profile R(v), and
then convolving the resulting profile with the macroturbulence profile of the ring
M(v). The total stellar line profile can then be achieved by summing the profile
for each ring:

F (v) =
N∑
Fring(v) =

N∑
[S(v) ∗R(v) ∗M(v)] (3.6)

where N is the number of rings, which depends on the resolution chosen for the
model.

3.2.7 Planetary transit

So far, the focus has been on developing a model for the stellar absorption line
applicable when outside of transit. However, implementing the planet is straight-
forward. To improve computational time the out-of-transit intrinsic line profile
S(v) is reused for each in-transit epoch: the planet is included by 1) calculating
the planetary coordinates at any given epoch, 2) setting each surface element
(pixel) on the modelled stellar disk which is covered by the planet to zero (i.e.
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change the rotation profile R(v) and macroturbulence profile M(v)), and 3) do
the disk integration in rings as above.

The coordinates of a planet in a system with an obliquity of zero is in units of
the stellar radius R? given as (Winn, 2010, eq. 2 and 3)

x = − r

R?
cos(ω + ν)

y = − r

R?
sin(ω + ν) cos iorb

(3.7)

where r/R? is the distance between the star and planet in units of the stellar
radius, ω is the argument of periastron, ν is the true anomaly and iorb is the
system’s orbital inclination. Here the coordinates is centred on the stellar disk,
with x and y on the sky-plane. Using already established system parameters
for the scaled distance a/R?, the eccentricity e and the impact parameter b,
the value of r/R? and iorb can be calculated from Winn (2010), eq. 1 and 7
respectively. The value of ν at each epoch is calculated by numerically solving
Kepler’s equation using the procedure described in Murray and Correia (2010).

To include the projected obliquity in the model, the above coordinate system
can be rotated by the obliquity angle λ, by applying the standard 2D rotation
matrix. The resulting coordinates are:

xrot = x cosλ− y sinλ
yrot = x sinλ+ y cosλ

(3.8)

With these tools it is possible to track the planet’s movement across the stellar
disk, and amend the modelled stellar line during transit for each epoch. While
this section has described the physical changes of the absorption line during a
spectroscopic transit, the next section will be focused on the more intuitive way
of thinking of the Rossiter-McLaughlin effect, namely as a velocity anomaly.

3.3 The Rossiter-McLaughlin effect as a velocity deviation

The Rossiter-McLaughlin effect is the change of the stellar spectroscopic signal
during transit of its planet companion (or a binary stellar companion). The effect
is caused by the planet blocking some of the stellar light: The blocked light will
– due to the stellar rotation – be either blue- or redshifted (or both). When the
planet moves across the stellar disk, different parts will be covered, which will
appear as a velocity anomaly in the radial velocity or alternative as a change of
shape in the stellar absorption lines.

The effect was first seen in binary stars, but have since been observed widely
in exoplanetary systems. Here it was used for the first time on HD 209458 by
measuring the velocity anomaly happening during transit (Queloz et al., 2000).
From the shape and amplitude of this change in radial velocity it is possible to
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extract different system parameters, most importantly the sky-projected stellar
rotational velocity v sin i? and the projected obliquity angle λ.

For slow rotating stars, the amplitude of the velocity anomaly is approximately
(see e.g. Triaud, 2018):

A ≈ 2
3 · v sin i? · δ ·

√
1− b2 (3.9)

where δ is the transit depth and 2/3 is an estimation of the amplitude reduction
due to limb darkening. The impact parameter b is a measure of the distance
between the center of the stellar disk and the planet during transit, ranging from
zero (planet will cross disk center) to unity (planet will move at the very edge of
the disk).

From eq. 3.9 it becomes clear that the amplitude is highest for planets with
the largest transit depths, explaining why most Rossiter-McLaughlin measure-
ments have been performed on Jupiter-sized planets. With the construction of
larger ground-based telescopes and with the recent arrival of the TESS mission –
which primarily finds planets orbiting M-dwarfs – the radius limit on spin-orbit
measurements through the Rossiter-McLaughlin effect is expected to go down to
nearly Earth-sized planets (see e.g. Johnson et al., 2019, for a white-paper on this
subject). Preliminary results and implications of measurements of an M-dwarf
planetary system, will be discussed further in Chapter 7 in the context of the
seven-planet system of Trappist-1. From eq. 3.9 it also appears that stars with
large v sin i? values should be favoured signal-wise. However, though the ampli-
tude will be larger for rapid rotating stars, these have the drawback of fewer and
broader metal lines, which translates to larger uncertainties when extracting the
radial velocities from the spectra. For this type of star, the complications can be
avoided by using the Doppler Tomography technique instead. In Chapter 4 the
planetary system of MASCARA-3 will be presented, which lies in a sweet spot
where both techniques can be applied.

3.3.1 Shape and symmetry considerations
Though the spin-orbit angle can range from -180 deg to +180 deg, +λ is equiv-
alent to −λ with the stellar rotation axis flipped. For the rest of this section
λ will refer to |λ|, ranging from 0 to 180 deg. While it is the amplitude of the
velocity deviation that exposes the feasibility of measuring the spin-orbit angle,
it is the shape and (a)symmetry which reveals the spin-direction. When the
planet crosses the blueshifted part of the stellar disk, we will obtain an excess of
redshifted light, equivalent to a positive radial velocity change. Vice versa, we
will achieve a negative radial velocity change when it crosses the redshifted part.
This means, that for prograde systems (λ < 90 deg) the signal will be positive-
negative, and for retrograde systems (λ > 90 deg) it will be negative-positive.
For completely polar orbits (λ ∼ 90 deg) the signal will be either positive or
negative (or disappear as the impact parameter approaches zero). An example
of different shapes is illustrated in Fig. 3.2.
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Figure 3.2: Schematic examples of the velocity anomaly in the stellar radial velocity
during transit. Left: An aligned system (an obliquity of 0 deg). Right: A misaligned
system (an obliquity of 40 deg). On the stellar disks, the projected stellar rotation
axis is chosen as a vertical line down the middle of the star. In both cases the impact
parameter b is significantly above 0.

It is important to once again emphasise, that because we often only know the
stellar movement in the observer’s line-of-sight, it is usually only possible to get
the sky-projected obliquity λ from the Rossiter-McLaughlin effect and not the
3D spin-orbit angle ψ, unless the stellar inclination can be extracted from the
stellar rotation period (as will be done for K2-290 in Chapter 6). However, it is
worth to keep in mind that usually for systems with λ < 90 deg the 3D angle
will be ψ > λ, and for λ > 90 deg the 3D angle will be ψ < λ (Fabrycky and
Winn, 2009).

Historically, measuring the velocity anomaly produced by the Rossiter-McLaughlin
effect has been the favoured way to extract the obliquity of exoplanetary systems.
However, when doing these measurements on systems with an impact parameter
b close to or equal zero, different complication may arise.

One problem is the possible degeneracy between the projected rotation v sin i?
and the spin-orbit angle λ when the impact parameter b vanishes: For a planet
which travels across the central part of the disk, the signal will always be sym-
metric, no matter the value of λ. In other words, a small v sin i? and λ will
produce a velocity anomaly amplitude equivalent to a large value for both. In
Albrecht et al. (2011) these considerations were parameterised as the mean am-
plitude and the asymmetry between the maxima velocity anomalies on either side
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of the signal:

1
2v sin i?(x2 + x1) =

√
1− b2 v sin i? cosλ (3.10)

1
2v sin i?(x2 − x1) = bv sin i? sinλ (3.11)

where x1 and x2 are the distance from the projected stellar rotation axis at
ingress and egress, as depicted in Fig. 3.3. From the amplitude it will in that
case therefore not be possible to determine λ without prior information on v sin i?,
but only whether the system is pro- or retrograde from the sequence of positive
or negative signal. As mentioned earlier and as also discussed in Albrecht et al.
(2011), another complication from modelling the velocity anomaly appears if
b = 0 with λ = 90◦. In this case, equal parts of the Doppler-shifted stellar
surface will be covered, making the amplitude of the signal approach zero.

x

y

Figure 3.3: Sketch from Albrecht et al. (2011) illustrating the geometry of the transit
used to describe the mean amplitude and asymmetry. n̂? and n̂O denote the unit vectors
of the projected stellar spin and planetary orbit, respectively.

In addition, large values of b might also cause problems with low S/N data, which
in Albrecht et al. (2011) was shown to have resulted in an erroneous spin-orbit
angle of WASP-2 (Triaud et al., 2010). Here the fit will be biased towards the
antisymmetric 0 and ±180 deg in favour of the symmetric 90 deg signal. As
a sidenote, a similar effect can happen when fitting for the eccentricity e and
the argument of periastron ω, for ω close to ±90 deg (Albrecht et al., 2012).
This will be discussed further in Chapter 5. All of these effects are important
to keep in mind when modelling the Rossiter-McLaughlin effect. Alternatively,
these complications can be avoided or mitigated using the Doppler Tomography
technique when dealing with rapid rotating stars.
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3.3.2 Modelling the velocity anomaly
In order to obtain information to a greater extent than whether a planetary
system is pro-/retrograde, it is necessary to compare spectroscopic transit radial
velocity data to a model of the velocity anomaly. Some selected aspects of such
a model is presented in this subsection. This is part of preliminary work which
I have done at the supervision of Prof. Teruyuki Hirano, carried out at Tokyo
Institute of Technology. The goal is to publish a velocity anomaly model, as to
our knowledge, no software on this is currently publicly available.

Much of the theory behind constructing the semi-analytical model for the ve-
locity anomaly has already been established in Sec. 3.2, where the model was
made completely numerical. This includes the description of the stellar disk
coordinates, the stellar rotation, the limb darkening and the micro- and macro-
turbulence, with the definition of the parameters remaining the same here.

The development of the model is based on the work of primarily Hirano et al.
(2011) – from where a thorough description and semi-analytical equations on
the velocity anomaly is derived – but also on Hirano et al. (2010) and Hirano
(2014). These were constructed as a response to inaccuracies discovered when
comparing data to a simple velocity anomaly model derived in Ohta et al. (2005).
Going through the calculations of the improved model is outside the scope of this
dissertation, so here we focus on the more intuitive simple description, and discuss
how and why it differs from the advanced version.

In the simple picture, the Rossiter-McLaughlin velocity anomaly ∆v is given as
(Ohta et al., 2005; Hirano et al., 2011):

∆v ≈ − f

1− f vp (3.12)

where f is the instantaneous flux-loss caused by the planet transiting and vp is
the sub-planet velocity. The instantaneous flux-loss can be calculated through
the following expression, integrated over the occulted portion of the stellar disk:

f =
∫∫

occ

1− c1(1− cos θ)− c2(1− cos θ)2

π(1− c1/3− c2/6)
dxdy

R2
?

(3.13)

Assuming vp – which is the rotational velocity of the star below the area blocked
by the planet – is constant under the occulted region. The sub-planet velocity
can be describes as vp = xv sin i?/R?. Here x and y are the intensity-weighted
stellar disk coordinates. These weighted coordinates only differ from the non-
weighted coordinates X and Y by a scaling factor A during ingress and egress.
The coordinates can be calculated from solving Kepler’s equation to obtain the
true anomaly, and depends on orbital parameters such as the impact parameter
b (see Sec. 3.2.7). Using trigonometry the scaling A from X and Y to the
intensity-weighted coordinates x and y can be shown to be given as:

A =
R2
p(β − 1

2 sin(2β))
R2
?(α− 1

2 sin(2α)) +R2
p(β − 1

2 sin(2β)
(3.14)
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with the angles α and β depending on X, Y , Rp and R?, and given in Fig. 3.4.
Besides describing the simple velocity anomaly model, eq. 3.13 and 3.14 are also
used when constructing the concentrated Doppler shadow in Sec. 3.4.

Rp

2β

2αR★

(X,Y)

X

Y

Figure 3.4: An adaption of Fig. 6 from Hirano et al. (2010) showing the coordinate
system used to calculate the intensity-weighted coordinates (x,y) from the non-weighted
coordinates (X,Y) at ingress and egress.

As also discussed in Hirano et al. (2010, 2011) the simple picture given by eq.
3.12 is independent of the stellar rotation velocity. This causes the model to
underestimate the velocity anomaly, especially for rapid rotating stars. Another
problem is different procedures for extracting the RVs, which might cause the
shape and amplitude of the model to not match the data. To avoid these problems
for the software which will be made publicly available, we are using the advanced
model of Hirano et al. (2011) for iodine cell spectrographs which fit a template to
observed spectra to obtain the RVs (e.g. SUBARU) and the model described in
Hirano (2014) for spectrographs deploying the cross-correlation technique when
extracting RVs (e.g. HARPS).
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3.4 Doppler Tomography

The Doppler Tomography technique takes advantage of the Rossiter-McLaughlin
effect, but instead of analysing the velocity anomaly, the examination is done on
the underlying origin, namely the change in line shape because of the transiting
planet. This method was developed for extracting the obliquity of eclipsing
binaries (Albrecht et al., 2007), but was subsequently used to study exoplanetary
systems (Collier Cameron et al., 2010).

The largest advantage of the Doppler Tomography method, is that it can remove
the degeneracy between v sin i? and λ when b = 0 (see e.g. HD 189733 in Collier
Cameron et al., 2010). This is because v sin i? will be constrained by both the
shape of the planetary Doppler Shadow as it moves across the stellar disk, but
also by the shape of the stellar absorption line outside of transit. Furthermore,
even when the velocity anomaly vanishes at b = 0 with λ = 90◦, the Doppler
Shadow still remains (see e.g. WASP-76 in Brown et al., 2017). In these cases,
the Doppler Tomography method is therefore superior, when it is possible to
resolve the change in the stellar absorption line caused by the transiting planet,
i.e. when the star is spinning sufficiently fast on our line of sight. For systems
with v sin? < 5 km s−1, it might be more beneficial to examine the Rossiter-
McLaughlin effect from the velocity anomaly, due to the difficulty in resolving
the shadow. It is worth noting, that this anomaly in principle can be extracted
directly from Doppler Tomography.

3.4.1 The Doppler shadow

For a single line, the change in line shape is small, and hardly detectable to the
naked eye (see e.g. Kepler-25, Albrecht et al., 2013). However, when combining
multiple stellar lines (e.g. through a cross-correlation function CCF or broad-
ening function BF) the distortion of the stellar line can be resolved for systems
with rapid rotating host stars. During transit, the planet’s presence will appear
as a ”bump” in the stellar absorption line, travelling through the line as the
planet moves across the stellar disk. The Doppler shadow is the CCF or BF at
each epoch subtracted from an out-of-transit absorption line, constructed by e.g.
taking an average of all out-of-transit absorption lines.

The system parameters are extracted by creating a model Doppler Shadow. This
is likewise constructed by subtracting the out-of-transit absorption line model
from the model lines at each epoch. At ingress the planet will appear as a dark
distortion, creating a linear trail as the planet cross the disk, which disappears
when reaching egress. An example of a Doppler shadow together with it’s (exag-
gerated) corresponding modelled absorption line deformation can be seen in Fig.
3.5.

For slow rotating stars or for data with very low S/N, it can be difficult to extract
the shadow signal. One workaround adopted here, is the technique first described
in Johnson et al. (2014) of concentrating the signal. In this method, a 3D grid of
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Talens+ 2018 (MASCARA-2b)

Figure 3.5: An example of how the Doppler shadow looks like, for an aligned
planet trailing across the stellar disk. The data shown here are from the discov-
ery paper of MASCARA-2 (Talens et al., 2018) measured using SONG. The in-
set stellar disks with their accompanying (exaggerated) distorted absorption lines
are also from this specific system and is original generated by Marshall C. Johnson
http://www.astronomy.ohio-state.edu/~johnson.7240/.

(v sin i?, λ, b) is constructed. For each of these v sin i?, λ and b trial values, the
absorption lines are shifted by the sup-planet velocity vp, given in Sec. 3.3. The
shifted shadow is then collapsed along the time-axis. This collapsed signal will
be largest at a velocity of zero for values of v sin i?, λ and b closest to the system
parameters. This is illustrated in Fig. 3.6. A single representative value for the
collapsed signal is found by fitting a Gaussian to it. Doing this, we can assign a
value to the entire 3D grid, and then get posteriors for v sin i?, λ and b by fitting
a 3D Gaussian (an ellipsoid) to the grid. An example of this technique in action
is given in the following chapter for the MASCARA-3 system.
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Figure 3.6: A sketch showing the principles of the shadow concentration technique
first used in Johnson et al. (2014), which can be used in cases of slowly rotating stars or
a low S/N. The left panel is for a good match between system parameters and the values
of v sin i?, λ and b at this specific place in the grid, while the right panel represents a
location in the grid with a poor match. The top panel shows the shadow as-is, before
the technique has been applied. The middle panel shows the concentrated or weakened
shadow after it has been shifted by the sub-planet velocity at each time stamp. The
lower panel shows the vertical collapse of the shifted shadow (collapsed along the time
axis). Here, the best matching values of v sin i?, λ and b will produce the highest signal
value at a velocity of zero.
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4
MASCARA-3b: a hot
Jupiter transiting a bright
F7 star in an aligned orbit

In the previous chapter the Rossiter-McLaughlin effect was introduced together
with the two connected observational techniques; measuring the velocity anomaly
and doing Doppler Tomography. It was mentioned how the former is best utilised
when obtaining the obliquity for slow rotating stars, while the latter works best
for rapid rotating stars. This is because slow rotating stars will have a shadow
signal too small for the resolving power of most spectrographs, while rapid rotat-
ing stars in return will have very few and broad lines, making it hard to extract
precise RVs. This chapter presents a rare example of a planetary system which is
bright and lies in a v sin i? sweet spot: With a projected rotation of ∼ 20 km s−1

me and my collaborators were able to measure both the velocity anomaly and
Doppler shadow of the bright MASCARA-3 system. This meant that besides
reporting the discovery and characterisation of MASCARA-3b and it’s host star,
we were also able to establish the alignment of the system. This chapter is with
only minor alterations based on a manuscript (Hjorth et al., 2019)1 accepted for
publication in Astronomy & Astrophysics. I have written the manuscript and in
addition done the majority of the analysis, with the exception of extracting the
original light curve described in section 4.3.1 (done by co-author Talens), extract-
ing the RVs, BFs and CCFs from the spectra (done by co-author Grundahl and
Albrecht) as well as performing and writing about the stellar analysis presented
in section 4.4 (done by co-author Justesen).

4.1 Summary

We report the discovery of MASCARA-3b, a hot Jupiter orbiting its late, bright
(V = 8.33) F-type host every 5.55149 ± 0.00001 days in an almost circular or-
bit (e = 0.050+0.020

−0.017). It is the fourth exoplanet discovered with the Multi-site
1Authors: Hjorth, M., Albrecht, S., Talens, G. J. J., Justesen, A. B., Otten, G. P. P. L.,

Antoci, V., Dorval, P., Foxell, E., Fredslund Andersen, M., Grundahl, F., Murgas, F., Palle,
E., Stuik, R., Snellen, I. A. G. and Van Eylen, V.
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All-Sky CAmeRA (MASCARA), and the first of these which orbits a late-type
star. Follow-up spectroscopic measurements were obtained in and out of transit
with the Hertzsprung SONG telescope. Combining the MASCARA photome-
try and SONG radial velocities reveals a radius and mass of 1.36 ± 0.05 RJup
and 4.2 ± 0.2 MJup. In addition, SONG spectroscopic transit observations were
obtained on two separate nights. From analyzing the mean out-of-transit broad-
ening function we obtain v sin i? = 20.4± 0.4 km s−1. In addition, investigating
the Rossiter-McLaughlin effect, as observed in the distortion of the stellar lines
directly and through the velocity anomalies, we find the projected obliquity to
be λ = 1.2+8.2

−7.4 deg, consistent with alignment.

4.2 Introduction

With more than 40002 planets confirmed to date, the field of exoplanets has
experienced a huge growth since its beginning two decades ago. This large number
of discoveries has in particular been the product of extensive ground- and space-
based transit photometry surveys, such as the missions of HAT (Bakos et al.,
2004), WASP (Pollacco et al., 2006), CoRoT (Barge et al., 2008), Kepler (Borucki
et al., 2010) and K2 (Howell et al., 2014). However, because of saturation limits,
these surveys have for the most part been unable to monitor the brightest stars.

Transiting planets orbiting bright stars are important since they offer follow-up
opportunities not available for fainter sources, allowing for detailed characteri-
sation of their atmosphere and the system’s orbital architecture. This includes
the detection of e.g. water in the planetary atmosphere through high-resolution
transmission spectroscopy (e.g. Snellen et al., 2010) and measurements of its
spin-orbit angle through observations of the Rossiter-McLaughlin effect.

From space, the brightest exoplanet host stars are currently being probed thanks
to the launch of TESS (Ricker et al., 2015), while ground-based projects doing
the same include KELT (Pepper et al., 2007) and the MASCARA (the Multi-Site
All-sky CAmeRA) survey (Talens et al., 2017). The latter aspires to find close-in
transiting giant planets orbiting the bright stars well suited for detailed atmo-
spheric characterisation. This has so far led to the discovery and characterisation
of MASCARA-1, MASCARA-2 and MASCARA-4, three hot Jupiters orbiting
A-type stars (Talens et al., 2017, 2018; Dorval et al., 2019).

Here we report the discovery, confirmation and characterisation of the MASCARA-
3 system3, the fourth planetary system found through the MASCARA survey.
MASCARA-3b is a hot Jupiter with a 5.6 day period, and orbits a bright late
F-type star (V = 8.33). In Sec. 4.3 the discovery observations from MASCARA
and the spectroscopic follow-up observations with SONG (Stellar Observation
Network Group, Andersen et al., 2014) are described. The analysis and results

2http://exoplanet.eu
3During the final preparations for the manuscript of which this chapter is based, we learned

of the publication of the discovery of the same planetary system by the KELT-team; KELT-24
(Rodriguez et al., 2019)
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on the host star are presented in Sec. 4.4, while Sec. 4.5 contains the investiga-
tion and characterisation of its planet. The results are presented and discussed
in Sec. 4.6.

4.3 Observations

In this section two different kinds of observations are presented: the MASCARA
photometry and the SONG spectroscopy (see Table 4.1).

4.3.1 MASCARA

The MASCARA survey is described in Talens et al. (2017). In short, it consists of
two instruments: one covering the northern sky at the Observatory del Roque de
los Muchachos (La Palma, Spain) and one targeting the southern hemisphere lo-
cated at the European Southern Observatory (La Silla, Chile). Each instrument
consists of five wide-field CCD’s, which record images of the local sky throughout
the night employing 6.4 sec exposure times. Aperture astrometry is performed
on all known stars brighter than V = 8.4. The light curves are extracted from
the raw flux following the procedure described in Talens et al. (2018), and transit
events are searched for using the Box Least-Square (BLS) algorithm of Kovács
et al. (2002). MASCARA-3 has been monitored since early 2015 by the northern
instrument, totalling more than 27247 calibrated photometric data points, each
consisting of 50 binned 6.4 second measurements (i.e. 320 sec per data point). A
frequency analysis was performed on the light curve measurements by computing
its BLS periodogram, revealing a peak at a period of 5.55149 days. Phasefold-
ing the light curve using this period, we performed a preliminary analysis on
the system, obtaining parameter values useful for spectroscopic follow-up (see
Table 4.2). The resulting phasefolded lightcurve is shown in Fig. 4.1.

4.3.2 SONG

Succeeding the transit detection in the light curve of MASCARA-3, follow-up
spectroscopy was executed using the robotic 1 meter Hertzsprung SONG tele-
scope (Andersen et al., 2019) at Observatory del Teide (Tenerife, Spain). The
observations were done in order to validate and characterise the planetary sys-
tem. The telescope is equipped with a high-resolution echelle spectrograph which
covers the wavelength range 4400− 6900Å. A total of 110 spectra were obtained
between April 2018 and May 2019, employing a slit width of 1.2 arcsec resulting
in a resolution of R ∼ 77, 000. The exposure times had been varied between 600
and 1800 sec. We used longer exposure times out-of-transits and shorter exposure
times during transits to reduce phase smearing. 45 of the observations were gath-
ered during two planetary transits occuring on May 29, 2018 and November 28,
2018. For the first transit our spectroscopic observations cover the entire transit.
However, due to bad weather only a single spectrum was taken out-of-transit.
On the second night we obtained a partial transit and post egress spectra.
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Since we planned to analyse the RM effect in this system using only the Doppler
Tomography technique, we did not use an iodine cell for observations taken dur-
ing transit nights, but sandwiched each observation with ThAr exposures for
wavelength calibration. From these spectra we obtained cross-correlation func-
tions (CCFs) and Broadening Functions (BFs; Rucinski, 2002). Spectra not
taken during transit nights were obtained with an iodine cell inserted into the
light path for high RV precision.

The spectra and radial velocity (RV) extraction was performed following Grun-
dahl et al. (2017). The RV data points are estimated to have internal instru-
mental uncertainties of ∼ 31 m sec−1. The resulting out-of-transit RVs and their
uncertainties are listed in Table A1.

Table 4.1: Observation log of MASCARA-3 containing the different types of observa-
tion, instrument, no. of observations made and observing dates.

Type Inst. No. of obs. Obs. date

Phot. MASCARA 27247 February 2015 – March 2018

RV Spec. SONG 65 April 2018 – May 2019

RM Spec. SONG 23 May 29, 2018
RM Spec. SONG 22 Nov 28, 2018

Table 4.2: Best fit values for the initial analysis of the MASCARA photometric data,
with the eccentricity kept fixed at 0. Of these parameters, P and T0 were used as priors
in the joint fit between the spectroscopy and phasefolded photometry.

Parameter Value

Orbital period, P (days) 5.55149±0.00002
Time of mid-transit, T0 (BJD) 2458268.455+0.002

−0.003
Total transit duration, T14 (hr) 4.3±0.1
Scaled planetary radius, Rp/R? 0.091±0.002
Scaled orbital distance, a/R? 10.4+0.4

−1.0
Orbital inclination, i (deg) 88±1.0
Impact parameter, b 0.3±0.2
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Figure 4.1: Calibrated and phasefolded MASCARA-3 photometry. The phase-folded
data have been binned to 5 min. intervals, reducing the number of data points from
27247 to 1596. The period of 5.55149 days used in the phasefolding is the highest peak
obtained from constructing the BLS periodogram of the data.

4.4 Stellar characterisation

We determined the spectroscopic effective temperature T eff = 6415± 110K and
metalliticy [Fe/H] = 0.09±0.09 dex using SpecMatch-emp (Yee et al., 2017), clas-
sifying it as an F7 star. SpecMatch-emp compares the observed spectrum with an
empirical spectral library of well-characterised stars. Using the BAyesian STellar
Algorithm BASTA (Silva Aguirre et al., 2015) with a grid of BaSTI isochrones
(Pietrinferni et al., 2004; Hidalgo et al., 2018), we combined the spectroscopi-
cally derived T eff and [Fe/H] with the 2MASS JHK magnitudes (see Table 4.3)
and Gaia DR2 parallax (π = 10.33 ± 0.11mas) to obtain a final set of stellar
parameters. Given the proximity of the star we assumed zero extinction along
the line of sight. This way we derived a stellar mass M? = 1.30+0.04

−0.03M�, radius
R? = 1.52+0.03

−0.02R�, and stellar age = 2.8+0.5
−0.6 Gyr. We note that the uncertainties

on the stellar parameters do not include systematic effects due to the choice of in-
put physics in the stellar models. The model-dependent systematic uncertainties
are at a few percent level.
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Table 4.3: Literature and best-fit parameters for the stellar analysis of MASCARA-3.
Sources: *Extracted from Gaia DR2 (Gaia Collaboration, 2018, https://gea.esac.
esa.int/archive/). †Parameters from 2MASS (Cutri et al., 2003). ‡From the Tycho
catalogue (Høg et al., 2000). The remaining parameter values are from this work.

Parameter Value

Identifiers HD93148
Spectral type F7
Right ascension, α (J2000.0)* 10h 47m 38.351s
Declination, δ (J2000.0)* +71◦ 39′ 21.16′′
Parallax, π (mas)* 10.3±0.1
Distance (pc)* 97±1
V -band mag., V † 8.33±0.01
J-band mag., J‡ 7.41±0.02
H-band mag., H‡ 7.20±0.04
K-band mag., K‡ 7.15±0.02
Effective temperature, Teff,? (K) 6415± 110
Surface gravity log g? (cgs) 4.18+0.01

−0.02
Metallicity, [Fe/H] (dex) 0.09± 0.09
Age (Gyr) 2.8+0.5

−0.6
Stellar mass, M? (M�) 1.30+0.04

−0.03
Stellar radius, R? (R�) 1.52+0.03

−0.02
Stellar density, ρ? (g cm−3) 0.52+0.04

−0.03

4.5 Photometric and spectroscopic analysis

The overall analysis of the photometry and RV data is done in a similar fashion as
for MASCARA-1b (Talens et al., 2017) and MASCARA-2b (Talens et al., 2018)
and is outlined in the following section. Given the transit phase coverage and
low Signal-to-Noise Ratio (SNR) of the RM detection we modified our analysis
for this data set accordingly. We give details on that in Sec. 4.5.2.1 and 4.5.2.2.

4.5.1 Joint photometric and RV analysis
The binned, phasefolded MASCARA light curve is modelled employing the model
by Mandel and Agol (2002), using a quadratic limb-darkening law. The free
parameters for the transit model are the orbital period (P ), a particular mid-
transit time (T0), the semi-major axis scaled by the stellar radius (a/R?), the
scaled planetary radius (Rp/R?), the orbital inclination (i), the eccentricity (e)
and the argument of periastron (ω) and finally the quadratic limb-darkening pa-
rameters (c1) and (c2). For efficiency, the inclination, eccentricity and argument
of periastron are parameterized through cos i,

√
e cosω and

√
e sinω.

For the modelling of the RV observations, we only use spectra obtained with an
iodine cell insert in the light path (Table A1). This excludes data taken during
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transit nights. The RV data is compared to a Keplerian model where the stellar
RV variations are caused by the transiting object. The additional parameters
needed to describe the RV data are the RV semi-amplitude (K) and a linear
offset in RV (γ). In addition, we allow for a linear drift of the RV data points,
γ̇, caused by e.g. a long-period unseen companion.

To characterise the planetary system we jointly model the light curve and the
RVs. Since we fit to the phasefolded light curve, we impose Gaussian priors
P = 5.55149 ± 0.00002 days and T0 = 2458268.455+0.002

−0.003 BJD retrieved from
the photometric analysis described in Sec. 4.3. In addition we impose Gaussian
priors of c1 = 0.3797 and c2 = 0.2998 (Claret and Bloemen, 2011; Eastman
et al., 2013) with a conservative uncertainties of 0.1. Furthermore, by using the
spectroscopic value of the density ρ? = 0.52+0.04

−0.03 g cm−3 as a prior, we can
constrain the orbital shape and orientation (see e.g. Van Eylen and Albrecht,
2015, and references therein).

The log-likelihood for each data set is given as

lnL = −1
2

N∑
i=1

(
ln
(
2π
[
σ2
i + σ2

jit
])

+ [Oi − Ci]2[
σ2
i + σ2

jit
]) (4.1)

with Oi and Ci being the i′th of N data and model points in each data set. For
the two data sets we introduce two jitter terms σjit,p and σjit,RV to capture any
unaccounted noise. These jitter terms are added in quadrature to the internal
errors σi when calculating the maximum likelihood. The total log-likelihood
is the sum of Eq. 4.1 for the photometry and RV together with an additional
likelihood term accounting for priors.

The posterior distribution of the parameters are sampled through emcee, an
MCMC multi-walker Python package (Foreman-Mackey et al., 2013). We initial-
ize 200 walkers close to the maximum likelihood. They are evaluated for 10 000
steps, with a burn-in of 5000 steps which we disregard. By visually inspecting
trace plots we have checked that the solutions have converged at that point.
In Table 4.4 we report the maximum likelihood values of the MCMC sampling.
The quoted uncertainty intervals represent the range that excludes 15.85% of
the values on each side of the posterior distribution and encompass 68.3% of
the probability. Figures 4.2 and 4.3 display the data and best-fit models for the
joint analysis of the light curve and the RVs. We note that performing the same
analysis without a prior on the stellar density reveals results consistent within
1σ.

4.5.2 Analysing the stellar absorption line
Modelling the stellar absorption lines is carried out in a similar way as was done
in Albrecht et al. (2007) and Albrecht et al. (2013). However we modified our
approach of comparing the model to the data. We did this because we found
that BFs created from our data had a too low SNR to be useful in determining λ
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Table 4.4: The best-fitting and derived stellar, planetary and system parameters for
MASCARA-3. The parameters are extracted from the joint analysis on the photometry
and RV (Sec. 4.5.1), the analysis on the mean out-of-transit BF (Sec. 4.5.2.1), the
analysis on the grid of the shifted and binned Doppler shadow residuals (Sec. 4.5.2.2),
and the analysis on the extracted RVs from the spectroscopic transit on the night of
May 29, 2018 (Sec. 4.5.3).

Parameter Value Section

Fitting parameters

Quadratic limb darkening (MASCARA), (c1, c2) (0.40± 0.07, 0.31± 0.07) 4.5.1
Systemic velocity, γ (km s−1) −5.63± 0.01 4.5.1
Linear trend in RV, γ̇ (m s−1 yr−1) 61± 19 4.5.1
Orbital period, P (days) 5.55149± 0.00001 4.5.1
Time of mid-transit, T0 (BJD) 2458268.455± 0.002 4.5.1
Scaled planetary radius, Rp/R? 0.092± 0.003 4.5.1
Scaled orbital distance, a/R? 9.5± 0.2 4.5.1
RV semi-amplitude, K? (m s−1) 415± 13 4.5.1√
e sinω 0.10+0.07

−0.09 4.5.1√
e cosω 0.20± 0.04 4.5.1

cos i 0.042+0.012
−0.008 4.5.1

Jitter term phot., σjit,p 0.0021± 0.0001 4.5.1
Jitter term RV, σjit,RV (km s−1) 0.060± 0.008 4.5.1

Quadratic limb darkening (SONG), (c1,s, c2,s) (0.66± 0.09, 0.40± 0.09) 4.5.2.1
Microturbulence, β (km s−1) 4.3± 0.6 4.5.2.1
Macroturbulence, ζ (km s−1) 9.4± 0.4 4.5.2.1
Proj. rotation speed (BF), v sin i? (km s−1) 20.4± 0.4 4.5.2.2
Jitter term RM out-of-transit, σjit,out (m s−1) 0.003± 0.002 4.5.2.1

Proj. rotation speed (grid), v sin i? (km s−1) 20.9± 3.2 4.5.2.2
Projected obliquity (grid), λ (deg) 17.8± 20.0 4.5.2.2
Impact parameter (grid), b 0.30± 0.16 4.5.2.2
3D rotation angles (deg) (−1.4,−0.01, 0.002) 4.5.2.2

Proj. rotation speed (RV-RM), v sin i? (km s−1) 20.3± 0.4 4.5.3
Projected obliquity (RV-RM), λ (deg) 1.2+8.2

−7.4 4.5.3
Impact parameter (RV-RM), b 0.39± 0.08 4.5.3
RV offset on May 29, 2018, γRM (km/sec) −15.181± 0.010 4.5.3

Derived parameters (from Sec. 4.5.1 results)

Orbital eccentricity, e 0.050+0.020
−0.017

Argument of periastron, ω (deg) 27+38
−27

Orbital inclination, i (deg) 87.6+1.0
−0.8

Impact parameter, b 0.40± 0.10
Total transit duration, T14 (hr) 4.55± 0.20
Full transit duration, T23 (hr) 3.65± 0.23
Semi-major axis, a (au) 0.067± 0.002
Planetary mass, Mp (MJup) 4.2± 0.2
Planetary radius, Rp (RJup) 1.36± 0.05
Planetary mean density, ρp (g cm−3) 2.3± 0.3
Equilibrium temperature, Teq (K) 1473± 28
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Figure 4.2: The phasefolded MASCARA-3 photometry data (grey) with the best-fit
transit model (black) from the joint photometric and RV analysis. The corresponding
best-fit parameters can be found in Table 4.4. The bottom plot displays the residuals.

through analysis of the RM effect. Nevertheless they more faithfully represent the
width of the stellar absorption lines than the CCFs which have large ”wings” (see
Fig. 4.4). We have not been able to determine the exact underlying reason for
this, but we suspect that the low SNR in the spectra is to blame. Determining
the correct continuum level in low SNR high resolution spectra is extremely
difficult. For the case of MASCARA-3, this problem is enlarged due to the fast
stellar rotation and therefore wide stellar absorption lines. A mismatch in the
continuum would lead to a low SNR in the derived BF. The same mismatch in the
continuum correction would lead to enlarged ”wings” in the CCFs. We therefore
first obtained a measure for v sin i? by comparing our out-of-transit stellar line
model to an average out-of-transit BF. We then analyze the planet shadow in
the transit data.

Concerning the model for comparison to the out-of-transit and in transit data
we did the following: We created a 201×201 grid containing a pixelated model
of the stellar disk. The brightness of each pixel on the stellar disk is scaled
according to a quadratic limb-darkening law with the parameters c1,s and c2,s
and set to zero outside the stellar disk. Each pixel is also assigned a radial
velocity assuming solid body rotation and a particular projected stellar rotation
speed, v sin i?. The RVs of each pixel are further modified following the model for
turbulent stellar motion as described in Chapter 3. This model has two terms.
A micro-turbulence term modelled by a convolution with a Gaussian, which σ-
width we describe here with the parameter β. The second term in this model
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Figure 4.3: The RV data from the SONG telescope (grey) with the best-fit Keplerian
model (black) from the joint photometric and RV analysis. The data is plotted as a
function of time (upper plot) and phasefolded (lower plot), to highlight the fact that we
allowed for the possibility of a linear trend in the RV. In the lower plot the best fitting
RV trend was removed from the data and model. The best-fit parameters are displayed
in Table 4.4. The bottom panel in both plots show the residuals.
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encompasses radial and tangential macro turbulence surface motion. Its σ-width
we assign the parameter ζ. The modelled stellar absorption line is then obtained
by disk integration. Finally the Gaussian convolution also includes the Point
Spread Function (PSF) of the spectrograph added in quadrature. Because of the
low SNR of our spectra we do not include convective blueshift in our model.

4.5.2.1 Out-of-transit stellar absorption line

To measure v sin i? we compared our out-of-transit line model to the BFs taken
out-of-transit. We used only data from the second transit night as little data
was obtained out-of-transit during the first transit night (Fig. 4.5). In addition
to the five model parameters, c1,s, c2,s, v sin i?, β, and ζ, we also vary a jitter
term σjit,out during the fitting routine. We impose Gaussian priors of β = 2.7
km sec−1 (Coelho et al., 2005) and ζ = 6.1 km sec−1 (Gray, 1984), both with
uncertainty widths of 0.5 km sec−1. The best-fit parameters are again found by
maximizing the log-likelihood from Eq. 4.1 using emcee in the same way as in
Sec. 4.5.1. The best-fit parameters are given in Table 4.4, while the data and
best-fit model are shown in Fig. 4.4.
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Figure 4.4: The mean out-of-transit BF (grey) with the best fitting stellar absorption
line model (black). For comparison the dashed line shows the mean out-of-transit CCF,
which erroneously leads to an enlarged line-width due to its ”wings”, which we assume
are caused by a non-perfect normalisation of the low SNR spectra (see Sec. 4.5.2).
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4.5.2.2 The Doppler shadow

We observed spectroscopic transits during the nights May 29, 2018 and Nov 28,
2018. This was done in order to validate the companion being a planet orbiting
the host star and to obtain the projected spin-orbit angle λ of the system.

As described in Chapter 3, the planet will block some of the star during transit,
deforming the absorption line by reducing the amount of blue- or red-shifted
light visible to the observer at a particular phase of a transit. Subtracting the
distorted in-transit absorption lines to the out-of-transit line will therefore reveal
the planetary ”shadow” cast onto the rotating stellar photosphere. For solid
body rotation this shadow travels on a line in a time-velocity diagram and its
zero point in velocity and orientation depends on the projected obliquity and
projected stellar rotation speed, as well as the impact parameter (see Eq. 3.10
and 3.11). The planet shadows obtained during the two transit nights can be seen
in Fig. 4.5. Here we have scaled and removed the average out-of-transit CCF from
the second transit night from all observations. Clearly MASCARA-3 b travels on
a prograde orbit. During the first half of the transit the distortion has negative
RVs, and positive RVs during the second half of the transit. However as our
detection of the planet shadow is of low SNR we do not strictly follow Albrecht
et al. (2013) and Talens et al. (2017) in deriving λ. Rather we use an approach
similar to the one pioneered by Johnson et al. (2014).

Sec. 3.4.1 gives a detailed description of this technique. In short, a dense 3D-grid
is created consisting of v sin i?, λ and the impact parameter b. For each of these
(v sin i?, λ, b) triples, we compute the RV rest frame of the sub-planetary point.
For each observation the shadow data is then shifted into this RV rest frame.
Subsequently the observations are collapsed and the signal from both nights is
co-added. The closer the values for λ, v sin i? and b in the grid are to the actual
values of these parameters, the more significant the peak will be. To illustrate
this, Fig. 4.6 displays a 2D (v sin i?, λ) contour plot with the peak values, using
the best fit value of b from the analysis below.

To obtain the best-fit parameters for v sin i?, λ and b, we now fit a 3D Gaussian
to the 3D grid of peak values we have just obtained. For this 3D Gaussian fit we
use, next to v sin i?, λ and b, the width of the Gaussian in each direction σv sin i? ,
σλ and σb, and nuisance rotation angles in each dimension. This way we obtain
v sin i? = 20.9±3.2 km s−1, λ = 17.8±20.0 deg and b = 0.30±0.16, as reported in
Table 4.4. When making the 3D grid, we kept the remaining shadow parameters
fixed. At first sight this might suggest that we underestimate the uncertainties
of v sin i?, λ and b. However, for the remaining parameters, effects from their
errors are negligible because they either 1) are of the order < 2 minutes, which is
much smaller than the exposure time (P , T0), 2) change only the RV offset of the
shadow CCFs, which is accounted for when scaling and normalising it (e, ω, K?),
3) only introduce an overall normalisation offset or scaling of the 3D grid (Rp/R?,
c1, c2), 4) are incorporated into b (cos i?, a/R?). We are therefore confident of
the obliquity being 17.8 deg within a 1σ uncertainty of 20.0 deg, but will in the
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following section present how extractions of the RVs bring down this uncertainty.
We prefer the v sin i? value obtained from the fit to the out-of-transit BF as our
final value for the projected stellar rotation speed (Sec. 4.5.2.1), as it is hard to
get a constraint on v sin i? from in-transit data alone.

4.5.3 Analysing the velocity anomaly
To obtain a better constraint on the obliquity than what was possible from the
Doppler shadow, we examined the possibility of extracting the RVs from the
spectroscopic transit observations. Despite getting large errors due to using ThAr
during transit instead of an iodine cell, and though the RV errors are usually too
high for this approach for rapid rotating stars, we were able to achieve an internal
precision of 50 m s−1. This precision coupled with the small baseline and low
amount of data points meant that obtaining λ from the RVs was not possible for
the transit night of Nov 28, 2018. However, it did prove sufficient for determining
λ from the observations of the full transit on the night of May 29, 2018.

The RV anomaly due to the RM-effect was modelled following Hirano et al.
(2011). During the fitting routine, we varied λ, v sin i? and b as well an RV offset
for the specific night γRM. We used the best-fitting values from the procedures
described in Sec. 4.5.1 and 4.5.2 for the remaining parameters. We also applied
a Gaussian prior of v sin i? = 20.4 ± 0.4 km s−1 from the analysis of the stellar
absorption and a Gaussian prior of b = 0.4 ± 0.1 from the RV and light curve
analysis. We obtained b = 0.39 ± 0.08, v sin i? = 20.3 ± 0.4 km s−1 and λ =
1.2+8.2
−7.4 deg, consistent with the results from Sec. 4.5.2.2, but with a much better

constraint on the spin-orbit angle. Due to the scarcity of out-of-transit data on
the night of May 29, 2018, leaving K as an additional free parameter naturally
made it poorly constrained, but nevertheless resulted in it being within 1σ of the
results from Sec. 4.5.1. The RV-RM data are given in Table A2, and are shown
in Fig. 4.7 together with the best-fit model. The best-fit parameter values are
displayed in Table 4.4, and obtained in the same way as in the previous sections.
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Figure 4.5: The spectroscopic transit of MASCARA-3 observed on the night of May
29, 2018 (upper plot) and Nov 28, 2018 (lower plot). Both plots show the observed
CCFs, with the subtraction of the mean out-of-transit CCF obtained from the second
night. Before subtraction, these CCFs are scaled and offset to their model-counterpart
in intensity (all CCFs) and scaled in velocity-space (in-transit CCFs), in order to account
for uneven normalisation due to differences in flux-levels and PSF changes. The vertical
dashed lines mark the best-fit value of the v sin i? from the BF analysis, while the
horizontal dashed lines mark the best-fit value for the transit ingress, mid-transit time
and egress.

42



4. MASCARA-3b: a hot Jupiter transiting a bright F7 star in an aligned orbit

10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0

vsini (km/sec)

150

100

50

0

50

100

150

ob
l. 

(d
eg

)

0.0

0.2

0.4

0.6

0.8

1.0

Figure 4.6: The concentration (v sin i?, λ) grid for the best-fit value of b together
with the best-fit 1σ 2D Gaussian model (dashed). For each (v sin i?, λ, b) triple the
grid values are constructed by shifting the model and shadow bump a corresponding
amount, such that the model shadow bump is centered at zero. This is followed by
collapsing the shifted data shadow in intensity space. The contour signal at a specific
(v sin i?, λ, b) value is then the resulting value of the collapsed, shifted data shadow at
a velocity of zero.
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Figure 4.7: The radial velocities from the night of May 29, 2018 together with the
best-fit model of the velocity anomaly. The uncertainties of ∼ 50 m sec−1 are higher
than those of Fig. 4.3 due to the calibrations during transit being performed with ThAr
instead of the iodine cell.
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4.6 Discussion and conclusions

From the joint photometry and RV analysis we obtain a planetary mass of
4.2 ± 0.2 MJup and a planetary radius of 1.36 ± 0.05 RJup. The planet re-
volves around its host star in an almost circular orbit (e = 0.085+0.023

−0.022) every
5.55149± 0.00001 days at a distance of 0.067± 0.002 au, making MASCARA-3b
a hot Jupiter. With an incident flux of F = (10.6 ± 0.9) · 108 erg s−1 cm−2

above the inflation threshold of F = 2 · 108 erg s−1 cm−2 (Demory and Seager,
2011), the planet might be affected by inflation mechanisms, despite having a
mean density above that of Jupiter.

It is still unclear whether hot Jupiters primarily originate from high-eccentricity
migration or disk migration (see Chapter 2). The former process would lead
to at least occasionally large obliquities while the latter process would lead to
low obliquities, assuming good alignment between stellar spin and angular mo-
mentum of the protoplanetary disks. However the interpretation of hot Jupiter
obliquities might be more complicated than originally thought. This is because
tidal interactions might have aligned the stellar spin and the orbital angular mo-
mentum in some of the systems, in particular in systems where the host stars
have a convective envelope, leading to fast alignment of the planets orbital spin
with the stellar rotation (Winn et al., 2010; Albrecht et al., 2012).

With an effective temperature of Teff,? = 6415±110 K, MASCARA-3 will have a
relatively slow alignment timescale for a hot Jupiter of its mass and distance. It is
also interesting to note that the orbital eccentricity suggests a near circular orbit.
MASCARA-3 b appears to belong to a dynamically cold population consistent
with an arrival at its current orbit via disk migration instead of high-eccentricity
migration.

While finalising the manuscript of which this chapter is based we learned of an-
other paper reporting the discovery of this planet-star system published by the
KELT team. Though no observations or analyses were shared, the planet and
system parameters from each group are for the most part in agreement. The only
major difference is the RV semi-amplitude, and thereby the derived planetary
mass.
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With an example of the capabilities of the Rossiter-McLaughlin effect through
both the velocity anomaly and Doppler Tomography techniques demonstrated
in the previous chapter, the next step is to conduct further observations, which
might help shed light on the origin of hot Jupiters. This can be done by testing
the assumption of primordial spin-alignment of the disk in planetary systems. To
do this, the first task is to expand the sample of warm Jupiters or multi-planet
systems suited for Rossiter-McLaughlin observations (see Chapter 2). In this
chapter both samples are expanded with the discovery and characterisation of
K2-290. This is a multi-planet system containing a warm Jupiter and a mini-
Neptune in addition to it’s host star and two stellar companions. This chapter
was published in Monthly Notices of the Royal Astronomical Society (Hjorth
et al., 2019)1, and is presented here with only minor changes. I have written the
manuscript and in addition done the majority of the analysis, with the exception
of extracting the RVs (done by co-author Gandolfi), analysing the AO imaging
presented in section 5.3.3 and parts of section 5.4.2 (done by co-author Hirano)
and doing an analysis of the three stars in the system in section 5.3.3 and parts of
section 5.4.2 (done by co-author Justesen). In section 5.4.2 I did however perform
the analysis presented in the last paragraph, showing that the companion stars
are bound to the host star.

1Authors: Hjorth, M., Justesen, A. B., Hirano, T., Albrecht, S., Gandolfi, D., Dai, F.,
Alonso, R., Barragán, O., Esposito, M., Kuzuhara, M., Lam, K. W. F., Livingston, J. H.,
Montanes-Rodriguez, P., Narita, N., Nowak, G., Prieto-Arranz, J., Redfield, S., Rodler, F.,
Van Eylen, V., Winn, J. N., Antoniciello, G., Cabrera, J., Cochran, W. D., Csizmadia, Sz, de
Leon, J., Deeg, H., Eigmüller, Ph, Endl, M., Erikson, A., Fridlund, M., Grziwa, S., Guenther,
E., Hatzes, A. P., Heeren, P, Hidalgo, D., Korth, J., Luque, R., Nespral, D., Palle, E., Pätzold,
M., Persson, C. M., Rauer, H., Smith, A. M. S., Trifonov, T.
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5.1 Summary

We report the discovery and characterisation of two transiting planets orbiting
K2-290 (EPIC 249624646), a bright (V=11.11) late F-type star residing in a triple
star system. It was observed during Campaign 15 of the K2 mission, and in order
to confirm and characterise the system, follow-up spectroscopy and AO imaging
were carried out using the FIES, HARPS, HARPS-N, and IRCS instruments.
From AO imaging and Gaia data we identify two M-dwarf companions at a sep-
aration of 113± 2 AU and 2467+177

−155 AU. From radial velocities, K2 photometry,
and stellar characterisation of the host star, we find the inner planet to be a mini-
Neptune with a radius of 3.06± 0.16 R⊕ and an orbital period of P = 9.2 days.
The radius of the mini-Neptune suggests that the planet is located above the
radius valley, and with an incident flux of F ∼ 400 F⊕, it lies safely outside
the super-Earth desert. The outer warm Jupiter has a mass of 0.774± 0.047M J
and a radius of 1.006 ± 0.050RJ, and orbits the host star every 48.4 days on
an orbit with an eccentricity e < 0.241. Its mild eccentricity and mini-Neptune
sibling suggest that the warm Jupiter originates from in situ formation or disk
migration.

5.2 Introduction

With the success of theKepler mission (Borucki et al., 2010), exoplanetary science
entered a new era. With the breakdown of its second reaction wheel in 2013, the
spacecraft continued operating through the K2 mission (Howell et al., 2014).
Because of its monitoring of fields at the ecliptic in timeslots of ∼ 80 days,
the K2 mission has been able to target an area of the sky, which will have
limited coverage in the TESS mission (Ricker et al., 2015). Combined, Kepler
and K2 have to date discovered more than 2500 confirmed planets2 – an essential
achievement for our understanding of these new worlds.

Of the large number of exoplanets discovered, some are very different from the
Solar System planets. This is e.g. the case for super-Earths and mini-Neptunes,
which have sizes between Earth and Neptune, and for hot and warm Jupiters,
which are Jupiter-sized planets with orbital periods of < 10 days and between 10
and ∼ 200 days, respectively. As discussed in Chapter 2 our understanding of the
formation of these planets is still limited. In the case of hot Jupiters it appears
as if they formed at significantly larger orbits than where we find them now, but
their migration mechanism(s) is yet to be determined . Planetary migration via
angular momentum exchange with the protoplanetary disk (e.g. Lin et al., 1996)
would lead to low eccentricity orbits roughly aligned with the disk midplane.
Whereas high-eccentricity migration (e.g. Rasio and Ford, 1996) would lead to
large eccentricities (& 0.2) and orbits outside the disk midplane. Interpretation
of these orbital parameters in the framework of planet formation and migration
is however complicated by tidal damping of orbital eccentricities (e.g. Bonomo
et al., 2017) and by tidal alignment of orbital and stellar spins (Winn et al., 2010;

2https://nasa.gov/mission_pages/kepler
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Albrecht et al., 2012), the latter being under debate (see Zanazzi and Lai (2018a)
and references therein).

Some warm Jupiters might be progenitors of hot Jupiters, but their orbits will
be altered less by tidal damping due to the larger separations from the host
stars (Petrovich and Tremaine, 2016). In addition, studying the eccentricity
(Dong et al., 2014) and companionship (Huang et al., 2016) of warm Jupiter
systems, it has been proposed that warm Jupiters originate from two different
formation paths: high-eccentricity migration (i.e. as hot Jupiter progenitors)
and in situ formation. If they originate from high-eccentricity migration these
are predicted to have undergone secular eccentricity oscillations by the hand of
an outer close-by high-mass companion and have high eccentricities (> 0.4; Dong
et al., 2014; Petrovich and Tremaine, 2016) and no low-mass inner companions
(Mustill et al., 2015), while if they form in situ they should have low eccentricities
(< 0.2; Petrovich and Tremaine, 2016) and inner low-mass siblings with low
mutual inclinations (Huang et al., 2016). Determinating companionship and
orbital eccentricities should therefore shed light on the origin of both hot and
warm Jupiters (see Dawson and Johnson, 2018, and references therein).

In the case of warm and hot Jupiters forming through dynamical pertubations of
their orbits, the formation might be somewhat more efficient within a triple star
system than in binary star systems (see Hamers, 2017, and references therein).
However, only a couple dozens of planetary systems have been confirmed to be in
triple star systems3. We are only aware of two of these having multiple planets:
GJ 667C (Anglada-Escudé et al., 2012; Feroz and Hobson, 2014) and Kepler-444A
(Campante et al., 2015), both of which contain no giant planets.

Here we present the discovery, confirmation and characterisation of the multi-
transiting planet system K2-290 (EPIC 249624646) detected by the K2 mission.
K2-290b is a mini-Neptune on a ∼ 9.2 day orbit, while K2-290c is a warm Jupiter
with an orbital period of ∼ 48.4 days. They both orbit the bright late F-type sub-
giant K2-290 (V = 11.11), which in turn have two stellar companions, probably
as a member of a triple star system. We used a combination of Kepler photom-
etry, high-resolution spectrocopy from FIES, HARPS and HARPS-N and AO
imaging from IRCS to detect and characterise the planets and their orbits. This
was done as part of the KESPRINT collaboration4, which aims to confirm and
characterise K2 and TESS systems (see e.g. Van Eylen et al., 2018; Livingston
et al., 2018; Johnson et al., 2018).

The next sections are structured in the following way: In section 5.3 the observa-
tional data consisting of photometry, spectroscopy and AO imaging are presented.
The analysis of the host star and its two companions is presented in section 5.4,
while section 5.5 deals with the planetary confirmation and characterisation of
K2-290b and K2-290c. In section 5.6 our findings are discussed and put into
context.

3Catalogue introduced in Schwarz et al. (2016)
4https://iac.es/proyecto/kesprint/
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5.3 Observations

To detect, characterise and analyse the planets and stars in the system, we use
several different types of observations. This includes photometry, high-resolution
spectroscopy, and AO imaging. An overview of the data sources and data char-
acteristics can be found in Table 5.1. A detailed description of the observations
are given in this section.

Table 5.1: Observation log of K2-290 containing the different types of observation,
instrument, instrument resolution, no. of observations made and observing dates.
Notes:1The original no. of observations.

Type Inst. Spec. res. No. of obs. Obs. date
Phot. Kepler – 39091 2017 8/23 – 11/20

HARPS 115000 16 2018 2/23 – 5/12
Spec. HARPS-N 115000 6 2018 2/20 –7/14

FIES 47000 11 2018 5/12 – 7/13
Imaging IRCS – 2 2018 3/29 & 6/14

5.3.1 K2 photometry
The star K2-290 was observed by the Kepler space telescope in Campaign 155 of
the K2 mission (Howell et al., 2014). A total of 3909 long-cadence observations
(29.4 min integration time) were made of this target between August 23 and
November 20 2017. For a detailed analysis, we downloaded the pre-processed
lightcurve from MAST6, which is reduced from the raw data following the pro-
cedure described in Vanderburg and Johnson (2014). The search method for
transiting exoplanet candidates in the K2 data is described in Dai et al. (2017),
which follows a similar approach as Vanderburg and Johnson (2014).

Two transit signatures were detected in the lightcurve of K2-290 with periods of
∼ 9.2 days and ∼ 48.4 days and depths of ∼ 0.03% and ∼ 0.5%, respectively (see
Fig. 5.6). This is consistent with a mini-Neptune or super-Earth and a warm
Jupiter orbiting a slightly evolved F8 star.

The out-of-transit signal is fairly quiet: we find no evidence of recurring stellar
spots and in general no signs of any additional periodic signals in the lightcurve.

5.3.2 Spectroscopy
Spectroscopic observations of K2-290 were carried out between 2018/02/20 and
2018/08/28 using the FIES, HARPS, and HARPS-N spectrographs.

5Guest observer programmes GO15009_LC, GO15021_LC, GO028_LC and GO083_LC.
6https://archive.stsci.edu/prepds/k2sff
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Figure 5.1: The GLS periodograms of the RVs using offsets subtracted data only
(upper plot) and additionally the best-fitting keplerian model for planet c subtracted
(lower plot). The dashed vertical lines mark the frequencies at which we expect to find
the signals for planet b and c, given the orbital periods from the photometric data. The
dashed horizontal lines indicate the respective 0.1% false alarm probabilities.
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The FIES (Fiber-fed Echelle Spectrograph; Telting et al., 2014) spectra were
gathered between 2018/05/12 and 2018/07/13 at the 2.56 m Nordic Optical
Telescope (NOT) of Roque de los Muchachos Observatory, La Palma, Spain. We
obtained 11 med-resolution spectra (R ∼ 47000) as part of the Nordic and OPTI-
CON programmes 57-015 and 2018A/044, using the observing strategy described
in Gandolfi et al. (2013). The spectra were reduced using standard IRAF and
IDL7 routines, and radial velocities (RVs) were extracted through fitting Gaus-
sians to multi-order cross-correlation functions (CCFs) using the stellar spectrum
with the highest S/N as template.

Between February 23 and August 28 2018, we also obtained 16 high-resolution
(R ∼ 115000) spectra with the High Accuracy Radial velocity Planet Searcher
spectrograph (HARPS; Mayor et al., 2003) mounted at the ESO 3.6 m telescope
of La Silla observatory. The spectra were gathered in connection with the ESO
programmes 0100.C-0808 and 0101.C-0829. The data were reduced using the
offline HARPS pipeline. The RVs were extracted through cross-correlations of
the processed spectra with a G2 numerical mask (Pepe et al., 2002).

We further used the HARPS-N spectrograph (Cosentino et al., 2012) installed at
the 3.6 m Telescopio Nazionale Galileo (TNG) of the Roque de los Muchachos
Observatory, La Palma, Spain. Here we collected 6 high-resolution (R ∼ 115000)
spectra between 2018/02/20 and 2018/07/14 as part of the Spanish and TAC pro-
grammes CAT17B_99, CAT18A_130, and A37TAC_37. The data were reduced
and RVs extracted using the same procedure as done for the HARPS data.

In total, 33 spectra were obtained and reduced. In Table A3 we list the barycen-
tric time of mid-exposure, the RVs, the RV uncertainties (σRV ), the bisector span
(BIS) and the full-width at half maximum (FWHM) of the CCFs, the exposure
times, the signal-to-noise ratios (S/N) per pixel at 5500 Å, and the instrument
used for a specific observation.

We performed a frequency analysis of the RV measurements to test whether
the two transiting planet candidates are detectable in the spectroscopic data.
This was done by computing the generalized Lomb-Scargle (GLS) periodogram
(Zechmeister and Kürster, 2009) of the combined FIES, HARPS, and HARPS-
N measurements. The RV data were first corrected for the instrument offsets
using the values derived from the global analysis described in Sec. 5.5.4. The
GLS periodogram (Fig. 5.1, upper plot) shows a significant peak at the orbital
frequency of planet c (false alarm probability FAP< 0.1%, calculated using the
bootstrap method from Kuerster et al., 1997), indicating that we would have
been able to detect planet c even in the absence of the K2 photometry. However,
we do not see a significant peak at the frequency of planet b. Even subtracting
the best-fitting Keplerian model for planet c (from the analysis described in Sec.
5.5.4), we see no signs of its small sibling (Fig. 5.1, lower plot).
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Figure 5.2: The 5-σ contrast curves and 4′′×4′′ Field-of-view AO images (inset) in
the H band (upper plot) and K′ band (lower plot) for observations done with the
IRCS at the Subaru Telescope. With K2-290 in the center, the images reveal a faint
neighbouring star about 0.4′′ away.
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5.3.3 AO Imaging
We conducted adaptive optics (AO) imaging using IRCS (Infrared Camera and
Spectrograph; Kobayashi et al., 2000; Hayano et al., 2010) on the 8.2 m Subaru
Telescope at the Mauna Kea Observatory, Hawaii, US as part of the programme
S18A-089. With these observations we aimed at ruling out a false positive tran-
sit signal caused by an eclipsing binary as well as to search for potential stellar
companions of K2-290. We obtained H band observations on March 29 2018 and
K ′ band observations on June 14 2018. For both observing bands we executed
two sequences: one for saturated frames and the other for unsaturated, with a
five-point dithering. Since the target image becomes saturated with the shortest
integration (< 1 s), we used a neutral-density (ND) filter (transmittance ∼ 1%)
for unsaturated frames. The total integration times for the saturated frames were
75 s and 37.5 s, for the H and K ′ bands, respectively. We used the target star
itself as a natural guide star for AO. The images in both bands were reduced
following the procedure described in Hirano et al. (2016). We describe our proce-
dures for contrast analysis and aperture photometry in Sec. 5.4.2. The contrast
curves and reduced AO images in both the H and K ′ bands are inset in Fig.
5.2. We note that the central part of the H band image is saturated and that
it clearly displays a deformation. While we have not been able to pinpoint the
exact cause, we assume here that it is related to the instrument or sky condition.
However, the photometry uncertainty caused by this deformed PSF can be mit-
igated since we performed a relative photometry between the companion’s Point
Spread Functions (PSFs) observed in the saturated images and the parent star’s
PSF observed in the unsaturated images, which were obtained soon before the
saturated frames.

The resulting AO images hints at the presence of a possible companion only
∼ 0.4′′ away and reveals another possible companion star at a distance of ∼ 10′′
(not displayed in the image, see Sec. 5.4.2). From now on, the potential inner
companion will be referred to as star B, and the potential outer companion as
star C.

5.4 Stellar characterisation

5.4.1 Host star properties
In the first step of the data analysis, we aimed to determine the absolute stellar
parameters of K2-290. To this end, we created a high signal-to-noise (S/N) spec-
trum by co-adding the individual HARPS spectra having S/N ratios of 60 per
spectral pixel at 5500 Å (see Table A3). This resulted in a co-added spectrum
with a total S/N of ∼ 150. We then used the iSpec framework (Blanco-Cuaresma
et al., 2014) to fit synthetic stellar spectra computed using the SYNTHE (Ku-
rucz, 1993) with MARCS model atmospheres (Gustafsson et al., 2008) to the high
S/N spectrum. We assumed a Gaussian spectral PSF with a FWHM correspond-
ing to R = 115000 over the spectral bandpass of the HARPS spectrograph. We

7https://idlastro.gsfc.nasa.gov/
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Table 5.2: Identifiers, coordinates, kinematics and magnitudes of the host star K2-
290. EPIC is the Ecliptic Plane Input Catalogue (https://archive.stsci.edu/k2/
epic/search.php), while Gaia refer to parameters extracted from Gaia DR2 (Gaia
Collaboration, 2018, https://gea.esac.esa.int/archive/). Besides the Kepler mag-
nitude, the magnitudes from EPIC are collected from Høg et al. (2000) and Cutri et al.
(2003). Notes: *As discussed in Sec. 5.5.1, the literature magnitudes reflect the com-
bined magnitudes of the host star and star B. †Obtained from estimated Sloan r and
g magitudes for star B, converted to Kepler-magnitude using Brown et al. (2011) (see
Sec. 5.5.1). ‡Assuming the K′-band of IRCS is equal to the K-band of 2MASS .

Parameter Value Source
K2 290
EPIC 249624646 EPIC
TYC 6193-663-1 EPIC
Gaia DR2 6253844468882760832 Gaia

α (J2000.0) 15h 39m 25.865s EPIC
δ (J2000.0) -20◦ 11m 55.74s EPIC
parallax (mas) 3.636±0.050 Gaia
distance (pc) 275.0±3.8 Gaia
systemic RV (km s−1) 19.70±0.37 Gaia
µα (mas yr−1) 27.225±0.099 Gaia
µδ (mas yr−1) -16.893±0.066 Gaia

Combined mag.*
G 10.8204±0.0004 Gaia
Kepler 10.784 EPIC
B 11.68±0.11 EPIC
V 11.11±0.11 EPIC
J 9.771±0.022 EPIC
H 9.477±0.022 EPIC
K 9.420±0.019 EPIC
g 11.179±0.030 EPIC
r 10.784±0.030 EPIC
i 10.614±0.020 EPIC

Derived host star mag.
Kepler† 10.785 This work
H 9.494±0.022 This work
K‡ 9.441±0.019 This work

Derived parameters
M? (M�) 1.194+0.067

−0.077 This work
R? (R�) 1.511+0.075

−0.072 This work
ρ? (g cm−3) 0.485+0.074

−0.064 This work
Teff,? (K) 6302± 120 This work
log g? (cgs) 4.23± 0.10 This work
v sin i? (km s−1) 6.5± 1.0 This work
[Fe/H] (dex) −0.06± 0.10 This work
age (Gyr) 4.0+1.6

−0.8 This work
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fitted the effective stellar temperature (Teff), surface gravity (log g), metallicity
([Fe/H]) and projected stellar rotation speed (v sin i?), while fixing the micro-
and macroturbulence parameters (vmic and vmac). We fixed v mic = 1.3 km s−1

and vmac = 5.0 km s−1 using the empirical relations calibrated for the Gaia-ESO
Survey as implemented in iSpec (Blanco-Cuaresma et al., 2014). We have tested
that fixing vmic and vmac do not significantly affect the derived spectroscopic pa-
rameters compared to keeping them free. Macroturbulence vmac and rotational
broadening v sin i? are degenerate at the resolution and S/N of our spectrum.
The choice of vmac therefore affects v sin i?, but not other quantities. vmic is sim-
ilarly difficult to determine accurately from the spectrum, but only affects other
quantities weakly. We have reanalysed the spectrum while keeping vmic and vmac
free, and find parameters that agree within their uncertainties. After carrying
out the fit we combined the information extracted from our spectroscopic anal-
ysis (Teff, log g, and [Fe/H]) with the Gaia DR2 parallax (Gaia Collaboration,
2018) and apparent magnitude in the H-band (corrected for the contamination
of the close companion, see Sec. 5.5.1). For the parallax error, 0.1 mas is added
in quadrature to account for systematic uncertainties (Luri et al., 2018). We
estimate an interstellar reddening using the dust map by Green et al. (2018).
Reddening is transformed into extinction in the H-band using the relations by
Casagrande and VandenBerg (2014, 2018). Using the recently updated isochrones
from the BaSTI database (Hidalgo et al., 2018) and the BAyesian STellar Algo-
rithm BASTA (Silva Aguirre et al., 2015) we obtain a stellar mass of 1.19+0.07

−0.08
M�, a radius of 1.51+0.08

−0.07 R�, and an age of 4.0+1.6
−0.8 Gyr. See Table 5.2 for a

complete listing of the parameters. As a consistency check we use the reddening-
and contamination-corrected V magnitude, the Gaia DR2 parallax and the spec-
troscopic Teff to determine the stellar radius using the Torres (2010) bolometric
correction. We derive a radius R? = 1.42± 0.1R�, in agreement within 1σ of the
radius derived using BASTA.

5.4.2 Stellar companions
In order to determine whether star B is a background star or physically associated
with the planetary host star, we apply aperture photometry to the AO images.
Saturation in the frames was corrected for by dividing the flux counts by the
integration time for each image, in addition to taking the transmittance of the
ND filter into account. However, because the potential companion is located in
the halo of the host star in our observations, we have to deal with that first.

Because the asymmetric PSF could introduce systematic errors in the flux mea-
surements if performed via radial-profile-subtraction of star A, we choose the
following approach to estimate the flux ratio in the bands: The halo of the host
star is suppressed by applying a high-pass filter with a width of 4 FWHM. The
filter not only suppresses flux from the host star, but also reduces flux from star
B. High-pass filtering introduces a flux loss of the companion, but the asym-
metry in PSF has less impact on the companion’s photometry since no specific
shape is assumed for the targets radial profile. Following Hirano et al. (2016),
the loss in flux is estimated by injecting an artificial stellar signal representing
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Table 5.3: Available identifiers, coordinates, kinematics and magnitudes of the two
stellar companions to K2-290, together with derived parameters from analysis of the
AO images. Gaia refer to parameters extracted from Gaia DR2 (Gaia Collaboration,
2018, https://gea.esac.esa.int/archive/), while 2MASS magnitudes are from Cutri
et al. (2003). Notes: *Obtained from estimated Sloan r and g magitudes for star B,
converted to Kepler-magnitude using Brown et al. (2011) (see Sec. 5.5.1). †Assuming
the K′-band of IRCS is equal to the K-band of 2MASS .

Parameter Value Source
Star B (Close-by component)

AO imaging H-band
∆H 4.474±0.092 This work
ang. sep. (arcsec) 0.389±0.008 This work
pos. angle (degree) 160.1±1.4 This work

AO imaging K ′-band
∆K ′ 4.270±0.036 This work
ang. sep. (arcsec) 0.411±0.015 This work
pos. angle (degree) 159.2±2.8 This work

Derived mag.
Kepler* 17.981 This work
H 13.968±0.093 This work
K† 13.711±0.040 This work

Derived parameters
MB (M�) 0.368± 0.021 This work
RB (R�) 0.354± 0.017 This work
Teff,B (K) 3548± 70 This work
Star C (Far away component)

Gaia DR2 6253844464585162880 Gaia

α (J2000.0) 15h 39m 28.390s Gaia
δ (J2000.0) -20◦ 12m 7.282s Gaia
parallax (mas) 4.053±0.271 Gaia
distance (pc) 247+18

−16 Gaia
µα (mas yr−1) 27.224±0.099 Gaia
µδ (mas yr−1) -16.484±0.370 Gaia

G 18.592± 0.0027 Gaia
J 15.400±0.060 2MASS
H 14.806±0.067 2MASS
K 14.534±0.061 2MASS

Derived parameters
MC (M�) 0.253± 0.010 This work
RC (R�) 0.263± 0.010 This work
Teff,C (K) 3397+77

−63 This work
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Figure 5.3: The H-R diagram for K2-290 (star A) and its two stellar companions (star
B and star C) together with BaSTI isochrones ranging from 2.0 to 5.0 Gyr and with
[Fe/H] = −0.1.

the possible companion into the original image, at an angular distance similar
to the true signal. We found that the high-pass filter reduces the flux from the
injected star by approximately 5%. Taking this into account, we derive magni-
tude differences for the host star and star B of ∆HB = 4.474 ± 0.092 mag and
∆K ′B = 4.270± 0.036 mag.

After applying the high pass filter we employed aperture photometry and then
fitted 2D Gaussians to estimate the location of the nearby companion for each
band. We find angular separations of 0.389 ± 0.008 arcsec in the H-band and
0.411± 0.015 arcsec in the K ′-band for the close-in companion.

As an additional consistency check for the photometric flux derivation we per-
formed a photometry analysis in theK ′-band on a radial-profile subtracted image.
This revealed a magnitude difference of ∆K ′B = 4.256 ± 0.008 mag, consistent
with the previous analysis, ∆K ′B = 4.270± 0.036 mag. Unfortunately due to the
asymmetric PSF in the H-band, we could not perform such an analysis there. In
the following we will use the latter value, such that our flux estimates for the H-
and K ′-bands are derived in a consistent way.

Contrast analysis and aperture photometry was not performed for the outer star
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(star C), which is therefore not displayed in the inset images in fig. 5.2. This
is because it is far enough away to not cause blending effects in the light curve
of the host star, and because it was at the very edge of the detector in the AO
images, complicating the contrast analysis. Furthermore, a sufficient number
of literature values of the magnitudes is already available for a thorough stellar
analysis of star C.

We derive fundamental parameters of star B and star C using BASTA. We assume
a distance and metallicity similar to the host star. For star B, we fit the H
magnitude computed using the magnitude difference ∆H from the AO analysis
and the combined H magnitude of the host star and star B from 2MASS. An
absolute value of the K ′ magnitude has not been measured for the two stars. We
therefore use only the H band for extracting stellar parameters for star B8. For
star C, we fit the 2MASS JHK magnitudes. The masses, radii and temperatures
of the companions are reported in Table 5.3. We stress that the uncertainties on
the derived parameters are internal to the BaSTI isochrones used. We place the
three stars in an HR diagram, see Fig. 5.3. Star A is a slightly evolved F8 star
while Star B and C are both M-dwarfs.

For the host star and companion C the Gaia DR2 catalogue provides parallaxes
of 3.64± 0.05 mas and 4.05± 0.27 mas, respectively. These translate to line-of-
sight distances of 275 ± 4 pc and 247+18

−15 pc, consistent with the analysis of the
isochrones and our assumption of physical association. Star B is not resolved in
the Gaia data. The angular separation of star B and C translates into separations
of 113±2 AU and 2467+177

−155 AU from K2-290, using the parallax of the host star.
The close proximity of star B to star A makes it likely that the two stars are
indeed also physically associated and that B is at the same distance from us as
A and C. To quantify this statement we calculated the probability of a chance
alignment for A and B making use of the Besancon Galactic population model9
(Robin et al., 2003). The model is initialised at a 1 deg2 area centered on the
galactic coordinates of star A (l = 348.0523 deg, b = +27.5996 deg). We do the
calculations without kinematics and use the dust map of Marshall et al. (2006)
assuming no dispersion on the extinction. With these settings we calculate the
number of background sources in a 10 kpc radius brighter than H = 15, which
safely encompasses errors on the H-magnitude of star B. Doing this the model
predicts 2413 background sources as bright or brighter than star B in a 1 deg2

area surrounding star A. Scaling to an area just enclosing star A and B (i.e. with
a radius of ∼ 0.4 arcsec), the probability of chance alignment is < 0.01%. Given
this value we assume in the following that star B is physically associated with
star A, and acknowledge that this association is based on a probability statement.
This seems to also be the case for companion C, since it shares the same proper
motion as the host star (see Tables 5.2 and 5.3). In conclusion, K2-290 is most
likely a member of a triple star system.

8Even though the K′ band of IRCS (1.95–2.30 µm) is similar to the K band of 2MASS
(1.95–2.36 µm), we wanted to keep the analysis to bands in which we could strictly compare.
However, assuming K′ = K and repeating the analysis gave the same results.

9http://modele2016.obs-besancon.fr
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5.5 Planetary analysis

In this section we test whether the photometric transits are a result of a false
positive scenario, in particular component B being an eclipsing binary. We then
describe the transit model as well as our RV model, and how we jointly fit these
to extract system parameters from the data.

5.5.1 False positive analysis

−60 −40 −20 0 20 40 60
RV (m/sec)

−40

−20

0

20

40

60

80

100

B
IS

 (m
/s

ec
)

HARPS
HARPS-N
FIES

Figure 5.4: Correlation between the CCF bisector inverse slopes and the radial ve-
locities from the HARPS, HARPS-N and FIES spectrographs. The offsets for each
spectrographs has been subtracted, with the best-fitting values found during the global
modelling of the photometry and spectroscopy as described in Sec. 5.5.4.

We test the scenarios in which the apparent transits do not originate from a
planet occulting the host star, but instead from component B being a system
of eclipsing binaries or being the host star of both planets. We do this because
star B is not spatially resolved in the K2 photometric lightcurve, due to its close
proximity to the host star and pixel sizes of the spacecraft. The amount of flux
received therefore also needs to be corrected, in order for the normalized transit
to not appear too shallow. This is done by comparing the H10 magnitude for the
companion to BaSTI isochrones, assuming the reddening, metallicity and age is
the same as for the planetary host star. From this we can obtain Sloan r and
g magnitudes of star B, which can be converted to a Kepler magnitude using

10As mentioned previously, an absolute value of the K′ magnitude has not been measured
for the host star. We therefore use only the H band for comparison between the two stars.
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the relation presented in Brown et al. (2011). This analysis reveals that the
close-by companion is ∼ 7.2 mag fainter in the Kepler band-pass, corresponding
to a flux contribution of ∼ 0.1 − 0.2% in the light curve. This indicates that
the large planet must be orbiting the bright star, since star B is too faint and
its light is too red to account for transits of the observed depths in the Kepler-
band: Assuming the companion is totally eclipsed the blended transit depth will
only be the afforementioned ∼ 0.1 − 0.2%. This is too shallow to produce the
deepest transits, which have depths of 0.5%. If the smallest transit signals is
due to the companion being an eclipsing binary diluting the signal, the transit
depth of 0.03% would mean that ∼ 15−30% of the companion should be covered
during transit. This would lead to a V-shaped transit, which is inconsistent with
what we observe (see upper plot of Fig. 5.6). Therefore, both planets are highly
unlikely to be false positives. In the system analysis, the blending of the close
companion is taken into account by subtracting its flux contribution from the
photometric light curve.

Another analysis can be done by examining the asymmetry of the line profile,
via investigating whether there is a correlation between the CCF bisector inverse
slopes (BISs) and the RVs (e.g. Queloz et al., 2001). Fig. 5.4 displays the BIS as
a function of the RV data, showing no signs of correlation – particularly if each
instrument is considered separately. This suggests that the Doppler shifts of K2-
290 are due to the orbital motion of the large planet, and not an astrophysical
false positive.

A third false positive check can be performed by comparing stellar parameters
from the analysis of the host star described in Sec. 5.4 with transit observables
extracted as described in the following sections. Assuming circular orbits, we
calculate stellar densities ρ?,circ of 0.51 ± 0.20 g cm−3 and 0.55 ± 0.07 g cm−3

using the best-fitting parameters for planet b and c from an analysis without a
prior on the stellar spectrocopic density ρ?. With the exclusion of this prior, we
assume that the best-fitting parameters of the transits are not strongly linked to
the extracted stellar parameters. These densities agrees with the value from the
stellar analysis of the host star ρ? = 0.485±0.07 g cm−3. Using the values of RB ,
RC , MB and MC from the companion analysis in Sec. 5.4.2 we retrieve mean
densities of the stars of ρB = 12.2 ± 2.2 g cm−3 and ρC = 20.1 ± 2.4 g cm−3.
These do not agree with the values obtained from the transit parameters, and
are therefore inconsistent with the planets orbiting either of the two M dwarf
companions, further verifying that both planets orbit star A.

5.5.2 Transit model

From the photometric data, each transit is isolated in a window spanning 15 hr on
either side of the mid-transit time. The photometric uncertainty σP is estimated
as the standard deviation of the normalized out-of-transit data in these windows.
The transits are normalized individually by including a quadratic polynomial
fit of the data to the transit model during the parameter evaluation described
in Sec. 5.5.4. The transit lightcurve with a quadratic limb-darkening profile

59



5. K2-290: a warm Jupiter and a mini-Neptune in a triple star system

is modeled using batman (Kreidberg, 2015), a Python package which calculates
the lightcurve analytically based on the formalism of Mandel and Agol (2002).
When modelling the light curve, the Kepler 29.4 min integration time is mimicked
by integrating over 10 models which had been evaluated in a time interval of
29.4 min. The free parameters for each transiting planet are the orbital period
Pk, the mid-transit time T0k, the scaled planetary radius Rpk/R?, the scaled
orbital distance ak/R?, and its orbital inclination ik. The index k runs over
planet b and c. For planet c, which influence we could identify in the RV data
(see Sec. 5.3.2), we both investigate a circular and eccentric solution (see Sec.
5.5.5). In the latter, the orbital eccentricity e and the argument of periastron ω
are treated as free parameters. For efficiency we step in

√
e cosω and

√
e sinω

(Ford, 2006; Anderson et al., 2011). We find that we cannot sufficiently constrain
the eccentricity of planet b, and we therefore assume the orbit of the small planet
to be circular. This is consistent with Van Eylen and Albrecht (2015) and Van
Eylen et al. (2019), which show that near-zero eccentricity is likely for a small
planet in a system with multiple transiting planets, and that the eccentricity
distribution of such planets can be described by the positive half of a Gaussian
distribution, which peaks at zero eccentricity and has a width of σ = 0.083+0.015

−0.020.
Stellar limb darkening is modeled assuming a quadratic limb-darkening law with
parameters c1 and c2. Finally we introduce an additional term σK2 in an attempt
to capture any unacccounted photometric noise (e.g. caused by planetary spot
crossing), similar to the jitter term often used in the RV work. This is added in
quadrature to the photometric errors. With the 735 photometric measurements
considered here, the log-likelihood for the photometry alone then becomes:

lnLP = −1
2

735∑
i=1

(
ln
(
2π
[
σ2
i + σ2

K2
])

+ [Pi(O)− Pi(C)]2

[σ2
P + σ2

K2]

)
(5.1)

where Pi(O) and Pi(C) are the observed and calculated values of the i’th pho-
tometric data point, σP = 0.000056 is the internal measurement uncertainty
estimated from the out-of-transit lightcurve and σK2 contains any additional
photometric noise.

5.5.3 Radial velocity model

The radial velocity shifts of the host star due to the gravitational pull of the
planets is modeled with a simple Keplerian model. Because we found no signs of
planet b in the RV data (see Sec. 5.3.2), our RV model only includes planet c.
The additonal parameters needed are the RV semi-amplitude K and RV offsets
γ as well as jitter terms σjit for each spectrograph. The latter accounts for any
stellar or instrumental noise not captured in the internal uncertainties and is
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added in quadrature. The log-likelihood for the 33 RV data points is:

lnLRV = −1
2

33∑
j=1

(
ln
(
2π
[
σ2

j + σ2
jit
])

+ [RVj(O)−RVj(C)− γ]2[
σ2

j + σ2
jit
] )

(5.2)

where j indexes the 33 observations. RVj(O) and RVj(C) are the observed and
calculated values of the j’th RV data point at time tj , with the corresponding
internal measurement uncertainty σj , while γ and σjit are the RV offset and jitter
parameters, which differ for each spectrograph.

5.5.4 Comparing models and data
To determine the parameters and their posterior distribution, we model the pho-
tometric and RV data together, fitting them jointly. In summary, the fitting
parameters of the joint analysis are for each planet the orbital period P , the
mid-transit time T0, the scaled planetary radius Rp/R?, the scaled orbital dis-
tance a/R?, and its orbital inclination i. For planet c, we also fit for the RV
semi-amplitude K and in addition we experiment with both a circular solution,
as well as an eccentric analysis via the parametrization

√
e cosω and

√
e sinω.

The fitting parameters connected to the star are the quadratic limb-darkening pa-
rameters c1 and c2. The fitting parameters for the instruments are the noise/jitter
terms σ and systemic RV velocities γ.

For the limb-darkening coefficients we impose a Gaussian prior using the values
c1 = 0.31 and c2 = 0.30 from an interpolation of the Kepler-band tables in Claret
and Bloemen (2011) obtained via Eastman et al. (2013)11, and with an uncer-
tainty width of 0.1. From the spectroscopic analysis we obtained a mean stellar
density of the star ρ? = 0.485 ± 0.07 g cm−3. With a well-determined orbital
period, we can use this information as an additional prior in our analysis, as pho-
tometric data also constrains the stellar density for particular orbital shapes and
orientations (see Van Eylen and Albrecht, 2015, and references therein). There-
fore, we use this prior information and the transit photometry to support the e
and ω measurements from the RV data when exploring the eccentric model. The
rest of the parameters are uniformly sampled. The priors on ρ?, c1 and c2 have
a log-likelihood lnLprior. The total log-likelihood is the sum of eq. 5.1, 5.2 and
lnLprior:

lnL = lnLP + lnLRV + lnLprior. (5.3)

The posterior distribution of the fitting parameters are sampled using the MCMC
Python package emcee (Foreman-Mackey et al., 2013). We initalize 220 walkers
near the maximum likelihood result, advancing them for 10000 steps and aban-
doning the 5000 first steps as the burnt-in sample, at which point the walkers
have converged.
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Figure 5.5: RV measurements of K2-290c from the HARPS, HARPS-N and FIES
spectrographs, together with the best-fitting circular model from the joint analysis
of the photometry and spectroscopy (solid line) and the corresponding model for an
eccentric orbit (dash-dotted line). Upper: The RVs as a function of time. Lower:
The phasefolded RV. The bottom panels in both plots show the residuals between the
observations and best-fitting model for the circular and eccentric case. The eccentricity
from the eccentric analysis is most likely overestimated and we therefore consider the
circular model to be a better description of the data (see Sec. 5.5.5). The values of the
corresponding parameters are displayed in Table 5.4 (Table 5.5 for the eccentric case),
and the data points are presented in Table A3.
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Figure 5.6: Phasefolded transit light curves of K2-290b (upper) and K2-290c (lower)
observed with K2, together with the best-fitting model from the joint analysis of the
photometry and spectroscopy (solid line). The bottom plot shows the residuals. The
values of the corresponding best-fit parameters are displayed in Table 5.4. The dashed
line on the upper plot indicates the modelled light curve in the case of the shallow transit
signal being a false positive caused by star B. In order to reproduce the observed depth
in the combined light of star A and B, this would require star B to be an eclipsing
binary diluting star A with a transit depth of 15% – 30%. This would lead to a very
V-shaped transit, which is not what we observe. For the deep transit (lower plot), even
a total eclipse of star B is not sufficient to reproduce the signal.
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Table 5.4: System parameters for K2-290. Notes: *We both investigate a circular
and eccentric solution. From the eccentric analysis we obtain e = 0.144+0.033

−0.032 and
ω = 70.0±9.0 deg. With ω close to 90 deg the eccentricity from the eccentric analysis is
most likely overestimated and we suspect that the circular model is a better description
of the data (see Sec. 5.5.5). Here we therefore only report the parameter values from
the circular analysis, together with the one-sided 3σ upper limit on e from the eccentric
analysis. The complete set of parameter values of the eccentric solution is given in
Table 5.5. †Upper limit (3σ) value obtained by including planet b in the RV analysis
and allowing e and ω for both planets to vary as well. The 1σ results are given in the
text in Sec. 5.5.5. ‡The values of the equlibrium temperatures assume a Bond albedo
of 0 and no recirculation of heat. The errors only represent propagated internal errors.

Host star parameters (fixed)
Stellar mass M? (M�) 1.194+0.067

−0.077
Stellar radius R? (R�) 1.511+0.075

−0.072
Stellar density ρ? (g cm−3) 0.485+0.074

−0.064
Effective temperature Teff,? (K) 6302± 120
Surface gravity log g? (cgs) 4.23± 0.10
Projected rotation speed v sin i? (km s−1) 6.5± 1.0
Metallicity (Fe/H) −0.06± 0.10
Age (Gyr) 4.0+1.6

−0.8

Parameters from RV and transit MCMC analysis Planet b Planet c (circular)*
Quadratic limb darkening parameter c1 0.330± 0.044
Quadratic limb darkening parameter c2 0.219± 0.067
Noise term K2 σK2 0.0000209+0.0000044

−0.0000052
Jitter term FIES σjit,FIES (m s−1) 3.1+3.5

−2.2
Jitter term HARPS σjit,HARPS (m s−1) 4.0+1.8

−1.7
Jitter term HARPS-N σjit,HARPS-N (m s−1) 11.6+5.3

−8.6
Systemic velocity FIES γFIES (km s−1) 19.6323+0.0031

−0.0030
Systemic velocity HARPS γHARPS (km s−1) 19.7594± 0.0014
Systemic velocity HARPS-N γHARPS-N (km s−1) 19.7590+0.0056

−0.0062
Orbital period P (days) 9.21165+0.00033

−0.00034 48.36685+0.00041
−0.00040

Time of midttransit T0 (BJD) 2457994.7725+0.0016
−0.0015 2458019.17333± 0.00029

Scaled planetary radius Rp/R? 0.01900± 0.00028 0.06848+0.00042
−0.00047

Scaled orbital distance a/R? 13.15+0.69
−0.66 43.5± 1.2

Orbital inclination i (deg) 88.14+0.62
−0.50 89.37+0.08

−0.07
RV semi-amplitude K? (m s−1) < 6.6† 38.4± 1.7
Derived parameters
Orbital eccentricity e 0 (adopted) 0 (adopted, <0.241)
Argument of periastron ω (deg) 90 (adopted) 90 (adopted)
Impact parameter b 0.438± 0.023 0.474± 0.012
Total transit duration T14 (hr) 4.96± 0.31 8.14± 0.26
Full transit duration T23 (hr) 4.73± 0.40 6.82± 0.24
Planetary mass Mp < 21.1 M⊕† 0.774± 0.047 MJ
Planetary radius Rp 3.06± 0.16R⊕ 1.006± 0.050RJ
Planetary mean density ρp (g cm−3) < 4.1† 1.01± 0.16
semi-major axis a (AU) 0.0923± 0.0066 0.305± 0.017
Equlibrium temperature Teq (K) 1230± 38‡ 676± 16‡
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5.5.5 Planet parameters

The parameter values corresponding to the median of the MCMC posterior dis-
tributions are reported in Table 5.4 together with their 1σ uncertainties. The
RVs and phasefolded RVs for planet c is shown in Fig. 5.5, while the phasefolded
lightcurves for planet b and c are displayed in Fig. 5.6.

To account for any long-term trend from a possible long-period unseen compan-
ion, we could also allow for a linear drift of the RV signal, γ̇. Including this in the
analysis, and selecting BJD 2458169.785818 – the time of the first RV observation
– as our zeropoint in defining γ̇, we find a linear drift of 0.02± 0.02 m s−1 d−1.
This shows that any possible RV trend is insignificant within 1σ. To further
check whether we are justified in excluding a possible RV drift in our analysis,
we compute the Bayesian Information Criterion (BIC). This is done for both an
analysis including and excluding γ̇. With 768 total RV and photometry measure-
ments (as well as 3 priors), and 22 (23) model parameters excluding (including)
the linear drift, we obtain a difference in BIC of 8. It favours the model exclud-
ing γ̇, but we note that there are no significant differences in parameter values
between the two models. The parameters values reported in Table 5.4 are for an
analysis excluding the drift.

Because of the non-detection of K2-290b in the RV data (see Sec. 5.3.2 and
Fig. 5.1), it was not possible to confidently determine the mass of the planet.
However, using the mass-radius relationship from Weiss and Marcy (2014), the
mass is estimated to be ∼ 7.6M⊕. This is consistent with the smaller, close-in
planet being a mini-Neptune. The mass translates into an RV semi-amplitude
of ∼2-3 m s−1. Indeed, such signal would be hidden in the RVs, given the noise
level of the data. Doing an analysis which includes planet b in the RV fit and
allows for varying e and ω for the small planet, would indicate an RV semi-
amplitude K = 1.6+1.7

−1.1 m s−1, an eccentricity e = 0.119+0.201
−0.083 and a mass of

Mp = 5.8±5.1M⊕. Using the 3σ result of this analysis, we obtain upper limits of
K < 6.6 m s−1 and Mp < 21.1M⊕. We note that the phase coverage of the RVs
of planet b is not ideal, with a large gap at phases ∼0.1-0.3. However, repeating
the frequency analysis of Sec. 5.3.2 but including noise-adjusted simulated data
in this region with injected K-amplitudes up to 6.6 m s−1, still does not reveal
signals above the 0.1% FAP at the frequency of planet b (see Figure 5.7).

For K2-290c we find a mass of 0.774± 0.047MJ and a radius of 1.006± 0.050RJ .
Together with its period of 48.36685+0.00041

−0.00040 days, this makes the planet a warm
Jupiter.

For the eccentric solution of planet c, the posteriors of the eccentricity e and
argument of periastron ω is displayed in Fig. 5.8 (black), and indicates that the
planetary orbit is mildly eccentric with e = 0.144+0.033

−0.032 and ω = 70.0±9.0 deg. If
we were not careful when removing the blended light from star B, the eccentricity
value could be biased. But, using no prior on the stellar density ρ? – and thereby

11http://astroutils.astronomy.ohio-state.edu/exofast/limbdark.shtml
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Figure 5.7: Same as the right part of figure 5.1, but where the frequency analysis
includes simulated data in planet b’s spotty phase region of 0.1-0.3. The mock data
were created by adding Gaussian noise equal to the mean noise value of the real data,
6.7 m s−1, to a Keplerian model. The simulated data in this specific LS periodogram
is done with K = 1.6 m s−1, and can be seen as the inset in the right corner (with this
specific Keplerian model shown as a black line). The analysis was repeatedly performed
for values of K up to the upper limit of 6.6 m s−1. In neither of these, the planet was
detected above the FAP threshold of 0.1%.

essentially only obtaining information on the eccentricity from the RV data alone
– recovers an eccentricity e = 0.130+0.037

−0.028, consistent with the previous analysis.

Doing the analysis for a circular orbit, and calculating the BIC of both the
eccentric and circular fits, we can test whether we are justified in including e
and ω as two additional degrees of freedom. We obtain a difference in BIC of 16
in favour of the eccentric solution, suggesting that the eccentricity of planet c is
well determined.

However, we note that ω = 70.0 ± 9.0 deg is close to 90 deg. This warrants
some further scrutiny as the RV method is better at constraining

√
e cos(ω)

than
√
e sin(ω). Therefore larger confidence intervals for the eccentricity are

allowed for orbital orientations near −90 deg or +90 deg than near 0 deg or
±180 deg. Combined with an uneven phase coverage and the use of different
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Figure 5.8: The 2D 68%, 95% and 99.7% posterior distribution from the eccentric
analysis described in Sec. 5.5.4 (black) and from an analysis of RVs from a simulated
circular orbit with added Gaussian noise corresponding to the real RV errors (grey).
The analysis on the mock circular data allows for moderate eccentricities – with its
confidence limits overlapping near ω = 90 deg – suggesting that with the data at hand
we are not able to confirm a non circular orbit.

instruments this could lead to an erroneous detection of a seemingly significant
eccentricity (e.g. Laughlin et al., 2005; Albrecht et al., 2012), similar to the bias in
low S/N cases towards the antisymmetric Rossiter-McLaughlin signal discussed
in Chapter 3. We investigated this here by creating a mock data set, where we
used the parameters of the circular solution from Table 5.4. With this circular
model we now created for each of the original RV time stamp an RV ”data
point” adding random Gaussian noise corresponding to the RV uncertainties of
the original data. Finally we run our analysis on this simulated data set just as
we did for the real measurements. We repeated this experiment several times,
using different seeds for the Gaussian noise. A typical example of the posterior
of e and ω for the simulated circular data is shown in Fig. 5.8 (grey), together
with the posterior from the eccentric analysis on the real data (black). We find
that the uncertainty intervals for e are largest around ω = +90 deg, and indeed
the 2D confidence intervals between the mock and real data do overlap. This
suggests that the eccentricity we find from the eccentric analysis of the real data
is suspicious and should serve as an upper bound on the eccentricity only. We
therefore adopt the circular solution, which parameters are reported in Table
5.4, and note that from the eccentric analysis the one-sided 3σ upper limit on

67



5. K2-290: a warm Jupiter and a mini-Neptune in a triple star system

the eccentricity is e < 0.241. Nonetheless, varying e and ω only reveals minor
changes in the rest of the system parameters, with almost all being within 1σ of
the circular values (see Table 5.5).

Table 5.5: Same as Table 5.4, but with the eccentric solution of planet c’s orbit.
Notes: *Because of ω = 70.0 ± 9.0 deg being close to 90 deg, we regard this solution
as highly suspicious (se Sec. 5.5.5).

Parameters from RV and transit MCMC analysis Planet c (eccentric)*
Quadratic limb darkening parameter c1 0.329± 0.037
Quadratic limb darkening parameter c2 0.219± 0.067
Noise term K2 σK2 0.0000209+0.0000044

−0.0000052
Jitter term FIES σjit,FIES (m s−1) 4.1+4.4

−2.8
Jitter term HARPS σjit,HARPS (m s−1) 1.5+1.6

−1.0
Jitter term HARPS-N σjit,HARPS-N (m s−1) 11.1+7.2

−4.8
Systemic velocity FIES γFIES (km s−1) 19.6316+0.0032

−0.0033
Systemic velocity HARPS γHARPS (km s−1) 19.7612± 0.0013
Systemic velocity HARPS-N γHARPS-N (km s−1) 19.7611+0.0057

−0.0059
Orbital period P (days) 48.36692+0.00040

−0.00042
Time of midttransit T0 (BJD) 2458019.17336± 0.00029
Scaled planetary radius Rp/R? 0.06758± 0.00057
Scaled orbital distance a/R? 40.1± 1.5
Orbital inclination i (deg) 89.41+0.17

−0.14
RV semi-amplitude K? (m s−1) 41.1± 1.7√
e sin(ω) 0.354+0.043

−0.050√
e cos(ω) 0.130+0.052

−0.059

Derived parameters
Orbital eccentricity e 0.144+0.033

−0.032
Argument of periastron ω (deg) 70.0± 9.0
Impact parameter b 0.358± 0.018
Total transit duration T14 (hr) 8.09± 0.47
Full transit duration T23 (hr) 6.92± 0.46
Planetary mass Mp (MJ) 0.819± 0.048
Planetary radius Rp (RJ) 0.993± 0.050
Planetary mean density ρp (g cm−3) 1.11± 0.18
semi-major axis a (AU) 0.281± 0.017
Equlibrium temperature Teq (K) 704± 19

5.6 Discussion

5.6.1 Properties and composition of the planets
Planet b is exposed to intense radiation from the host star. With a distance
to the star of 0.0923 ± 0.0066 AU or 13.15+0.69

−0.66R?, it receives an incident flux
of ∼ 400F⊕. This puts it outside of the super-Earth desert (Lundkvist et al.,
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2016). It also resides above the radius valley (Fulton et al., 2017; Van Eylen
et al., 2018), suggesting that the planet is not undergoing photo-evaporation of
its outer envelope.

Given the relatively low incident flux of planet c of ∼ 0.6 · 108 erg s−1 cm−2, the
planet lies below the threshold of 2 · 108 erg s−1 cm−2, where irradiation might
inflate it (Demory and Seager, 2011). The planetary radius may therefore be
directly compared to the models presented by Fortney et al. (2007), revealing a
mass of the planetary core of about ∼ 25 − 50M⊕12. However, in these mod-
els all solids are assumed to be located in the core. The models of Thorngren
et al. (2016) allow for metal enrichment and for solid materials to be located in
the planet’s gaseous envelope. Using these semi-empirical models, we retrieve
a planetary bulk metallicity Z = 0.133 ± 0.036 and a heavy elements mass of
49.5 ± 6.4M⊕, with 10M⊕ distributed inside the core and the remaining mixed
in the envelope.

5.6.2 Formation
We find that the orbit of the warm Jupiter K2-290c has an eccentricity e < 0.241,
and the existing RV data are compatible with a circular orbit. This is consistent
with the picture presented in Dawson and Murray-Clay (2013), where warm
Jupiters with low eccentricities orbit metal-poor stars ([Fe/H]= −0.06 ± 0.1).
The orbital eccentricity is too small for the planet to be a proto hot Jupiter
undergoing migration through tidal friction (Dawson and Johnson, 2018, Fig. 4).
This does not rule out high-eccentricity migration through secular gravitational
interactions, causing the planetary eccentricity to undergo oscillations excited by
a nearby mutually inclined third body (Petrovich and Tremaine, 2016). For this
to happen, a solar-mass perturber needs to be within a distance of ∼ 30 AU, and
a Jupiter-mass perturber within ∼ 3 AU (Dong et al., 2014), for a warm Jupiter
0.2AU away. With a projected distance of 113± 2 AU even star B – the closest
companion – is too far away. Neither from the AO images nor the transit light
curve do we find evidence for an additional close-by companion. Furthermore, it
seems unlikely that the warm Jupiter and mini-Neptune would remain coplanar
following these orbital perturbations, which is likely to produce higher mutual
inclinations (Pu and Lai, 2018). However seeing both planets in transit do not
necessarily guarantee coplanar orbits, as we might have observed them along the
line of nodes. It should also be noted, that even though the distances between
the host star and its two stellar companions are in agreement with the outcome of
simulated high-eccentricity migration of Jupiters in triple star systems in Hamers
(2017), these simulations fail to produce warm Jupiters in any significant number.

With an eccentricity < 0.4 and with the presence of its mini-Neptune sibling,
K2-290c fits the picture presented in Huang et al. (2016): low eccentricity warm
Jupiter systems have inner low-mass companions with low mutual inclinations.
They argue that this suggests that warm Jupiter might originate from two dif-
ferent formation mechanisms: 1) high-eccentricity systems (e > 0.4) are formed

12From the extended webtable of Fortney et al. (2007).
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through high-eccentricity migration and 2) low-eccentricity systems form in situ,
since disk migration would clear out any companions in the warm Jupiter neigh-
bourhood. The latter is consistent with the core mass of ∼ 10 − 50M⊕, which
is sufficient for the run-away accretion phase of in situ gas giant formation at
distances of 0.1-1.0 AU from the host star (Rafikov, 2006). However, as noted
in Dawson and Johnson (2018), disk migration should not be ruled out as the
origin channel of the warm Jupiter in these kind of systems, as the migration
of the giant planet might have occured before the in situ creation of its small
sibling. This suggests that K2-290c originate from either in situ formation or
disk migration.

A way to further test the origin of K2-290c would be to measure the system’s
spin-orbit angle, which is the subject of the next chapter. K2-290 is an excellent
target for measuring the spin-orbit angle through observations of the Rossiter-
McLaughlin effect: From Eq. 3.9 and the values of v sin i? ∼ 6.5 ± 1.0 km s−1

and Rp/R? ∼ 0.07, we expect an amplitude of the Rossiter-McLaughlin signal of
about ∼19 m s−1, taking limb darkening and the eccentricity into account. The
host star is relatively bright (V = 11.11), allowing for a high S/N ratio and small
RV errors, which makes the effect easily detectable with high resolution fiber-fed
stabilised spectrographs. In addition, with an impact parameter of ∼ 0.5, there
should be no degeneracy between the spin-orbit angle and v sin i?.
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6
A multi transiting planet
system with retrograde
co-planar orbits and
primordial misalignment.

Throughout my PhD studies, I continually hoped to expand the small obliq-
uity sample of multi-planet and warm Jupiter systems which have measured
spin-orbit angles. This was done by closely examining candidates applicable to
Rossiter-McLaughlin measurements and with the right transit timing, in an at-
tempt to obtain the spin-orbit angle through their spectroscopic transit. Of the
few suitable targets, I managed to get observing time for a couple. However, a
combination of bad weather, technical problems and pure bad luck, meant that
with half a year left of the PhD, I still had not made any progress. This all
changed with the detection of K2-290 presented in the previous chapter. Here we
had discovered a system which not only had multiple planets of which one was
a warm Jupiter; it also had the perfect velocity anomaly amplitude and tran-
sit timing in regards to conducting the observations before the end of my PhD.
Armed with this, I applied for observing time for the second and first half of the
transit of the warm Jupiter, to be carried out in April 2019 at TNG and in June
2019 at HDS. Though there were problems during the April observations with
a temporary gravity wave interruption, the night in June went smoothly and
resulted in very precise Rossiter-McLaughlin data. These measurements were so
promising, that a subsequent Director Discretion Time proposal for ESPRESSO
was also successful, granting meter-precision Rossiter-McLaughlin data of the
mini-Neptune. These datasets clearly established the system to be retrograde,
and subsequent analyses found the misalignment to stem from a primordial tilt of
the protoplanetary disk. Me and my collaborators had for the first time obtained
Rossiter-McLaughlin measurements of two planets in the same system, as well as
found the first retrograde multi-planet system and at the same time discovered
the first evidence of a planetary system originating from primordial misalign-
ment. In this chapter I present the observations, analysis and consequences of
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these measurements. The manuscript1 presented in this chapter is still in the
preparation phase, but is expected to soon be ready for submission. I have per-
formed most of the work and written the majority of the manuscript presented
here, with the notably exception of parts of section 6.7 and the entirety of 6.8
involving the calculations of N-body co-planarship, secular resonance and pri-
mordial disk misalignment by co-authors Dawson and Zanazzi (where I however
took the liberty of performing minor edits in order for the text to fit with the
thesis layout). In addition, the autocorrelation and stellar rotation period was
calculated by co-author Winn, while the RV extraction from HDS was performed
by co-author Hirano.

6.1 Summary

This chapter reports the retrograde orbits of the mini-Neptune K2-290b and
warm Jupiter K2-290c. This is the only known retrograde multi-planetary sys-
tems as well as the first example of Rossiter-McLaughlin measurements of several
planets orbiting the same star. Most importantly it provides the first direct ev-
idence of primordial misalignment of planetary orbits. The discovery has wide
ranging implication for planet formation theories: it confirms that primordial
disk misalignment plays a role in establishing stellar spin-orbit angles, suggest-
ing that planetary systems having misaligned orbits is not always evidence they
originate from dynamical perturbations instead of disk migration.

6.2 Introduction

Planetary systems having misaligned orbits with respect to their host star’s spin
have been seen as evidence they originate from dynamical perturbations instead
of disk-driven migration. This conclusion assumes primordial disk alignment,
consistent with measurements of multi transiting planet systems showing either
low spin-orbit angles (Albrecht et al., 2013) or high spin-orbit angles excited after
planet formation (Huber et al., 2013; Otor et al., 2016). Though the possibility
of primordial misalignment has been theorised as a natural consequence of gravi-
tational torques in the presence of additional stellar companions (Batygin, 2012),
such planetary systems have remained elusive. Here we present the retrograde
orbits of the mini-Neptune K2-290b and the warm Jupiter K2-290c (Hjorth et al.,
2019); the first direct evidence of primordial misalignment in a planetary system
and the first successful Rossiter-McLaughlin measurements of several planets in
the same system. The co-planar inner mini-Neptune and the lack of an outer
massive planet, implies that the retrograde orbits are due to the protoplanetary
disk becoming misaligned previous to planet formation through torques from its
nearby stellar companion. The existence of planetary systems showing primor-
dial misalignments confirms that primordial disk misalignment plays a role in
establishing stellar obliquities.

1Authors: Hjorth, M., Albrecht, S., Hirano, T., Winn, J. N., Dawson, R. I., Zanazzi, J. J.,
Knudstrup, E., Sato, B.
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6.3 Observations

6.3.1 Observations of K2-290c

Two subsequent spectroscopic transits of K2-290c were observed on 25 April
2019 with HARPS-N@TNG (Cosentino et al., 2012) and on 12 June 2019 with
HDS@Subaru (Noguchi et al., 2002). To securely establish a baseline, an addi-
tional three measurements were obtained outside of transit with HDS on 11 June
2019. The HARPS-N measurements partly covers the second half of the tran-
sit, while the HDS observations encompass 3/4th, beginning just around ingress.
The first two observations on the HDS transit night were taken during nautical
twilight, and the third suffered technical problems related to the CCD read-out.
These three data points are therefore not included in our analysis. In total we
secured 37 radial velocity (RV) data points, with exposures ranging from 900 –
1800 s on the two transit nights. The radial velocities are given in Table A4 for
HARPS-N and in Table A5 for the HDS data.

During the HDS observations, K2-290’s spectra were obtained with Image Slicer
#2 and the Iodine (I2) cell for precision wavelength calibrations. Usually, an
I2-free spectrum is obtained as a template for the RV analysis, but due to the
lack of observing time on the transit night, we decided to skip this step. Instead,
we used the combined high SNR HARPS/HARPS-N spectrum as a template for
the RV analysis of HDS data. Except for this step to construct the RV template
spectrum for K2-290, we followed the standard procedure to reduce the HDS
data and extract RVs by the ”forward modeling” technique (Sato et al., 2002).

6.3.2 Observations of K2-290b

In addition to the HARPS-N and HDS observations, we also secured Rossiter-
McLaughlin observations of the small mini-Neptune using ESPRESSO@VLT.
The transit happened on the night of the 20th of July 2019. We were able to
collect pre-ingress and in-transit data, though we experienced bad weather during
the second part of the transit: clouds began obscuring the target, leading to low
SNR and large offsets in the RVs. We therefore excluded the data points which
were affected by the cloud coverage. The radial velocities were extracted from
the spectra using the EsoReflex pipeline tool (Freudling et al., 2013). In total,
we obtained 14 RV data points; five before ingress, and nine during the first part
of the transit. The radial velocity data are given in Table A6.

6.4 Obtaining the spin-orbit angle of K2-290c

The change in radial velocities during transit is a consequence of the Rossiter-
McLaughlin effect: the planetary occultation of the stellar disk leads to absorp-
tion line distortions, manifesting as radial velocities anomalies. The shape of the
Rossiter-McLaughlin curve depends on the projected stellar rotational velocity
v sin i? and the projected spin-orbit angle λc.
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6.4.1 The projected spin-orbit angle:

To obtain the projected spin-orbit angle λc, we analysed the HARPS-N and HDS
data. Including the previously published data (Hjorth et al., 2019) presented in
Chapter 5, the analysis was performed simultaneous on the photometry, out-of-
transit radial velocities, the HDS and HARPS-N data, based on the approach
presented in that chapter. Both Rossiter-McLaughlin datasets were included in
the likelihood function, and seven new parameters were added to describe the
model: an RV offset for HDS γ, a jitter term for HDS σ jit,HDS, quadratic limb
darkening parameters in the V-band c1, V and c2, V, a micro- and macroturbu-
lence parameter v mic and v mac, the projected stellar rotational velocity v sin i?
and the projected spin-orbit angle of the warm Jupiter λc. For v sin i?, c1, V and
c2, V we imposed Gaussian priors of 6.5 ± 1.0 km s−1, 0.37 ± 0.1 and 0.31 ± 0.1
(Eastman et al., 2013). We maximised the likelihood and retrieved the poste-
riors by deploying an MCMC analysis (Foreman-Mackey et al., 2013) with 200
walkers for 10,000 steps, of which the first 5,000 steps were discarded, where con-
vergence was reached. The posteriors and best-fit results (Fig. 6.1, Table 6.1)
confirm the planetary orbit to be retrograde, with v sin i? = 6.77+0.66

−0.67 km s−1

and λc = 145± 10 deg.
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Figure 6.1: A plot of the radial velocity during transit of K2-290c centred around
the mid-transit times. Open circles are the HARPS-N data (night of 25 April 2019),
while solid circles are the HDS data (night of 12 June 2019). The grey points were
obtained during twilight or had offsets caused by technical difficulties at the telescope.
The dashed grey line shows a model with a 0 deg. alignment. The solid line shows the
best-fit model to the data, with v sin i? = 6.77+0.66

−0.67 km s−1 and λc = 145± 10 deg.
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Table 6.1: Selected parameters for K2-290c, K2-290b and their host star. The pro-
jected stellar rotation and spin-orbit angles were obtained from a combined MCMC
analysis on the photometry, radial velocities and Rossiter-McLaughlin data sets. The
stellar rotation period was extracted from computing the autocorrelation of the pho-
tometry. The stellar inclination was derived from this, and the 3D spin-orbit angles
were determined by combining these results with the orbital inclinations of the planets.

Parameter Value
Stellar rotation period P rot (days) 6.63± 0.06
Stellar inclination i? (deg) 36± 5
Proj. stellar rotation velocity v sin i? (km s−1) 6.77+0.66

−0.67
Proj. spin-orbit angle of planet c λc (deg) 145± 10
3D spin-orbit angle of planet c ψc (deg) 118± 5
Proj. spin-orbit angle of planet b λb (deg) 166+52

−67
3D spin-orbit angle of planet b ψb (deg) 123+10

−12

To investigate the robustness of our results, we repeated several different versions
of the analysis. One important variant was to check whether the addition of the
three excluded HDS data points would make a difference. Furthermore, since K2-
290c has an orbit consistent with an eccentricity of zero, we also tested whether
demanding a circular orbit made significant changes to the result. In addition,
we tested whether we could recover the spin-orbit angle, by examining only the
HDS Rossiter-McLaughlin data, only the HARPS-N Rossiter-McLaughlin data or
only both. This was done with an orbital semi-amplitude Kc kept fixed through
a Gaussian prior, but also with it set completely free, in order to take any short-
term stellar noise into account. In all our different test cases, we recovered v sin i?
and λc within 1σ of the original analysis. This makes K2-290 the only known
retrograde multi-transiting planet system.

6.4.2 The 3D spin-orbit angle:

For projected obliquities larger than 90 deg the projection gives an upper limit
on the obliquity ψc itself. We probed the stellar spin inclination i? by computing
the auto-correlation of the K2 photometry. From this we established the stellar
rotation period to be 6.63±0.06 days. By combining the rotation period with the
radius of the star, and assuming rigid-body rotation, we were able to calculate
the stellar inclination i?:

sin i? = v sin i?
v

= v sin i?
(2πR?)/P rot

(6.1)

We used this value, in addition to the projected spin-orbit angle λc and the
planet’s orbital inclination i orb, to calculate the three-dimensional spin-orbit
angle ψc (Fabrycky and Winn, 2009):

cosψc = sin i? sin i orb cosλc + cos i? cos i orb (6.2)

75



6. A multi transiting planet system with retrograde co-planar orbits and primordial
misalignment.

Assuming rigid body rotation, this translates into i? = 36 ± 5 deg, resulting in
the 3D spin-orbit angle ψc = 118± 5 deg.

6.5 Obtaining the spin-orbit angle of K2-290b

With K2-290 being a multi-transiting system, we are either seeing it along the
line of nodes or the two planets share the same orbital plane. If the two planets
are located in the same orbital plane, K2-290b is either retrograde to a similar
degree as K2-290c, or prograde with a shift of ∼ 180 deg. These three cases can
be seen in Fig. 6.2.

Retrograde & coplanar

Observed along the line of nodes

planet c  retrograde & planet b aligned  

Figure 6.2: The three possible configurations for the orbits of planet b and planet c
in K2-290. Top: planet b is prograde and planet c is retrograde. Middle: we are seeing
the planets along the line of nodes. Bottom: both planets are retrograde.

We simulated the longterm evolution of the system, assuming circular orbits for
both planets. Both a coplanar configuration and a configuration in which planet
b’s orbit is aligned with the host star’s spin are stable over long timescales of at
least 27 Myr. In the former case, both planets always transit; in the latter case,
at times when at least one planet transits, the other planet transits too 15% of the
time. We simulate transit time and duration variations using our custom-built
code (e.g., (Dawson et al., 2014)) and find that in both the coplanar and non-
coplanar case, they are too small to be detectable with the current dataset and
unlikely to be detectable in future datasets without a huge increase in precision
and/or baseline. Therefore we cannot rule out non-coplanar solutions solely on
the basis of the expected dynamical interactions between planet b and c.

However, creating a retrograde outer planet with M = 0.774 MJup through
planet-planet scattering (Rasio and Ford, 1996), without destabilising a pro-
grade, inner small M < 21.1 M⊕ sibling, seems highly unlikely. Furthermore,
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the orbital solution for the warm Jupiter is consistent with circular, conflicting
with its spin-orbit angle being enhanced through Kozai-Lidov excitations (Naoz,
2016). In addition, since planet b and c are tightly coupled, the M-dwarf binary
companion cannot cause a mutual inclination between them. All of these con-
siderations points towards the mini-Neptune moving in the same direction as the
warm Jupiter.

In order to determine whether the mini-Neptune is pro- or retrograde, we anal-
ysed the ESPRESSO data obtained during the spectroscopic transit of planet
b. As mentioned previously, the weather turned bad during the second part of
the transit, and we therefore did not include data points which were affected by
the cloud coverage. The remaining RVs were analysed simultaneous to the pho-
tometric, radial velocities and additional Rossiter-McLaughlin data from HDS
and HARPS-N for planet c, in the same way as described in section 6.4. During
this we introduced an RV offset and jitter term for ESPRESSO as additional
parameters, as well as the projected obliquity for planet b λb. The data and
best-fit model is shown in Fig. 6.3, where we obtained a projected spin-orbit
angle of λb = 166+52

−67 deg, translating into a 3D spin-orbit angle of ψb = 123+10
−12

deg. This means that planet b and c are both retrograde, and is the first example
of successful Rossiter-McLaughlin measurements of several planets in the same
exoplanetary system.
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Figure 6.3: The Rossiter-McLaughlin effect of K2-290b. Same as Fig. 1, but for the
mini-Neptune K2-290b. The data are obtained through ESPRESSO on the night of 20
July 2019. The solid line shows the best-fit model to the data with λb = 166+52

−67 deg.
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In addition to the analysis above, we tried to use Doppler Tomography on the
ESPRESSO data, but were unable to extract the Doppler shadow. However, this
absence of signal is consistent with simulations of the shadow, using the noise
level achieved with ESPRESSO and a macroturbulence of 5 km s−1 from the
best fit to the combined data. Before submitting the manuscript, we will try
to enhance the shadow signal using the concentration method as described in
Chapter 3.4.

6.6 Formation scenarios of K2-290

Having secured measurements of the spin-orbit angles of K2-290b and K2-290c,
we can interpret its implications for the formation history of the system. Planet-
planet scattering is most likely not the cause of the large spin-orbit angles; It
is hard to produce warm Jupiters with retrograde obliquities this way (Beaugé
and Nesvorný, 2012), and warm Jupiters produced with planet-planet scattering
tend to have significant eccentricities (Anderson et al., 2019), inconsistent with
the circular nature of K2-290c. Another misalignment mechanism that can take
place after planet formation, is torques exerted onto tightly-coupled planets by an
inclined external companion. This scenario is behind the moderate misalignment
of Kepler-56 (Huber et al., 2013) and the polar orbit of HD 3167c (Dalal et al.,
2019), the only other multi transiting systems with a large spin-orbit angle.
However, the origin behind the inclination of these unseen third companions
is unknown.

In the discovery analysis of K2-290, the linear RV trend was consistent with
zero, but on a short baseline of ∼200 days. To expand this, we acquired two
new RV points from HARPS-N in June 2019, increasing the time span to ∼
500 days. This revealed a linear trend of γ̇ = 11 ± 7 m s−1 yr−1. With a
projected distance of 113 ± 2 au, we expect the nearby M-dwarf to contribute
approximately 5− 6 m s−1 yr−1, consistent within 1σ with the linear trend.

6.7 Secular resonance

The M-dwarf companion induces a similar precession frequency of planet c’s or-
bit and of the oblate primary’s spin. This secular resonance can cause a large
amplitude misalignment. We model the secular evolution of the orbits of the cou-
pled planet b, planet c, M-dwarf companion, and primary star (Lai et al., 2018),
using the 1σ value of Mb = 5.8M⊕ from the analysis in the previous chapter. We
find that the secular resonance could turn on either after the dissipation of the
gas disk and/or turn on or off as the stellar radius evolves. Planet b and c re-
main strongly coupled and co-planar with each other. The misalignment through
a late-stage resonance crossing requires a sufficiently low mass for planet b (to
avoid coupling the planets too strongly to the stellar spin) and small semi-major
axis for the M-dwarf. An example of the variations in spin-orbit angles of planet
c over time can be seen in Fig. 6.4.
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Figure 6.4: An example of variations in planet c’s spin-orbit angle near the resonance
frequency if we assume the M-dwarf companion to have been born with a 50 deg mutual
inclination at a distance of 125 au.

Through secular resonances we therefore have two scenarios that could have lead
to the retrograde orbits: 1) a primordial misalignment of the proto-planetary
disk due to a resonance crossing between the disk-primary precession frequency
and disk-companion precession frequency or 2) late-stage co-planar flipping of
the planets due to a resonance crossing between the primary-M-dwarf precession
frequency and the planets-M-dwarf precession frequency. One way to distinguish
between these would be to get a better constraint on planet b’s mass or the orbit
of the M-dwarf companion. Since this cannot be done with the current data at
hand, we will alternatively in the next section show that the disk not becoming
misaligned is highly unlikely.

6.8 Primordial disk misalignment

A natural explanation for the retrograde orbit of K2-290c is primordial mis-
alignment of the proto-planetary disk by the nearby stellar companion (Batygin,
2012).

A point in favour of primordial misalignment comes from eccentricity (Dong
et al., 2014) and companionship (Huang et al., 2016) studies of warm Jupiter
systems: low eccentricity warm Jupiters have inner low-mass planetary compan-
ions, suggesting an in situ or disk migration origin (Dawson and Johnson, 2018),
and incompatible with high-eccentricity migration (Mustill et al., 2015).
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Through primordial disk misalignment, a range of spin-orbit angles may be ex-
cited for moderate inclinations between the disk and binary orbital planes (Baty-
gin and Adams, 2013; Lai, 2014) (θ dB ∼ 30 deg – 60 deg): such inclinations are
not uncommon for circumstellar disks in proto-stellar binary systems (Stapelfeldt
et al., 1998; Jensen and Akeson, 2014). To test if the binary companion could
have produced disk misalignment, we calculated the system’s secular evolution
due to mutual gravitational torques between the planets, oblate star, disk, and
the nearby M-dwarf companion, assuming the planets formed early and in-situ.
More detailed models including migration and photo-evaporation typically give
larger primordial misalignments at the end of the proto-planetary disk’s lifetime
(Zanazzi and Lai, 2018b). For details on the model and justifications of param-
eter values, see Lai (2014); Zanazzi and Lai (2018b). Consider a host star of
mass M?, radius R?, rotation frequency Ω?, with a (circular) inclined binary
companion of mass M B and semi-major axis a B, surrounded by a circumstellar
disk with inner (outer) truncation radii r in = 4R? (r out = 50 au), and surface
density profile (assuming r in � r out)

Σ(r, t) ' M d(t)
2πr outr

, (6.3)

where

M d(t) = M d0

1 + t/t v
(6.4)

is the disk mass, t v = 0.5 Myr is the viscous time, and M d0 = 0.1 M� is the
initial disk mass. We assume planets b,c with masses M b,M c and semi-major
axis a b, a c form with the disk (at t = 0) at the locations we observe them today.
We take M B, M c, a b, and a c to be equal to their observationally inferred
values, with R? = 2 R� and Ω̄? = Ω?/

√
GM?/R3

? = 0.1 during the host star’s
pre-main sequence phase. We assume the binary’s semi-major axis is greater than
the projected separation (a B > 113 au (Lai et al., 2018)), and the mass of planet
b to be equal to the 3σ upper limit from RV measurements (M b = 21.1 M⊕ (Lai
et al., 2018)).

We use the secular equations for the dynamical evolution of planet-forming star-
disk-binary systems (Zanazzi and Lai, 2018b) to model the excitation of primor-
dial misalignments by the binary’s gravitational torque. The difference of this
calculation is to add the gravitational influence of both planets b and c to the
star-disk ω̃′sd and disk-star ω̃′ds precession frequencies (see eqs. 65-66 in (Zanazzi
and Lai, 2018b)):

ω̃′sd = ω̃ sd + ω sb + ω sc, (6.5)
ω̃′ds = ω̃ ds + (L b/L d)ω bs + (L c/L d)ω cs, (6.6)

where L d ' (2/3)M d
√
GM?rout is the total disk orbital angular momentum,

Li = Mi

√
GM?ai are the planets’ orbital angular momentum (i = b, c), and
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the precession frequencies

ω si = 3kq
2k?

Ω̄?
(
Mi

M?

) √
GM?R3

?

a3
i

, (6.7)

ωi s = 3kq
2 Ω̄2

?

(
R?
ai

)2
√
GM?

a3
i

. (6.8)

The stellar rotation/inertia parameters kq ' 0.1 and k? ' 0.2 during the pre-
main sequence phase, and we neglect the torque on the planets from star B
(ω̃′dB ' ω̃ dB).

Figure 6.5 displays the main result of the these calculation, showing the time
evolution and excitation of primordial misalignments or mutual star-disk incli-
nations θ sd = cos−1(ŝ·l̂ d) excited by the binary companion, for different initial
disk-binary mutual inclinations θ db = cos−1[l̂ d(0)·l̂ B] (ŝ is the host star’s stellar
spin axis, l̂ d is the disk’s orbital angular momentum unit vector, l̂ B is the bi-
nary’s orbital angular momentum unit vector) and binary semi-major axis values
a B. We see after secular resonance occurs in the system (Batygin and Adams,
2013; Lai, 2014) (ω̃′sd ∼ ω̃ dB), large primordial misalignments are generated
by star-disk-binary interactions, consistent with the measured stellar obliquity
ψc = 118 ± 5 deg for a range of parameter values. Since we took the inner
planet’s mass to be the 3σ upper limit obtained from RV measurements, the
suppression of primordial misalignments by short-period, massive planets will
not occur for this system (Zanazzi and Lai, 2018b) (for the parameter values
investigated).

All in all, we find for a range of disk-binary inclinations and binary semi-major
axis values, the measured 3D spin-orbit angle ψc can be produced primordially.
Additional effects, such as planetary migration or photo-ionization of the disk,
will not affect our principal conclusions (Zanazzi and Lai, 2018b). It is possible to
have a disk which does not undergo secular resonance and get retrograde stellar
obliquities through the late-stage secular resonances. But, for the disk to not get
misaligned it would need a very fast dissipation timescale, or a lot of mass near the
host star, both of which are not supported by observations. It is much more likely
that star-disk-companion interactions have generated primordial misalignments
in this system.
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Figure 6.5: Primordial Misalignments from planet-star-disk-binary interactions in K2-
290. Top panel shows the mutual inclination between the host star’s equatorial plane
and disk orbital plane (θ sd) with time for the initial disk-binary inclinations θ dB(0)
and binary semi-major axis a B indicated, which will become the 3D spin-orbit angle
ψc (dashed black line with errors in grey band) after the disk dissipates. A range
of parameter values can excite θ sd to the observed 3D spin-orbit angle ψc. Bottom
panel shows the star-disk ω̃′sd and disk-binary ω̃ dB precession frequencies with time.
Large primordial misalignments θ sd are excited when secular resonance occurs in the
proto-stellar system (ω̃′sd ∼ ω̃ dB).

6.9 Conclusion

With most post-formation scenarios ruled out, and late-stage co-planar reso-
nance flipping disfavoured over a primordial tilt of the disk, the above analyses
gives a clear picture of the formation history of K2-290: the stellar companion
acted to primordially misalign the proto-planetary disk of the host star. This
misalignment was followed by the formation and possibly disk migration of its
two planets. Their misaligned birthplace ensued they were created in retrograde
orbits. Depending on whether planet b has a large or small mass, the system
then either 1) remained misaligned due to the inefficiency of late-stage resonance
crossing for a large planet combined with the large stellar-Jupiter distance and
tidal interactions from hot host stars being presumably weak, or 2) went through
secular resonance cycles, where we now see it near its retrograde stage. The
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existence of primordial misaligned planets has wide-ranging implications for our
understanding of planet formation. E.g., observations of large spin-orbit angles
of hot Jupiters (Albrecht et al., 2012), have been seen as evidence for a high-
eccentricity migration origin, as opposed to disk migration. However, this relies
on the assumption that the stellar equator and proto-planetary disk were origi-
nally aligned. Though our observations do not directly apply to hot Jupiters, they
do provide evidence for the existence of primordial misaligned proto-planetary
disks, suggesting that the assumption of primordial alignment is not always valid.
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7
Pushing the limits: the
spin-orbit of Trappist-1

With its very small amplitude, the Rossiter-McLaughlin measurements of K2-
290b was a great example of how the limits of current astronomy are continuously
pushed in order to explore a wider parameter space of spin-orbit observations.
However, so far no such measurements have been published on Earth-sized plan-
ets. One of the most promising targets for achieving Rossiter-McLaughlin obliq-
uities for such small worlds are M-dwarfs planetary systems. In connection to
this, and as part of the authors research stay at Tokyo Institute of Technology, it
was examined whether our current models are feasible for describing the velocity
anomaly in these kind of systems. This is the topic of this chapter. The entire
project is lead by Prof. Teruyuki Hirano, who will also be the lead author of the
future publication of the data presented here. We caution that the test cases on
the following pages is still a work in progress, and might not be a part of the
final publication of the Trappist-1 data. However, even without these data, the
velocity anomaly models constructed for solar-like stars deserve scrutiny in itself
before mindlessly being adapted to M-dwarf systems. I have written the entirety
of this Chapter, and done most of the work described here, with the exception
of the analysis behind and making of the original version of Fig. 7.1.

7.1 Rossiter-McLaughlin measurements of small planets

As is apparent from eq. 3.9, large planets have higher Rossiter-McLaughlin ve-
locity anomaly amplitudes than small planets, due to their transit depths being
shallower. Likewise, the Doppler shadow for small planets is also narrower and
harder to detect. This has resulted in only a few sub-Saturn sized planets hav-
ing spin-orbit angles measured through the Rossiter-McLaughlin technique (with
some of these being disputed): the three Neptune-sized HAT-P-11 (e.g Winn
et al., 2010), 55 Cnc e (Bourrier and Hébrard, 2014; López-Morales et al., 2014)
and GJ 432c (Bourrier et al., 2018), and also the mini-Neptune K2-290b pre-
sented in the previous chapter. Though the sample size is small, the prospect
of measuring the spin-orbit angle for small planets is exciting. Not only might
the knowledge of the obliquity of small planets be useful in the case of examin-
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ing co-planarity in multi-planet systems (as we saw in the case of K2-290), the
spin-orbit angle for small planet system might in itself reveal clues about the
evolution of planetary systems in general.

The reason for the modest sample size of small planets is a combination of the
shallow transit depth and the precision limit of accessible telescopes. In the pre-
vious chapter we saw how to circumvent this by using one of the best-precision
spectrographs currently available. Another approach is to observe planetary sys-
tems with deep transits. To combine this with the goal of examining small plan-
ets, we need to target systems containing small host stars, e.g. planets orbiting
M-dwarfs.

To obtain precise Rossiter-McLaughlin measurements for this kind of star, we
need to go to the infrared. Instrument-wise, a suitable telescope for the job
is e.g. the 8.2m SUBARU telescope attached with the IRD (Infrared Doppler
Instrument, Kotani et al., 2018), which strives to reach a 1 m s−1 uncertainty.
While this kind of telescope makes observations of M-dwarf hosts possible, an-
other issue lies on the theoretical side: though several analytical models have
been produced to recreate measurements of the the velocity anomaly caused by
the Rossiter-McLaughlin effect (see Chapter 3), these were made with solar-type
stars in mind. But, M-dwarfs have numerous absorption lines due to their atmo-
spheres larger metal content, resulting in many of the lines being blended with
each other. This might change the way we need to model the velocity change, as
e.g. the model of Hirano et al. (2011) assumes non-blended lines.

7.2 Testing velocity anomalies of Trappist-1

Arguably the two most famous M-dwarf planetary systems are Proxima b (Anglada-
Escudé et al., 2016) and Trappist-1 (Gillon et al., 2017). The latter contains
seven transiting Earth-like planets orbiting a slow rotating M-dwarf with J =
11.4. The feasibility of measuring the Rossiter-McLaughlin effect for this sys-
tem immediately caught the eye of many astronomers working on obliquities,
e.g. Cloutier and Triaud (2016) which estimated the amplitude of the signal to
be ∼ 40 − 50 m s−1 for the largest planets. Extracting the spin-orbit angle for
this system would illuminate our understanding of planet formation for Earth-
sized planets, as we expect alignment for terrestrial-planet systems, assuming a
well-aligned protoplanetary disk.

On the night of August 30th 2018 the Trappist-1 planets e, f and b all occulted
their star within a time span of seven hours. The spectroscopic transits were
observed with the IRD@SUBARU by PI Prof. Teruyuki Hirano. The resulting
radial velocities are shown in Fig. 7.1, with the black line showing a tentative
best fitted model assuming no blended lines. From the data, the approximated
amplitude of Cloutier and Triaud (2016) seems to be overestimated by an order
of magnitude, possibly due to Reiners and Basri (2010) reporting a too large
projected stellar velocity. This is in agreement with an inspection of the spec-
troscopic data which suggests a v sin i? closer to a value of 1 − 2 km s−1, as
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opposed to the literature value of 6± 2 km s−1. Assuming the three planets are
all completely co-planar, results in a joint best-fit spin-orbit angle of −9+33

−29 deg
and a projected rotation v sin i? = 1.30+0.37

−0.36 km s−1.

To make sure the comparison between the model and data is correct, we examine
the possibilities of testing whether the model presented in Hirano et al. (2011)
is a good description for M-dwarfs. However, it is difficult to analytically take
the blending of lines into account when constructing a model for the velocity
deviation. Instead, an alternative approach is to follow the procedure of early
days Rossiter-McLaughlin measurements of planets and do the model calculations
numerically on simulated results (se e.g. Winn et al., 2005). This is done following
the same procedure described in Hirano et al. (2011) for originally testing the
model, with the macroturbulence and rotational-macroturbulence kernels being
given there.

First, an M-dwarf spectrum matching the physics of Trappist-1 is artificially
created. This is done by obtaining a spectrum from the PHOENIX synthetic
library (Husser et al., 2013) with Teff = 2500 K, log g = 5.0, [Fe/H] = 0.0 and
[α/M] = 0.0, which are the grid parameters closest to the system parameters
from Gillon et al. (2016). The spectrum is then normalised by creating a spline
function to the 95th percentile of each spectra values in bins of a certain size. The
normalised spectrum is subsequently broadened by a rotational-macroturbulence
kernel in order to obtain a realistic representation of the Trappist-1 stellar spec-
trum. Here we selected parameter values of v sin i? = 2 km s−1, β = 1 km s−1

and ζ = 2 km s−1 as a best guess for the stellar broadening by inspecting the
line shape.

As a starting point, the testing of the feasibility of the velocity anomaly model
on M-dwarfs were done on planet b in the Trappist-1 system, with system pa-
rameters from the discovery paper. The next step is then to insert the effect
of a planetary transit into the spectrum of the star, for certain epochs around
an occultation. To include the planet in the spectrum, a copy of the original
unbroadened normalised spectrum is Doppler-shifted by the sub-planet velocity
at each observational epoch. This sub-planet spectrum is then multiplied by the
instantaneous decrease in flux given by eq. 3.13 and convolved with a macro-
turbulence kernel. The total spectrum can then be obtained by subtracting the
sub-planetary spectrum from the stellar spectrum.

To extract the velocity anomaly from the created spectra, we cross-correlate
each individual spectrum at each epoch with the out-of-transit synthetic stellar
spectrum. This cross-correlation is then fitted a Gaussian function in order to
obtain the radial velocity. Fig. 7.2 displays the simulated radial velocities for
planet b obtained in this way, together with the analytical model for a cross-
correlated spectrum, as presented in Chapter 3. From this preliminary analysis,
we see only a very small difference in the analytical and numerical values of the
Rossiter-McLaughlin velocity deviations, much smaller than the current achiev-
able instrument precision. However, it should be noted that we are still testing
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Figure 7.1: The three transits of the Trappist-1 planets e, f and b on the night of Au-
gust 30th 2018 as observed from IRD@SUBARU. The top panel shows the spectroscopic
transit with a preliminary best-fit using the Rossiter-McLaughlin model described in
Hirano et al. (2011). The middle panel shows the residual between the data and best fit
model. The bottom panels shows the photometric data at the beginning of the night,
with observations unfortunately cut short due to bad weather. These were obtained
using the 1m telescope at the McDonald Observatory.
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whether our original normalisation of the simulated spectra are sufficient, as this
process proved to be difficult due to the many absorption lines. For future work
we would also like to repeat these tests using the different system parameters,
to see whether changing e.g. v sin i? might impact the results. These kinds of
tests will not only be important for studying the Rossiter-McLaughlin effect in
Trappist-1, but also for the examination of the slew of new M-dwarf planetary
systems which will be detected with TESS.
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Figure 7.2: The preliminary results of the Rossiter-McLaughlin velocity deviations
from numerical simulated data and analytical calculations.
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8
Conclusion

This thesis has been a presentation of the work carried out during my PhD
studies. A general introduction has been given to the current state of research
into planet formation and hot Jupiters origin, together with a description of
how measurements of the spin-orbit angle of multi-planet systems or systems
containing warm Jupiters can probe different migration scenarios. In connection
to this, several of my first-author research manuscripts were presented. In this
chapter a brief summary of the thesis will be given. I will also discuss the
implications of the research presented here as well as possibilities for the future
of spin-orbit observations and origin studies.

8.1 Summary and conclusions

The focus of this PhD has been to expand the knowledge on planet formation and
the orbital orientation of different configurations of planetary systems, particular
in connection with studying the origin of gas giants. This is an ever-evolving
research field, with a large amount of information obtained through spin-orbit
investigations conducted within the last decade. In Chapters 1 and 2 I explained
my interest in this topic, and justified the current consensus on the origin of
giant exoplanets in the exoplanet community: Jupiters form far-out in their disk,
and then move inwards by either disk and/or high-eccentricity migration. I ex-
plained how it might be possible to distinguish by conducting observations of
the spin-orbit angle of either multi- or warm Jupiter systems. I also explained
the possibility of both migration channels being at play, by examining the dis-
tribution of aligned and misaligned hot host star systems. Chapter 3 dealt with
how to measure the spin-orbit angle using the Rossiter-McLaughlin effect. Here I
presented the two techniques connected to this; measuring the velocity anomaly
or observing the Doppler shadow. In connection to this, I gave a detailed expla-
nation of the physics behind the stellar line-shape, and how it deviates during a
spectroscopic transit.

Armed with these two techniques to observe obliquities, I presented an example
of the utilisation of both in Chapter 4. This chapter is about the discovery and
characterisation of MASCARA-3, a hot Jupiter in an aligned system. The host
star is bright with a rotation velocity of v sin i? ∼ 20 km s−1. This creates the
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perfect conditions for acquiring both the Doppler shadow and measuring radial
velocities, both of which my collaborators and I obtained using the SONG tele-
scope. Due to this, we were able to both get information on the planetary radius
and mass as well as establishing the alignment of the orbit. The temperature
of the host star suggested a slow tidal timescale. Together with it’s low obliq-
uity, this was consistent with the hot Jupiter originating from disk migration.
This was the first time SONG was proved capable of measuring the radial veloc-
ity anomalies during transit, but with the constant arrival of new, bright TESS
targets, it certainly will not be the last.

In order to examine and expand the sample of multi-planet systems and warm
Jupiters, I turned my attention to K2-290; a triple-star system containing a warm
Jupiter and mini-Neptune. Chapter 5 was about the discovery and characterisa-
tion of this system. It’s multiplicity and low eccentricity implied in situ formation
or a disk migration origin. To examine this further, I set out to retrieve it’s obliq-
uity together with my collaborators; the subject of Chapter 6. Here the HDS and
HARPS-N measurements of K2-290c were presented, revealing the first known
retrograde multi-planet system. We also obtained meter-precision ESPRESSO
data for K2-290b, making this the first case of getting Rossiter-McLaughlin mea-
surements for two planets in the same system. Through simulations of the im-
pact of the close-by stellar companion on the orbital architecture, we were able
to establish the retrograde nature being of primordial origin – the first case of
direct evidence for the spin-orbit angle of a system stemming from the primordial
misalignment of it’s proto-planetary disk. Though this result is not directly ap-
plicable to hot Jupiters, the mere existence of such a planetary system opens the
door for disk migration being a valid alternative interpretation to explain large
spin-orbit angles.

In Chapter 7 I continued my efforts in pushing the observational limits for
Rossiter-McLaughlin measurements, by presenting the spectroscopic transit of
three planets in the seven-Earths system of Trappist-1 – all observed in the same
night. Here I examined whether our current velocity anomaly models hold true
for M-dwarfs system, and presented preliminary results suggesting they do. This
is not only important for these particular observations, but will also be appli-
cable to follow-up observations through e.g. the CARMENES instrument and
Hobby-Eberly Telescope of the many M-dwarf systems TESS will discover. In
the future I would like to study the results in more detail by making sure these
preliminary simulations are correctly performed and by examining the effect of
changing different stellar parameters such as the metallicity.

Combining the results of this thesis, I have measured the orbital architecture of
three very interesting systems, and have uncovered a few more pieces to the puzzle
of planet formation. The scientific field of exoplanets is now one step closer to
having unlocked the secret behind warm and hot Jupiters’ origin. In particular,
planet formation in a tilted disk is no longer just a hypothesis, but have actually
been inferred in the case of K2-290. This opens the possibilities of planets in other
system being born in primordial misaligned disks, which might be an alternative
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explanation for some Jupiters with large spin-orbit angles. In the context of
some planetary systems being believed to originate from dynamical interactions,
this might imply that hot Jupiters originate from both disk and high-eccentricity
migration. In addition, with the arrival of new planetary systems combined
with the constant improvement in observing capabilities, the parameters-space
of which the spin-orbit angle is known is being progressively extended.

Important contributions from this PhD

• SONG radial velocities during transit: SONG will be an im-
portant tool in follow-up and spin-orbit studies of bright TESS tar-
gets. In this thesis it was shown how the telescope has been able to
deliver spectroscopic transit data, both in the form of the Doppler
shadow, but for the first time also as radial velocity anomalies, as
was the case for MASCARA-3.

• First Rossiter-McLaughlin of two planets in one system: In
this thesis, the discovery and characterisation of the multi-planet
triple star system K2-290 was presented. With the help of HARPS-
N, HDS and ESPRESSO, it became the first example of obtain-
ing multiple successful Rossiter-McLaughlin observations for several
planets in the same planetary system.

• First retrograde multi: K2-290 is the only known retrograde
multi-planet system, and one of three known misaligned multis.

• First direct evidence of primordial misalignment: The ret-
rograde orbits of K2-290 is shown to originate from the misalign-
ment of the primordial disk; the first example where this mecha-
nism has been shown to cause the misalignment. This could have
consequences for planet formation theories, as some of the other
misaligned planetary systems might have suffered the same fate.

• Trappist-1 Rossiter-McLaughlin: The Rossiter-McLaughlin ef-
fect from the transit of three planets in the same night was shown
for the M-dwarf seven-planet system of Trappist-1.

• M-dwarf Rossiter-McLaughlin model works: Numerical sim-
ulation of the Rossiter-McLaughlin effect in an M-dwarf has shown
to match with the analytical expression. We caution that this is a
preliminary result.
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8.2 A bright outlook: Prospects in probing new spin-orbit re-
gions and the future of origin studies

While the number of planets with observed spin-orbit angles have soared in the
last decade, most of them have been of hot Jupiters. However, increasing the
number of these kind of systems is still warranted: for example, more observations
of hot Jupiters orbiting hot hosts might improve our understanding of the primor-
dial spin-orbit distribution, since these are not expected to have been sculpted
by tidal interactions (see Chapter 1). As discussed in this thesis, an additional
approach when studying planet origins is to extend the region of other kind of
systems. One of the main obstacles in achieving the obliquity for multi-planet
systems and warm Jupiters have been the small amount of bright, candidate
targets. With the launch of TESS (Ricker et al., 2015), the entire sky is now
being probed, and the mission has already revealed many new planet candidates.
The brightness of many of these means that it will be easier to do spectroscopic
follow-up. The next year TESS will cover the northern hemisphere, making it
possible for northern telescopes such as SONG to characterise these new worlds.
I believe the coming years will offer a substantial increase in the sample size of
these kind of systems.

Besides expanding the above-mentioned sample size, I also showed in this thesis
the capability of e.g. ESPRESSO to probe the obliquity for uncovered regions
of the parameter space. As mentioned previously, this is already achievable for
small exo-Earths in systems such as Trappist-1. Personally I think it could be
very interesting to expand the limits of the observations even further by e.g.
discovering and characterising exomoons via the Rossiter-McLaughlin effect (see
e.g. Triaud, 2018, for a short review of future capabilities) or to explore the
obliquity between the planetary orbit and the planetary spin. The latter is the
main reason for seasons on Earth, and might have similar impacts on an Earth-
like world. If we would like to quantify the climate of a specific planet and it’s
capability to sustain life, this will certainly be an important factor. With the
release of GAIA planetary data as well as the arrival of PLATO and the ongoing
construction of 30 meter optical telescopes, I expect the coming decade to be even
more exciting and plentiful than the preceding in terms of obliquity observations.

While this thesis has focused on spin-orbit measurements, looking outside of
obliquity research will also be fruitful to explore planet formation in general and
the past of hot Jupiters in particular. As summarised in Dawson and Johnson
(2018) different studies might hold the key to reveal the origin of gas giants,
especially if combined with spin-orbit examinations. In my opinion, the most
promising of these would be to perform more elaborate eccentricity follow-up of
giant planets via radial velocity studies or to further constrain observations of
proto-planetary disks.

There is still a great deal to learn about planets beyond the Solar System: what
is the history of these foreign worlds? Are they habitable? Do any contain
life? In my opinion, the future looks bright for the research field of extra-solar

94



8. Conclusion

planets. With the introduction of new space and ground-based missions focused
on exoplanets in the coming decades, our knowledge on these foreign worlds will
only expand. With the ongoing hot Jupiter studies, spin-orbit measurements and
related examinations of planetary characteristics, we are very close to answering
one of the oldest questions in exoplanetary science; the origin of hot Jupiters.
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Tables of observations

Table A1: MASCARA-3 (Ch. 4): Radial velocities at times outside of transit for
MASCARA-3 using the SONG telescope. We list the barycentric time of mid-exposure
and the RVs corrected for barycentric motion. All spectra were taken with the iodine
cell as reference. Though the individual uncertainties have some dependence on the flux
level (being near 30 m sec−1 at the highest and 60 m sec−1 at the lowest flux level) the
overall instrumental uncertainty (σRV) is estimated to be ∼ 40 m sec−1. To account
for the possibility of underestimating this error, we introduce an additional jitter term
during the fitting procedure (see Table 4.4).

Time (BJD) RV+6,000 (m s−1)

2458223.357685 613.1
2458224.382018 183.3
2458225.434460 67.3
2458233.607846 704.9
2458234.418452 770.2
2458235.720058 234.6
2458236.641036 32.2
2458237.678446 153.1
2458238.692052 603.9
2458241.674223 -70.7
2458243.368995 265.3
2458245.410918 805.6
2458246.571993 240.1
2458247.398019 -31.2
2458248.368253 82.6
2458249.365280 470.8
2458250.368275 844.0
2458250.681785 837.2
2458251.366037 687.0
2458251.666389 485.7
2458252.366480 192.9
2458253.365122 120.4
2458254.365100 237.8
2458255.374490 605.4
2458256.384282 796.1
2458257.382395 330.0
2458259.383303 18.0
2458263.567251 154.9
2458265.589542 291.4
2458267.372280 829.5
2458268.609046 306.4
2458270.572919 5.0
2458274.379165 192.8

Time (BJD) RV+6,000 (m s−1)

2458280.423224 17.1
2458283.600292 812.6
2458418.763646 161.4
2458426.556824 222.3
2458434.627715 639.1
2458439.611331 713.9
2458448.692687 285.5
2458449.708606 658.2
2458450.690659 709.9
2458453.742034 106.8
2458454.745732 493.1
2458586.621310 20.0
2458594.703421 710.9
2458598.446201 150.2
2458600.395783 819.7
2458602.394577 19.7
2458604.398027 462.9
2458606.403578 680.6
2458608.402462 -36.2
2458610.402961 656.7
2458612.656473 323.0
2458614.640588 99.4
2458616.679269 892.4
2458621.434468 611.2
2458623.623973 586.7
2458625.668018 199.2
2458627.634024 974.2
2458629.638527 312.8
2458631.621685 345.4
2458633.654485 949.8
2458638.605001 913.8
2458643.571329 579.7
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8. Conclusion

Table A2: MASCARA-3 (Ch. 4): Radial velocities during transit on the night of May
29, 2018 for MASCARA-3 using the SONG telescope. We list the barycentric time of
mid-exposure and the RVs corrected for barycentric motion. All spectra were taken with
the ThAr cell as reference, causing the uncertainties to be larger than the RVs reported
in Table A1, in addition to a different RV offset. The instrumental uncertainty (σRVRM)
is estimated to be 50 m sec−1.

Time (BJD) RVRM+15,200 (m s−1)

2458268.353392 -14.0
2458268.361322 67.0
2458268.368937 65.0
2458268.376572 91.0
2458268.384095 124.0
2458268.391748 179.0
2458268.399454 73.0
2458268.407431 111.0
2458268.415063 240.0
2458268.422695 213.0
2458268.430603 126.0
2458268.446077 145.0
2458268.453711 116.0
2458268.461345 14.0
2458268.468981 44.0
2458268.476690 -27.0
2458268.484558 -2.0
2458268.492292 -14.0
2458268.500027 -87.0
2458268.507691 -108.0
2458268.515674 -67.0
2458268.523373 -111.0
2458268.531075 -73.0
2458268.538705 -16.0
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Table A3: K2-290 (Ch. 5): Radial velocities and related values for K2-290 using
the HARPS, HARPS-N and FIES spectrographs. We list the barycentric time of mid-
exposure, the RVs, the instrumental RV uncertainties (σRV ), the bisector span (BIS)
and the FWHM of the CCFs, the exposure times (texp), the signal-to-noise ratios (S/N),
and the instrument used for a specific observation. Notes. ∗S/N is per pixel and is
calculated at 5500 Å.

Time (BJDTDB) RV-19700 (m s−1) σRV (m s−1) BIS (m s−1) FWHM (km s−1) texp (s) S/N* Instr.
2458172.894740 21.7 3.2 55.1 10.9581 1800 72.3 HARPS
2458175.890871 23.9 3.9 35.0 10.9632 1500 60.8 HARPS
2458191.878876 73.0 3.4 35.3 10.9514 2100 68.6 HARPS
2458193.866635 71.5 4.1 44.4 10.9822 1500 53.4 HARPS
2458194.862556 85.6 3.6 53.7 10.9684 1800 65.3 HARPS
2458197.846021 93.1 3.9 53.7 10.9733 1800 59.2 HARPS
2458220.814348 22.7 4.0 45.4 10.9481 2400 56.6 HARPS
2458221.728938 23.0 4.8 60.5 10.9637 1800 46.7 HARPS
2458222.818965 20.2 4.6 34.4 10.9358 1800 50.9 HARPS
2458249.764215 103.6 4.1 44.9 10.9486 2300 57.5 HARPS
2458250.805571 106.0 4.2 47.6 10.9872 2100 55.9 HARPS
2458324.611686 29.1 5.3 9.7 10.9769 2400 45.1 HARPS
2458325.576369 28.6 5.1 39.6 10.9385 2400 47.4 HARPS
2458329.488931 43.2 3.8 34.4 10.9725 2100 58.5 HARPS
2458330.491675 41.6 3.3 42.0 10.9761 2100 68.6 HARPS
2458359.508754 58.6 4.0 38.6 10.9721 2400 56.7 HARPS
2458169.785818 28.2 11.2 68.0 11.0293 1200 25.7 HARPS-N
2458202.702616 107.7 8.0 83.0 10.9708 3600 34.0 HARPS-N
2458219.700532 26.3 4.7 60.4 10.9347 2100 52.8 HARPS-N
2458220.703092 20.6 7.0 61.0 10.9395 2100 38.0 HARPS-N
2458221.698890 5.8 8.0 95.4 10.9209 2100 33.6 HARPS-N
2458314.421992 49.0 5.4 42.4 10.9777 1800 47.2 HARPS-N
2458251.583280 -36.5 15.3 46.8 16.8868 3600 32.2 FIES
2458253.621643 -34.5 8.8 34.6 16.7709 3000 54.5 FIES
2458258.606573 -55.3 7.0 44.4 16.9018 3600 62.7 FIES
2458259.540916 -61.2 15.0 11.5 16.8045 3600 31.2 FIES
2458260.606755 -77.0 11.7 34.1 16.8718 3600 48.5 FIES
2458261.593343 -77.9 10.0 21.5 16.8944 3600 49.2 FIES
2458279.486551 -81.2 8.3 96.9 16.8609 3600 59.0 FIES
2458280.504146 -81.6 10.3 28.3 16.8988 3600 49.5 FIES
2458289.458960 -45.3 8.2 48.9 16.8567 3600 61.1 FIES
2458290.453468 -50.4 8.4 32.1 16.8290 3600 59.9 FIES
2458313.447528 -89.0 7.1 34.7 16.8713 3600 58.3 FIES
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Table A4: The Rossiter-McLaughlin measurements of K2-290c with HARPS-N@TNG.

Time (BJD) RV-19,760 (m s−1) σRV (m s−1)

2458653.461391 -25.3 5.6
2458599.734446 16.1 8.1
2458599.708427 -3.7 8.5
2458599.525665 -8.9 8.5
2458599.755443 -11.7 8.1
2458599.511429 -15.5 9.0
2458599.665613 3.5 8.1
2458599.680174 17.9 8.4
2458599.539358 -7.4 8.1
2458599.553687 -20.5 8.0
2458662.439687 -33.4 6.7
2458599.694954 20.6 8.3
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Table A5: The Rossiter-McLaughlin measurements of K2-290c with HDS@SUBARU.

Time (BJD) RV+12,000 (m s−1) σRV (m s−1)

2458646.904564 5.9 7.4
2458646.915414 17.8 7.0
2458646.926504 16.5 7.1
2458647.750561 -7.2 6.3
2458647.761661 -34.5 6.3
2458647.773090 31.1 9.7
2458647.784190 9.1 6.7
2458647.795279 1.5 6.8
2458647.808349 -13.4 6.5
2458647.819449 -18.6 6.4
2458647.830548 -18.0 6.4
2458647.841638 -21.5 6.3
2458647.852737 -12.8 6.2
2458647.863827 -28.9 6.1
2458647.874926 -18.8 5.9
2458647.886016 -22.2 6.5
2458647.897115 -25.7 6.6
2458647.908215 -20.5 6.8
2458647.921004 -14.5 6.7
2458647.932104 -21.7 6.9
2458647.943204 2.6 6.9
2458647.954303 -11.2 6.9
2458647.967083 2.2 6.7
2458647.981662 -0.5 6.3
2458647.996231 15.1 6.7
2458648.009101 5.6 6.8
2458648.020200 16.7 7.4
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Table A6: The Rossiter-McLaughlin measurements of K2-290b obtained with
ESPRESSO@VLT. A time with a ∗ indicates excluded data points due to bad weather.

Time (BJD) RV-19,670 (m s−1) σRV (m s−1)

2458685.496193 -2.6 1.9
2458685.507030 -2.4 1.9
2458685.517732 2.4 2.0
2458685.528853 -1.6 2.0
2458685.539639 2.8 2.6
2458685.550695 -0.1 2.6
2458685.561700 -2.0 2.6
2458685.572653 -5.1 2.1
2458685.583376 -3.5 2.1
2458685.594217 -1.8 2.1
2458685.605165 -3.5 2.4
2458685.621852 -3.9 1.8
2458685.635662 0.1 1.9
2458685.650111 2.3 2.3
2458685.664976∗ -4.4 2.5
2458685.679009∗ -6.1 2.2
2458685.701177∗ -4.8 3.0
2458685.728771∗ -5.7 2.1
2458685.739713∗ -12.8 2.3
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