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1 Introduction

As recently as the early 1990s, the question of whether planets existed outside our own
solar system had yet to be answered. The first exoplanet detections occurred in 1992, when
Wolszczan & Frail announced the discovery of two planets, a few times more massive than
the earth, orbiting the pulsar PSR B1257+12 (Wolszczan and Frail, 1992). While this dis-
covery was tantalizing, it was difficult to place it into context, as pulsars are by no means
typical stars. Only a few years later, in 1995, Mayor & Queloz announced the discovery of
a planet around the G-type star 51 Pegasi (Mayor and Queloz, 1995). Though this star was
of ordinary solar-type, the planet was not. It has a mass about half that of Jupiter, yet it or-
bits its host star in only 4.23 days, far shorter than any planet in the solar system. Since the
discovery of 51 Peg b the number of known exoplanets around main sequence stars has in-
creased steadily, and several thousand exoplanets are known today. With this large number
of planets the question of whether extrasolar planets exist has been definitively answered,
yet the large range of observed exoplanet types has raised many new questions, such as how
the observed planets formed, how they subsequently evolved and whether some of them
could be habitable. In this introduction I will first provide a brief overview of the methods
used to detect exoplanets. Subsequently, I discuss what we can learn about these planets
and how this thesis contributes to answering the general science questions above.
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Figure 1.1: Planet mass versus orbital semi-major axis for all planets discovered to date. Extrasolar planets are
marked with circles and coloured according to the method used in the detection of the exoplanet. The large
diamonds indicate the solar system planets.

1.1 Detecting planets

The discovery of a planet around 51 Pegasi gave a strong impulse to the detection of extra-
solar planets. Over the subsequent 20 years the number of detected exoplanets grew expo-
nentially. At first planets were primarily detected through the radial velocity method, the
same way 51 Peg b had been found. Starting in the early 2000s the transit method yielded its
first detections, and is the most successful detection method today. Both the radial velocity
and transit methods lack sensitivity to planets at larger separations (>1 AU), motivating
the use of direct imaging as an exoplanet detection method in recent years.

Figure 1.1 shows the planet mass versus the orbital semi-major axis for all known exo-
planets. They are coloured according to their detection method and the regions of parame-
ters space where the different methods are most sensitive are clearly visible. Radial velocities
are currently sensitive to planets out to about ~5 AU, transits perform best at smaller semi-
major axes, and direct imaging can detect planets out to very large separations.

1.1.1 Radial velocities and transits

Radial velocities are measured from shifts of spectral lines in the stellar spectrum, which are
caused by the Doppler effect as the star orbits the center of mass of the star-planet system.
For a circular orbit the observed radial velocity amplitude (K) is given by,
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where G is the gravitational constant, P the orbital period, M}, the mass of the planet,
M, the mass of the star, and 7 the inclination of the orbit relative to the observer’s line
of sight (e.g. Perryman, 2014). Radial velocity surveys are biased towards massive planets
with short orbital periods as these produce the strongest signals. This explains why planets
detected at larger separations tend to be more massive (see Fig. 1.1). Note that in most cases
the true mass of a planet cannot be determined, only a lower limit, due to the unknown
inclination.

Radial velocity surveys (e.g. Vogt et al., 2000; Mayor et al., 2003; Valenti and Fischer,
2005; Covino et al., 2013) generally require many observations per star over a long period
of time, hence surveys tend to focus on small samples of spectroscopically well-behaved
stars. Early-type stars (such as A-stars) are typically excluded from radial velocity surveys
because they rotate rapidly, which broadens the spectral lines, exhibit pulsations, and have
a reduced number of strong metal lines compared to solar-type stars, significantly reducing
the accuracy with which radial velocities can be measured.

Soon after the discovery of the first exoplanets it was realised that for favourable in-
clinations, a planet would transit its host star. Detection of such transits, combined with
radial velocity measurements, would allow for measurements of the true mass and radius
of the planet. During a transit the planet passes in front of its host star, obscuring part of
the star and causing a measurable decrease in brightness. The change in the measured flux
(AF) relative to the out-of-transit flux (F) is proportional to the fraction of the stellar disk

blocked by the planet,
AF_ (BN’
F  \R.

where R, is the radius of the planet and R, the radius of the star. The quantity AF/F
is usually referred to as the transit depth. Transit surveys are biased towards relatively large
planets as these produce deeper transits. Furthermore, the probability that a given orbital
configuration exhibits transits decreases as the semi-major axis increases, introducing a bias
for smaller separations, in addition to the fact that transits occur more frequently for planets
with shorter orbital periods.

The first planet to be observed in transit was HD 209458 b (Henry et al., 2000; Charbon-
neau et al., 2000), which was discovered using radial velocity measurements, constraining
the mass and radius of the planet to 0.69 Mj and 1.38 Rj. Subsequently, Charbonneau
et al. (2002) showed that sodium could be detected in the atmosphere of HD 209458 b dur-
ing transit, solidifying the value of transiting exoplanets for planetary characterization.

Recognizing the value of transiting exoplanets, the first ground-based transit surveys
were initiated, and in 2003 the successful detection of OGLE-TR-56 b was reported (Konacki
et al., 2003). Since then several ground-based transit surveys have contributed to the detec-
tion of new transiting exoplanets, such as TrES and XO (Alonso et al., 2004; McCullough
et al., 2005), which found five and six planets respectively. The most successtul ground-
based surveys to date are HATNet and SuperWASP (Bakos et al., 2004; Pollacco et al.,
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2006), which in over a decade of operations have found a total of ~200 exoplanets. To
achieve this, HATNet and SuperWASP use a battery of wide-field lenses to target stars with
magnitudes typically in the range 10 < my < 13, which ensures a sufficiently large num-
ber of stars are within the Field-of-View (FoV) of the cameras. Though targeted at fainter
stars, HATNet and Super WASP have found planets orbiting the significantly brighter stars
HAT-P-2 (my = 8.3) and WASP-33 (my = 8.7) (Bakos et al., 2007; Collier Cameron et al.,
2010). More recently, the KELT survey (Pepper et al., 2007) has targeted brighter stars
8 < my < 11, with the brightest planet hosts discovered being KELT-11 (my = 8.0) and
KELT-9 (my = 7.6) (Pepper et al., 2017; Gaudi et al., 2017), and is the closest comparison
to MASCARA - the subject of this thesis.

Though successtul, the Earth’s atmosphere limits the precision achievable with ground-
based instruments, preventing the detection of smaller planets - at least around solar-type
stars. In order to overcome this limitation the CoRoT' (Barge et al., 2008) and Kepler (Borucki
et al., 2010) satellites performed transit surveys from space, leading to discoveries of the first
rocky Earth-size planets (Léger et al., 2009; Batalha et al., 2011). CoRoT observed several
4 deg? fields for 150 days, each field containing 5000 — 10000 stars, however its relatively
short time-baseline prevented it from targeting planets in Earth-like orbits. Kepler observed
asingle 115 deg” field, containing 150,000 stars, for 4 years. In this way Kepler found thou-
sands of exoplanets and was able to push towards the detection of planets in Earth-like or-
bits. Unfortunately, most of the CoRoT and Kepler planet host stars are too faint (my 2 13)
for follow-up measurements intended to characterise the detected planets.

1.1.2 Direct imaging and other methods

Several other methods for detecting exoplanets exist, direct imaging, pulsar timing, astrom-
etry, microlensing, and transit-timing variations. Of these methods, direct imaging is ar-
guably the most promising. Direct imaging is currently most sensitive to planets on wider
orbits (@ 2 10 AU), complementing the radial velocity and transit methods. As the name
suggests it aims to observe the planet directly, rather then by its indirect effect on the host
star. The main challenge is suppressing the light of the host star, which for Earth-like planets
(in reflected light) is a factor >10° brighter at visible wavelegths. To remove the stellar light
coronagraphs are used, which block or attenuate the light coming from the star, allowing
for the detection of the faint signals produced by planetary companions. For ground-based
telescopes coronagraphs need to be operated in conjunction with adaptive optics, which
correct for aberrations due to Earth’s atmosphere. Currently, direct imaging is limited to
young planetary systems for which the planets still radiate residual heat from their forma-
tion, making the infrared star-to-planet contrast significantly more favourable (Chabrier
et al., 2000; Burrows et al., 2004).

Pulsar timing measures the orbit of the host star as induced by the planet, similar to
the radial velocity method, but by measuring the change in arrival times of the radiation
pulses these objects produce. As mentioned earlier this method was actually the first to
successfully detect exoplanets, but pulsars are exotic host stars and only a few more planets
have been found this way. It is not clear how these planets could have survived the preceding
supernova, and they may actually have formed in the wake of the explosion. Astrometry
aims to measure the orbit of the host star through accurate measurements of its position on
the sky. The high accuracy and frequent measurements needed have prevented large scale
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success with this method, however the Gaia mission (Gaia Collaboration et al., 2016) is very
promising in this respect, and is expected to find several thousand exoplanets (Perryman
et al., 2014; Snellen and Brown, 2018). Microlensing measures the change that occurs when
a planetary system passes in front of a more distant star, acting as a lens to the distant star
and causing it to appear brighter. Interestingly, it is also sensitive to planets that do not
orbit a star, so-called free-floating planets (Han et al., 2004). However, measurements with
this technique cannot be repeated, as it relies on a favourable alignment with a background
star (Gaudi, 2012). Finally, transit-timing variations can be used to detect additional planets
in systems where other transiting planets are known. In such a system, additional planets
would modify the orbit of the known planet, changing the time at which the transit occurs
by a small amount. If these transit-times can be measured for a sufficient number of orbits,
additional planets can be identified even if they do not transit the host stars themselves. As
this technique requires many transits and accurate transit-times, it has been most successful
with the Kepler data (e.g. Holman et al., 2010; Steffen et al., 2013).

1.2 Hot Jupiters

Today, a wide variety of exoplanets has been discovered, from small rocky planets to massive
gas giant planets. Many of these planets have no close analogues in the solar system, e.g.
with particularly close-in or very wide orbits, or with intermediate masses between Earth
and Neptune. One such class of planets are the hot Jupiters. They are gas giant planets
with masses 0.3 — 13.6 M} and ultra-short orbital periods <10 days - compared to that of
Mercury of ~88 days. The first exoplanet discovered, 51 Peg b, is such a hot Jupiter. They
are the easiest class of object to find in transit and radial velocity surveys due to the strong
observational biases.

Hot Jupiters are some of the most extreme planets known. As a result of their short
orbital distances they are expected to receive high levels of irradiation and be tidally locked.
The most extreme planets have day-side temperatures as hot as the effective temperatures
of the coolest stars. Contrary to stars however, hot Jupiters are externally heated, making
the structure of their atmospheres very different from that of stars. Their high temper-
atures make hot Jupiters extremely well suited for studies aimed at characterizing their
atmospheres, as the temperature increases the scale-height of the atmosphere and thus the
amplitude of the expected signal. The overarching scientific questions of exoplanet charac-
terisation can be categorised around three topics: on their formation, their evolution, and
possible habitability. Observational avenues that can be used to start to address these topics
are orbital configurations, occurrence rates (as a function of mass and orbit), compositional
constraints, and atmospheric studies.

1.2.1 Orbits, occurrence and composition

One of the first parameters that can be measured for the majority of newly discovered
exoplanets is the orbital period. Precise radial velocity observations can additionally de-
termine the eccentricity of the orbit, and its inclination can be constrained if the planet
transits. Hot Jupiters are likely formed at much wider separations before migrating inward
(Mizuno, 1980; Pollack et al., 1996). It is also found that most hot Jupiters are in circular
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Figure 1.2: Obliquity versus stellar effective temperature for exoplanets. At Teg < 6250 K the obliquities are
close to 0° as expected from planet formation theories. At higher temperatures the distribution is more random,
suggesting some process modifies the alignment during the formation or evolution of planets around hot stars.

orbits (e ~ 0), which is expected due to circularization from tidal interaction with their
host stars. The same mechanism should synchronise their spin-rotation with the orbital
period on short time scales, tidally locking the planets (Mazeh, 2008; Goldreich and Soter,
1966).

For transiting hot Jupiters, measurements of the Rossiter-McLaughlin effect can be ob-
tained, constraining the projected spin-orbit alignment. When the planet transits it blocks
part of the rotating surface of the star, altering the stellar line profile in a way that depends
on the angle between the plane of the planet orbit and the spin-rotation axis of the star
(A). Star and planet formation theory suggests that planets form in disks of gas and dust
around their host stars. These disks rotate around the star and it is expected that the plane
of the disk will be perpendicular to the rotation axis of the star. From this it follows that
the orbital plane of the planet should also be perpendicular to the stellar rotation axis, giv-
ing A = 0°. Figure 1.2 shows the known obliquities as a function of the stellar effective
temperature (Tog). For stars with Teg < 6250 K, the measurements do indeed cluster near
0°, however at higher temperatures they appear to be randomly distributed. This difference
suggest that for planets around hotter stars a process alters the spin-orbit alignment during
either their formation or evolution (Winn et al., 2010; Albrecht et al., 2012). However,
only a handful of measurements exist for hotter stars, and more obliquity measurements
for planets around hot stars are required to confirm the trend and distinguish between pro-
posed causes for the misalignment, such as gravitational interactions with other stars or
planets in the system!.

From the detected population of planets (see Fig. 1.1) occurrence rates may be deter-

I'The possible causes of spin-orbit misalignment are listed in Sect. 4.5
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mined, showing how likely a star is to posses a planet, what types of planets are more
common, and whether this depends on the properties of the host stars. Batalha (2014),
drawing from several occurrence rate studies, concluded that late-type main sequence stars
are orbited by at least one planet. Though hot Jupiters are the most common type of planet
detected by ground-based radial velocity and transit surveys, their occurrence rate is actu-
ally only ~1% (Mayor et al., 2011; Wright et al., 2012; Howard et al., 2012; Fressin et al.,
2013). The high discovery rate of hot Jupiters detected is a result of the biases discussed in
Sect. 1.1, rather than the true population of planets.

From combining transit and radial velocity measurements the planet mass and radius
are obtained, constraining the bulk density of the planet, allowing inferences to be made
about the composition of exoplanets. Like Jupiter and Saturn, hot Jupiters are expected to
have a low density as they should be primarily composed of H and He. Figure 1.3 shows
the radius versus mass for hot Jupiters, coloured by the equilibrium temperature of the
planet. The solid black line indicates the expected relation between the mass and radius of
2 3 Gyr old gas giant planet at 0.045 AU from the Sun. It is clear that many hot Jupiters
have larger radii and thus lower densities than expected from a H/He composition, a result
that holds even when accounting for variations in age and metallicity (Baraffe et al., 2008).
This inflation might be related to the amount of flux they receive from their host star, as
the most inflated planets also have the highest temperatures. There are several theories that
attempt to explain the cause for these inflated radii, either by including an internal heating
source (Bodenheimer et al., 2001; Miller et al., 2009; Batygin and Stevenson, 2010; Wu and
Lithwick, 2013) or by slowing down the cooling and contraction of the planet during its
evolution (Guillot and Showman, 2002; Burrows et al., 2007; Perna et al., 2010), but no
definite answer has been identified yet.

1.2.2 Atmospheres

Much work has been done on characterising the atmospheric properties of exoplanets. The
atmospheres of transiting exoplanets can be investigated using secondary eclipse measure-
ments, by means of phase curve observations, and through transmission spectroscopy. Dur-
ing secondary eclipse the star blocks thermal emission and reflected light coming from
the planet. Measuring this decrease in brightness using broadband photometry places con-
straints on the day-side temperature of the planet and the reflectivity, or albedo, of its
atmosphere. In addition, spectra of the planet may be obtained by taking the difference
between those obtained just before or after the eclipse, when both the star and planet con-
tribute, and during the eclipse, containing only the star. Phase curves measure the change
in brightness due to changes in the visible fraction of the planet day-side over the course
of the orbit. From phase curve measurements the contrast between the planet s day- and
night-side can be constrained, and the time of maximum brightness contains information
on the dynamics of the atmosphere. Transmission spectroscopy measures small variations
in the transit depth with wavelength, which are caused by changes in the optical depth of
the atmosphere and can thus be interpreted as a spectrum.

The first detection of an exoplanet atmosphere was made by Charbonneau et al. (2002)
who showed sodium was present in the atmosphere of the hot Jupiter HD 209458 b, us-
ing spectra taken with the STIS spectrograph on the Hubble Space Telescope (HST). Since
then the atmospheres of exoplanets have been extensively studied, from space using the
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Figure 1.3: Planet mass versus planet radius, hot Jupiters are indicated by circles and solar system planets by
the white diamonds. The hot Jupiters are coloured by their equilibrium temperature. The solid line, taken from
Baraffe et al. (2008), indicates the mass-radius relation for a 3 Gyr year old H/He gas giant planet at 0.045 AU
from the Sun.

STIS and WFC3 low-resolution spectrographs on HST and broadband photometry from
Spitzer IRAC. STIS is an optical (0.2 — 1 um) spectrograph which has been used to detect
to Na and K as well as slopes due to Rayleigh scattering processes, while WFC3 in the
near-infrared (1.1 — 1.7 pm) is primarily sensitive to HoO, and Spitzer IRAC photome-
try places additional constraints in the far-infrared. The James Webb Space Telescope will
revolutionise space-based spectroscopy of exoplanets by providing spectral coverage from
0.6 — 28 pm (Beichman et al., 2014), it is currently set for launch in 2021, though Munroe
(2018) predicts a 2026 launch.

From photometry and low-resolution spectroscopy it has been found that hot Jupiters
have low albedos (Schwartz and Cowan, 2015). Due to tidal locking they often have high
day-side temperatures and large day/night-side contrasts (Komacek et al., 2017). For many
hot Jupiters it has also been found that their transit spectra contain no significant spec-
tral features, indicative of high-altitude clouds and hazes blocking radiation coming from
deeper layers of the atmospheres (e.g. Sing et al., 2016). Measurements of the atomic and
molecular species present in hot Jupiter atmospheres could provide information on their
formation. The C/O ratio in particular is thought to be a tracer of formation location in
the protoplanetary disk (Oberg et al., 2011). Furthermore, the strong stellar irradiation hot
Jupiters receive could cause inversions in the temperature structure of the atmosphere, if
strong absorbers such as TiO or VO are present. Recently, the first robust evidence for the
existence of thermal inversions was obtained when TiO was detected in the atmospheres
of two hot Jupiters (Nugroho et al., 2017; Sedaghati et al., 2017).

In addition to the observations performed with space-based instrumentation, Snellen



1.3 This thesis 11

et al. (2010) showed that high resolution ground-based spectroscopy can be effectively used
to unambiguously identify molecular species, such as CO in the atmosphere of HD 209458 b,
using cross-correlating techniques, targeting the many spectral molecular lines providing a
unique fingerprint for a molecule. Since then, high-resolution spectroscopy has been used
to infer the presence of CO, HyO, TiO HCN, Fe, Fe™ and Ti'" in the atmospheres of hot
Jupiters (e.g. Birkby et al., 2013; de Kok et al., 2013; Rodler et al., 2013; Nugroho et al.,
2017; Hawker et al., 2018; Hoeijmakers et al., 2018). Once a molecule has been detected
at high-resolution the shape and location of the cross-correlation profile provide additional
information. It has been used to measure winds in the atmospheres of HD 209458 b and
HD 189733 b (Snellen et al., 2010; Brogi et al., 2016), measure true masses for the non-
transiting planets 7 Boo b, HD 88138 b, ups And b and 51 Pegb (Brogi et al., 2012; Rodler
et al., 2012; Lockwood et al., 2014; Piskorz et al., 2016, 2017; Birkby et al., 2017), and con-
strain the rotation rates of 5 Pic b, HD 189733 b and GQ Lupib (Snellen et al., 2014; Brogi
et al., 2016; Schwarz et al., 2016).

1.3 This thesis

This thesis is focused on the construction, software development, operation, data calibra-
tion and analysis, and the first results of the Multi-site All-Sky CAmeRA (MASCARA),
which aims to find transiting exoplanets orbiting the brightest stars in the sky. Alchough
Kepler and CoRoT have identified thousands of transiting planets, and ground-based surveys
like SuperWASP and HATNet have found hundreds of hot Jupiters, they all stay well clear
of the brightest stars. However, the brightest stars are particularly interesting, because they
allow for the most detailed follow-up observations - in particular for the characterisation
of their atmospheres. In addition, the bright star population is biased towards early-type
stars, which are strongly under-represented in both radial velocity and transit surveys be-
cause mass measurements are near-impossible at faint magnitudes (since early-type stars are
fast rotators) but can be accessible at the magnitudes probed by MASCARA. Compari-
son of the occurrence rates as a function of orbital period and planet mass, as well as their
spin-orbital alignments, can shed interesting new light on the formation processes of hot
Jupiters.

With this in mind, Snellen et al. (2012) proposed an all-sky transit survey of the brightest
stars in the sky (4 < my < 8.4), the Multi-site All-Sky CAmeRA (MASCARA). MAS-
CARA now consists of two stations, one in the northern hemisphere and one in the south-
ern hemisphere. Each station uses five cameras to image the entire local sky with a cadence
of 6.4 s. The first MASCARA station, shown in Fig. 2.1, is located at the Observatorio del
Roque de los Muchachos and started nominal operations in January of 2015. The second
station, shown in Fig. 1.4, is located at La Silla observatory and started nominal operations
in November 2017. A sister-survey called bRing (Stuik et al., 2017), built using the same
optics and using the same observing cadence as MASCARA, was also constructed in 2017.
bRing consists of two stations in the southern hemisphere that each use two cameras to
image stars with 6 < —30°. The bRing stations are located at the Sutherland Observing
Station and Siding Spring Observatory.
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Figure 1.4: The MASCARA station located at La Silla observatory in Chile, shown during the final stages of
construction in June 2017. The camera box has been opened so the lenses can be cleaned, allowing the cameras
and lenses to be viewed at the top of the instrument. The camera box can be seen at the bottom of the image as
the black object with circular windows. The author (right) and Gilles Otten (left) are also visible.

Chapter 2 This chapter describes the optical and mechanical design of the MASCARA
stations and outlines the observational strategy used by MASCARA. Each station uses five
Kodak KAI-110002 interline CCDs equipped with commercial canon lenses, giving each
camera a FoV of 53° x 74°. The camera mounts do not correct for the rotation of the
Earth, and stare at fixed points on the local sky instead, i.e. stars move across the CCDs
during the observations. The choice of fixed pointings for the cameras means that the roof
is the only moving element of the stations, reducing the chance of mechanical failures.
The stations take synchronized exposures every 6.4 sidereal seconds, with no read-out time
between exposures thanks to the interline design of the CCDs. Each station takes ~500 GB
of raw exposures per night, prohibiting transfer and storage of the raw images. An on-site
reduction pipeline creates astrometric solutions, performs aperture photometry and creates
stacked images. These data products are transferred to Leiden for further processing.

Chapter 3 In this chapter the calibration pipeline, which is used to remove the system-
atic effects present in the MASCARA and bRing data, is described. The calibration pipeline
had to account for systematics introduced by the motion of stars across the CCDs during
the observations, a unique feature of MASCARA and bRing. The pipeline consists of a
primary calibration step which uses groups of stars to remove the effects of the Earth’s at-
mosphere, camera transmission, and intrapixel variations. Empirical secondary calibration
methods are then used to remove residual trends from the photometry of individual stars.
After calibration an RMS scatter of 10 mmag is achieved at my ~ 7.5. The performance
of MASCARA is characterized by injecting realistic transit signals into the light curves and
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identifying which signals can be recovered. From 1 year of data from the MASCARA sta-
tion on La Palma, and injecting signals with 1 < P < 5 days, we find 84.0%, 60.5% and
20.7% of the signals are recovered for transit depths of 2%, 1% and 0.5%, respectively. Fur-
thermore there is a strong dependence on the observed declination, as 65.4% of all transit
signals are recovered at 6 > 0° versus 35.8% at § < 0°. With the first discoveries of MAS-
CARA (see Chapters 4 and 5) we also made a first attempt to constrain the occurrence rate
of hot-Jupiters around A-stars.

Chapters 4 and 5 These chapters present the first scientific results of MASCARA - the
detections of MASCARA-1b and MASCARA-2b, two of the brightest hot Jupiter sys-
tems in the sky. MASCARA-1b is in a 2.15 day orbit around the A-type star HD 201585
(my = 8.3). The planet has a radius of 1.5 Ry and a mass of 3.7 M. The high temperature
of its host star (Teg = 7554 K) and its close-in orbit (¢ = 0.043 AU) give MASCARA-
1b a high equilibrium temperature of 2570 K, making it suitable for high-resolution spec-
troscopy. Like other planets around hot stars it has a high obliquity, A = 69.5°, apparently
confirming the trend of planets around hot stars preferring misaligned orbits. MASCARA-
2b is in a 3.75 day orbit around the A-type star HD 185603 (my = 7.6). The planet has a
radius of 1.83 R and a mass <17 M;. Though not as hot as MASCARA-1b, it nevertheless
has a high equilibrium temperature of 2260 K, making it very suitable for high-resolution
spectroscopy. Contrary to other planets around hot stars it has a low obliquity, A = 0.6°,
making it the first planet around a star with T, > 7000 K whose orbit is perpendicular to
the stellar spin axis.
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