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1 | Introduction

1.1 The exoplanet revolution

The pursuit of understanding our cosmic origins has been a central theme through-
out human history. From the ancient Greeks to the Renaissance, the existence of
extrasolar planets and the possibility of life beyond the Earth has persistently cap-
tivated the human intellect. Over the past three decades, the field of astronomy
has witnessed a significant paradigm shift, revealing a diverse population of plan-
ets beyond our Solar system. This transformative era started with the discovery of
two planetary-mass objects orbiting the pulsar PSR B1257+12 by Wolszczan &
Frail (1992), revealing for the first time the presence of planets beyond the gravi-
tational reach of our Sun. A subsequent breakthrough came in 1995 by Mayor &
Queloz (1995) with the discovery of 51 Pegasi b, a Jupiter-like exoplanet in an un-
usually close orbit around a main sequence star, eventually earning them the 2019
Nobel Prize in Physics. This type of planet, which later became known as a hot
Jupiter, puzzled astronomers. The presence of such a massive planet, about half
of Jupiter’s mass, so close to its host star was not compatible with planet forma-
tion theory. Since then, the exoplanetary census has flourished, with the discovery
of over five thousand planets using various detection methods. These exoplanets
show a tremendous diversity that is not seen in the Solar system, as illustrated
in the the mass-period diagram in Fig. 1.1. The current inventory of exoplanets
includes a large amount of hot Jupiters, which turn out to be more common than
initially expected. We have also seen a large number of super-Earths, planets with
masses of a few times that of the Earth that are thought to have rocky cores (Sea-
ger et al., 2007), and mini-Neptunes, planets which could have a rocky core with
a thick hydrogen/helium atmosphere but could also be water-worlds with deep
oceans (Bean et al., 2021). Moreover, we are starting to find a growing number of
super-Jupiters, massive planets on very wide orbits that span the planet and brown
dwarf boundary, which are unexpected to form so far from their host star. The
vast diversity of all these exoplanets shows that the planet formation and evolu-
tion process is complex, and has a large range of outcomes. The discovery of all
these different worlds raises many questions: What are these planets like? How
did they form? Is there life possible on these distant worlds?

1.1.1 Indirect detection

The increasing number of detected exoplanets is a result of technological advance-
ments in combination with clever detection methods. Most of these planets have
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Figure 1.1: A mass versus orbital period diagram illustrating the diverse popula-
tion of confirmed exoplanets as of 23 February 2024. The location of the Earth,
Jupiter and Neptune is also indicated in this diagram, as well as WASP-76b and 8
Pictoris b, which are two of the planets studied in this thesis. Figure adapted from
the NASA Exoplanet Archive.

been detected using indirect methods, where the presence of an exoplanet is in-
ferred through an alteration of the stellar signal. By far the most successful tech-
niques, in terms of the number of detected planets, are the radial velocity and
transit method, which I will discuss in more detail below. Other indirect meth-
ods which can be used to infer the presence of an exoplanet include, for example,
astrometry, where a wobble in the position of the star on the sky can be seen;
microlensing, where the gravity well of the planet enhances the brightness of a
background star; and pulsar timing, which was used for the detection of the ob-
jects around PSR B1257+12.



Introduction 3

Radial velocity

The radial velocity (RV) method aims to detect stellar reflex motion induced by
the gravitational pull of orbiting planets. By measuring variations in the Doppler
shift of the stellar spectrum over time, it is possible to infer the presence of a
planet and derive its mass and orbital period. This method was used by Mayor
& Queloz (1995) for their discovery of 51 Pegasi b using the ELODIE spec-
trograph (Baranne et al., 1996). While initial RV surveys were mostly sensitive
to close-in massive planets (hot Jupiters), the precision of RV measurments has
seen substantial improvement over the past decades. Modern instruments like
VLT/ESPRESSO (Pepe et al., 2021) are pushing the limits of extreme precision
radial velocity measurements towards ~ 10 cm/s. This precision allows for the
detection of rocky planets around low-mass stars, exemplified by Proxima Cen-
tauri b (Anglada-Escudé et al., 2016). This RV planet is of particular interest, by
being a potentially rocky planet in the habitable zone of a nearby M-dwarf star.
Additionally, observations over long baselines have extended the discovery space
of the RV method towards longer period planets (e.g. Knutson et al., 2014b). The
precision of RV instruments is often limited by spectrograph calibration and stel-
lar variability. This makes it much more challenging to search for planets around
young and active stars.

Transit photometry

The transit method, spearheaded by missions like Kepler (Borucki et al., 2010;
Howell et al., 2014) and TESS (Ricker et al., 2015), has been the most successful
method for finding exoplanets. These observatories obtain accurate photometry
of many different stars and search for dips in their lightcurves due to the presence
of planets that orbit in front of their star, thereby blocking part of the light. Transit
lightcurves can be used to measure the radius of the planet, and the observation of
multiple transits provides the orbital period. The transit method is, similar to RV,
biased towards large, close-in exoplanets as these give the largest and most fre-
quent transit signal. The transit and RV methods are therefore often combined to
obtain both the radius and mass of the planet, which can reveal the planet’s density
and constrain its bulk composition. The first demonstration of the transit method
was by Charbonneau et al. (2000), who detected a hot Jupiter around the Sun-
like star HD2(09458, a planet that had already been found using the RV method.
Another notable transiting system is TRAPPIST-1, which hosts seven Earth-sized
planets orbiting an M-dwarf (Gillon et al., 2017). This system presents a unique
opportunity to study rocky planets around a red dwarf star. Some of these planets
are located in the habitable zone, the region around a star where liquid water could
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exist on the surface of a planet.

1.1.2 Direct imaging

Direct imaging aims to directly take an image of an exoplanet by angularly re-
solving it from its host star. This is incredibly challenging, as it requires us to
overcome the huge contrast between the star and planet at small angular sepa-
rations. For instance, trying to directly detect reflected light from an Earth-twin
around a Sun-like star at a distance of 10 parsecs requires a contrast of ~ 100 at
~100 milliarcseconds. Luckily, the contrast requirements are relaxed when look-
ing for emission from young, massive planets on wide orbits. These young planets
are still hot due to remnant energy from their formation. Their spectral energy dis-
tribution peaks in the near-infrared, and we typically require contrasts of ~ 10°
to detect them at those wavelengths. The first image of a planetary-mass com-
panion was taken in 2004 using VLT/NACO (Chauvin et al., 2004). This planet,
2M1207 b, orbits a young brown dwarf at a separation of ~55 au, which signf-
icantly decreased the contrast requirements. Subsequently, Marois et al. (2008)
revealed a full planetary system around the star HR8799, with four giant planets
on wide orbits. The past decade has seen the advent of the first generation of ded-
icated instruments for direct imaging, such as VLT/SPHERE (Beuzit et al., 2019),
Gemini/GPI (Macintosh et al., 2014), Subaru/SCEXAO (Jovanovic et al., 2015),
and Magellan/MagAO-X (Males et al., 2018). With these improved instruments
and advances in data-processing techniques, a growing number of jovian planets
have been directly imaged, some of them shown in Figure 1.2. Some notable de-
tected systems are the S Pictoris system, consisting of two giant planets inside
an edge-on circumstellar debris disk (Lagrange et al., 2010, 2019), the PDS 70
system with two accreting protoplanets (Keppler et al., 2018; Haffert et al., 2019),
and YSES-1, the first directly imaged multi-planet system around a Sun-like star
(Bohn et al., 2020a,b). These exoplanet hunting instruments have conducted sur-
veys to constrain the occurence rates of young wide-orbit super-Jupiters (Nielsen
et al., 2019; Vigan et al., 2021). They have given evidence for distinct forma-
tion pathways of planetary mass objects and low mass stars. Unfortunately, these
surveys have been less successful than initially anticapitated. While most of these
early surveys conducted blind searches, the detection rate of direct imaging can be
enhanced by using astrometric measurements from Hipparcos and GAIA to iden-
tify stars that are likely hosts to massive companions (e.g. Bonavita et al., 2022;
Currie et al., 2023; Franson et al., 2023). By identifying objects that are acceler-
ating, one can infer the presence of a potential substellar companion, which can
then be confirmed using direct imaging. Because of their brightness and angular
separation, young directly-imaged planets are well-suited for detailed characteri-
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zation, and are great laboratories for planet formation.
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Figure 1.2: Collage of directly imaged exoplanets. References: YSES 1 -Bohn
et al. (2020b); B Pictoris - Macintosh et al. (2014); 2M 1207 - Chauvin et al.
(2004); 51 Eridani - Macintosh et al. (2015), AF Lep - De Rosa et al. (2023),
HR8799 - Marois et al. (2010)

1.2 Characterizing exoplanet atmospheres

While the bulk density of the planet can be obtained from combined RV and
transit measurements, there can still be large degeneracies in the planet’s prop-
erties (Seager et al., 2007). Exoplanet atmospheres provide a crucial window into
the planet’s chemical composition, thermal structure and dynamics. Additionally,
these atmospheres may contain remnant information about the chemical make up
of its birthplace, thereby shedding light on its formation history.

1.2.1 Transmission & emission spectroscopy

Transiting planets provide a unique opportunity for atmospheric characterization
due their special geometry. During the primary transit, as the exoplanet crosses in
front of its host star, starlight passes through the upper layers of the exoplanet’s
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atmosphere. Based on the composition of this atmosphere, this imprints an addi-
tional, wavelength-dependent absorption on the stellar spectrum. Consequently,
measuring the transit depth as a function of wavelength allows for the identi-
fication of chemical species in the exoplanet’s atmosphere (Seager & Sasselov,
2000). The Hubble Space Telescope (HST) has been instrumental in advancing
this field, by providing precise low-resolution spectroscopic time series of stars
with transiting exoplanets, without having to deal with absorption from the Earth’s
atmosphere. Charbonneau et al. (2002) found that the transit depth of the planet
HD209458 b was slightly enhanced at the wavelengths of the sodium doublet,
which they concluded was the result of absorption from the exoplanet’s atmo-
sphere. This marked the first detection of an exoplanet atmosphere. Since then,
transmission spectroscopy from space has been used to identify water absorption
in a large range of planets (e.g. Kreidberg et al., 2015, 2014a; Wakeford et al.,
2017). Additionally, the absence of these water features has been used to show
that exoplanets can also have clouds or hazes (e.g. Kreidberg et al., 2014b; Knut-
son et al., 2014a). The presence of excess hydrogen or helium absorption before or
after the transit can also be used to probe atmospheric escape (e.g. Vidal-Madjar
et al., 2003; Ehrenreich et al., 2015; Spake et al., 2018).

The James Webb Space Telescope (JWST) has majorly enhanced the pos-
sibilities of transmission spectroscopy, due to its larger light collecting power
and superior wavelength coverage. This extended wavelength range allows for
the detection of a much larger variety of chemical species in the atmospheres
of these planets. It has for example been used to detect CO; in the atmosphere
of the bloated warm Neptune WASP-39b (Alderson et al., 2023; Rustamkulov
et al., 2023), and to find the photochemical product SO, in its atmosphere (Tsai
et al., 2023). Additionally, it has been used to find methane in the atmospheres of
WASP-80b and K2-18b (Bell et al., 2023; Madhusudhan et al., 2023), which had
so far not been conclusively seen in transmission spectra. Transit observations of
rocky planets around M-dwarfs with JWST are unfortunately dominated by stellar
inhomogeneities, limiting its capability to characterize such planets (e.g. Moran
et al., 2023).

Emission spectroscopy, on the other hand, compares the total flux of the sys-
tem before, after, and during its secondary eclipse, when the exoplanet passes
behind its host star (e.g. Deming et al., 2005; Charbonneau et al., 2005). In this
scenario, we observe the additional (near-)infrared radiation emitted by the ex-
oplanet. This emission can again be used to identify absorption from chemical
species in the exoplanet’s atmosphere (e.g. Grillmair et al., 2008). Additionally,
it can be used to probe the temperature structure on the daysides of these planets,
and infer the presence of potential thermal inversions (e.g. Knutson et al., 2008).



Introduction 7

Measuring the light curve over a full orbital period, so-called phase curves, allows
for the identification of the longitudinal temperature distribution of the exoplanet
(e.g. Stevenson et al., 2014; Demory et al., 2016). This technique can be used
to infer the efficiency of the heat transport from the day- to the nightside of the
planet, which can constrain the presence or absence of an atmosphere on rocky
planets (Kreidberg et al., 2019; Zieba et al., 2023).

1.2.2 High-resolution Doppler spectroscopy

Acquiring accurate wavelength-dependent transit or emission light curves from
the ground is challenging. This is because we have to deal with variable turbu-
lence and absorption from the Earth’s atmosphere, which also contains the same
chemical species that we are often searching for in the exoplanet’s atmosphere. To
distinguish between the absorption from the Earth and the exoplanet, we can use
the fast orbital motion of close-in planets. This motion induces a Doppler shift of
the spectral lines originating from the exoplanet. At high spectral resolution, we
can then resolve these lines from the telluric features due to their radial velocity
shift. This radial velocity changes significantly over the course of the transit for
hot Jupiters, allowing us to further distinguish them from telluric or stellar fea-
tures, which are stationary over time. This phenomenon is illustrated in Fig. 1.3.
We often rely on detrending methods, such as Principal Component Analysis or
SysRem (Tamuz et al., 2005), to remove these stationary telluric features. High-
resolution spectroscopy (HRS) can be applied both to transmission spectroscopy
of transiting planets (Snellen et al., 2008), and emission spectroscopy of both tran-
siting (e.g. Snellen et al., 2010) as well as non-transiting planets (e.g. Brogi et al.,
2012; Birkby et al., 2017). Since in HRS the light is dispersed over many chan-
nels, the signal-to-noise ratio (S/N) of the individual wavelength bins is strongly
decreased. To add up the signal from all spectral lines of a certain species, one can
use the cross-correlation technique. This applies a matched filter to the data with
a designed template spectrum that includes the species that is being searched for.
An additional benefit of HRS is that the individual lines of different species are
now resolved, removing degeneracies between chemical species that are present
at lower spectral resolution, and allowing for the detection of minor species and
isotopologues.

Studies at high spectral resolution in the near-infrared, with instruments such
as CRIRES, IGRINS, CARMENES, SPIROU, or GIANO have resulted in the de-
tection of water and carbon monoxide in the atmospheres of various hot Jupiters
(e.g. Snellen et al., 2010; Brogi et al., 2012; Birkby et al., 2013; de Kok et al.,
2013; Lockwood et al., 2014; Brogi et al., 2014, 2018; Alonso-Floriano et al.,
2019; Line et al., 2021)). Recently, evidence for more minor chemical species,
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Figure 1.3: Simulation of the noiseless transmission signal of an exoplanet at high

spectral resolution, illustrating how high-resolution Doppler spectroscopy can be
used to distinguish between spectral lines from a hot Jupiter and telluric lines.

such as HCN, CHy, NH3, and C;H; has also been found in the atmospheres of
such planets (e.g. Guilluy et al., 2019; Giacobbe et al., 2021). For even hotter
planets, so-called ultra-hot Jupiters (UHJs; Parmentier et al. 2018), metals are
present in their atomic gaseous form in their atmospheres, and have been de-
tected in the atmospheres of many UHJs using optical high-resolution spectro-
graphs such as ESPRESSO, HARPS and MAROON-X (e.g. Hoeijmakers et al.,
2018b; Casasayas-Barris et al., 2019; Kasper et al., 2021a; Kesseli et al., 2022).
Some of these metals, such as iron, are strong optical absorbers and, together with
species such as TiO (Nugroho et al., 2017; Prinoth et al., 2022) and VO (Pelletier
et al., 2023), are thought to be the origin of thermal inversions that are seen in
these planets (Fortney et al., 2008). Abundance ratios of refractory elements can
be used as probes for the formation of such planets (Lothringer et al., 2021). HRS
can also be used to probe atmospheric escape of transiting planets, through for
example the helium triplet (e.g. Allart et al., 2018; Nortmann et al., 2018). HRS
is sensitive to the shape and radial velocity of the spectral lines. This velocity res-
olution can be used to reveal atmospheric dynamics, such as winds and rotation
in the atmosphere of the exoplanet (Snellen et al., 2010; Brogi et al., 2016; Seidel
et al., 2020). For fast-rotating planets we can even spectrally resolve their termi-
nators, by using the fact that the signal from one terminator is blueshifted while
the signal from the other is redshifted due to the planet’s spin-rotation. This has
been used to reveal chemical or temperature asymmetries in UHJs (e.g. Ehren-



Introduction 9

reich et al., 2020; Kesseli & Snellen, 2021; Prinoth et al., 2022; Gandhi et al.,
2023b). A more in-depth review of HRS can be found in Birkby (2018) and Brogi
& Birkby (2021).

1.2.3 Spatially resolved spectroscopy

Spatially resolved spectroscopy, or direct imaging spectroscopy, uses the angular
separation between the star and planet to directly obtain the emission spectrum of
the exoplanet. The advent of instruments that couple adaptive optics with spectro-
graphs opened up the possibility of in-depth characterization of the atmospheres
of young widely separated super-Jupiters that have been detected with direct imag-
ing. Moderate resolution integral field spectroscopy with Keck/OSIRIS was used
to characterize the atmosphere of HR8799b (Bowler et al., 2010; Barman et al.,
2011), and allowed for the identification of water and carbon monoxide absorp-
tion in its atmosphere (Konopacky et al., 2013), along with some evidence for
methane absorption (Barman et al., 2015). The combined detection of both wa-
ter and carbon monoxide (or methane) can be used to measure the atmospheric
carbon-to-oxygen (C/O) ratio of these young planets. Due to the presence of
snowlines in the protoplanetary disk, the C/O ratio depends on the separation at
which the planet formed (Oberg et al., 2011). Measuring the C/O ratio can thus
give hints about where the planet formed in its protoplanetary disk (e.g. Mol-
liere et al., 2022), assuming the atmospheric C/O ratio is representative of its bulk
composition. The C/O ratio has been measured for a increasing number of directly
imaged exoplanets (e.g. Ruffio et al., 2021; Hoch et al., 2022), allowing us to start
identifying statistical trends in the population (Hoch et al., 2023). More recently,
isotopologue abundance ratios have been proposed as an additional tracer of planet
formation, and were shown to be accessible in these young self-luminous planets
(Zhang et al., 2021). These planets are also excellent laboratories for atmospheric
chemistry. The presence or absence of chemical species such as methane can be
for example be used to probe chemical (dis)equilibrium in these planets, and the
shape of the emission spectrum gives information about the presence of (patchy)
clouds in their atmospheres (e.g. Barman et al., 2011; Molliere et al., 2020).

The arrival of first-generation high-contrast imaging instruments have resulted
in the acquisition of low-resolution spectra of various directly imaged planets (e.g.
Samland et al., 2017; Claudi et al., 2019). These low-resolution spectra, which
are mostly used for boosting detection limits, can unfortunately be dominated by
large degeneracies between atmospheric parameters and can be heavily biased
depending on the exact choices in the data reduction (Nasedkin et al., 2023). In-
terferometric observations using VLTI/GRAVITY also offer great potential for
obtaining moderate resolution spectra of directly imaged planets. The power of



10 Characterizing exoplanet atmospheres

this was demonstrated in GRAVITY Collaboration et al. (2020), where a high
signal-to-noise ratio K-band spectrum of 8 Pic b was obtained. This spectrum
was used to find that the planet has a sub-solar C/O ratio and enhanced metal-
licity, which points towards a formation through core accretion with significant
planetesimal enrichment. Spectroscopy of infant protoplanets can also be used
to measure accretion signatures and can help to disentangle the planet formation
process (Haffert et al., 2019). Unfortunately, near-infrared spectral features from
absorption in the atmospheres of these protoplanets appears to hidden by extinc-
tion from dust around the protoplanet (Cugno et al., 2021).

At high-spectral resolution, the individual spectral lines are resolved and we
can again use the cross-correlation technique to detect species in the planet’s at-
mosphere. This can be used to measure the rotational velocity of the object and
determine the length of its day, as was for the first time done for S Pictoris b
(Snellen et al., 2014). Since then, the spin-rotation has been measured for a hand-
ful of directly imaged planets and brown dwarf companions (e.g. Schwarz et al.,
2016; Bryan et al., 2018; Wang et al., 2021; Xuan et al., 2020). Measurements of
the spin of the planet can also be used to trace the formation and evolution of the
planet, as the planet is expected to spin-up during its contraction. The spin reg-
ulation process may differ depending on the formation pathway of the object. A
comparison between the distribution of spin-rotation between planets and brown
dwarfs can help to determine if these classes of objects form in different ways
(Bryan et al., 2018; Wang et al., 2021). This velocity resolution, in combina-
tion with high signal-to-noise data, can also be used to derive the 3D distribution
of clouds or temperature inhomegeneities in the atmospheres of directly imaged
planets and brown dwarfs using Doppler mapping techniques, as was shown for
the nearby brown dwarf binary Luhman-16 by Crossfield et al. (2014). Addition-
ally, the RV measurement of the planet that can be obtained with HRS can help
break degeneracies in planetary orbits (e.g. Schwarz et al., 2016), or potentially
infer the presence of massive exomoons (Ruffio et al., 2023).

The sensitivity and expanded wavelength range of JWST is also revolution-
izing the characterization of directly imaged planets. While the gain for close-in
planets is smaller due to the longer wavelengths and relatively old coronagraph
technology, it is starting to show exciting results for exoplanets on very wide or-
bits. The exquisitely detailed spectrum obtained of VHS 1256 b was for example
used to identify absorption from silicate clouds (Miles et al., 2023) and oxygen
isotopes (Gandhi et al., 2023a).



Introduction 11

1.2.4 Atmospheric models & retrievals

Initial studies of exoplanet atmospheres were mostly concerned with determining
the presence of individual chemical species or deriving the bulk properties of the
exoplanet. However, as the quality of our data improves, we try to learn more
about their atmosphere. This can be achieved through atmospheric retrieval tech-
niques, which have been used for characterizing both transiting (e.g. Benneke &
Seager, 2012; Line et al., 2021), as well as self-luminous exoplanets (e.g. Mol-
liere et al., 2020; Zhang et al., 2021), at all spectral resolutions. Atmospheric
retrievals couple a forward model of the exoplanet’s atmosphere with an inversion
algorithm, commonly a sampler such as MCMC or Nested Sampling, to obtain
posterior distributions on the properties of the exoplanet. There are two main
approaches for atmospheric retrievals. In the first, one generates a grid of self-
consistent models using sophisticated forward models that contain most of the
known physics and a low number of free parameters. This grid of models is then
compared to the data to derive the properties of the planet. For self-luminous
exoplanets, commonly used atmospheric grids are the BT-SETTL (Allard, 2014)
and ATMO (Phillips et al., 2020) model grids. A BT-SETTL model spectrum of a
directly imaged sub-stellar companion (T.g = 1200 K, log(g) = 3.5, solar metal-
licity) is shown in Fig. 1.4 at spectral resolutions (R = 4/AA4) of both 100,000
and 1,000, showing a plethora of molecular absorption features. The second ap-
proach, known as a free retrieval, involves minimal priors on the atmosphere,
allowing the data to dictate atmospheric properties. This approach offers a high
degree of flexibility but may result in physically implausible results if not con-
strained effectively. While there are many atmospheric modelling and retrieval
codes, petitRADTRANS (Molliere et al., 2019) is used throughout this thesis. It
requires as input the bulk parameters of the planet, a pressure-temperature profile,
a chemistry model, a cloud model, and calculates the emission or transmission
spectrum of the planet.

1.3 High-contrast imaging technology

The direct imaging of exoplanets is an extremely challenging task and therefore
requires complex, highly-optmized instrumentation. Technological innovations
play a pivotal role in advancing our capabilities with direct imaging. In this sec-
tion, I will discuss the most important technological concepts that allow us to
directly image exoplanets.
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1.3.1 Extreme adaptive optics

At the core of a high-contrast imaging instrument is its Adaptive Optics (AO) sys-
tem. This AO system tries to counter the blurring effects induced by the Earth’s
atmosphere that limit the spatial resolution that can be obtained from the ground
(Babcock, 1953). AO is crucial for realizing the full potential of large and ex-
tremely large telescopes. Fig. 1.5 shows the schematic of an AO system and
shows the power of adaptive optics in enhancing the resolution of astronomical
observations. AO systems comprise of a wavefront sensor (WFS), one or more
deformable mirrors (DM), and real-time control algorithms. The WFS measures
the residual distortions introduced by the atmosphere in the incoming starlight,
providing a guide for the DM to dynamically correct these in a closed feedback
loop. This dynamic correction mitigates atmospheric distortions, allowing the
telescope to approach its diffraction limit. The performance of an AO system
is often measured by its Strehl ratio, which is defined as the ratio between the
peak intensity of the observed point spread function (PSF) to the peak of the ideal
diffraction-limited PSF.

The direct imaging of exoplanets requires very deep contrast at small angu-
lar separation. To achieve this, we need extreme adaptive optics (XAO; Guyon
2018). While classical AO is mostly concerned with increasing the Strehl ratio up
to levels of 10-70% to increase the spatial resolution and light collecting power
of e.g. spectrographs, the goal of XAO is to reach very deep contrasts close to
the star. XAO requires DMs with a large number of degrees of freedom, with
instruments on 8-meter telescopes needing > 1000 actuators. Additionally, XAO
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Figure 1.5: Top: Schematic overview of an adaptive optics system. Bottom: Illus-
tration of the gain in angular resolution that can be obtained from extreme adaptive
optics. The figures show the long exposure PSFs at 1600 nm for different config-
urations. Left: Without adaptive optics. Middle: The VLT with XAO. Right: The
ELT with XAO. All simulations were conducted using TIPTOP (Neichel et al.,
2020).

systems need to run their loop at a frequency of multiple kHz to keep up with
the quickly changing atmosphere, which results in strong requirements on the
WES and control algorithm. State-of-the-art XAO systems such as those used in
SPHERE and GPI are able to obtain Strehl ratios of ~90% in the H-band.

Wavefront sensing

Different types of WES exist, each with their strengths and weaknesses. The
most commonly used WES types are illustrated in Fig. 1.6. The Shack-Hartmann
wavefront sensor (SHWFS) was the WFS of choice for the first generation of
exoplanet hunting instruments (Beuzit et al., 2019; Macintosh et al., 2014). It
divides the incoming wavefront into small segments, measuring the tilt of each
segment to determine the overall wavefront shape. The preference for next gener-
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ation HCI and upgrades of existing instruments is the Pyramid wavefront sensor
(PWFS; Ragazzoni 1996), which uses a pyramid-shaped optic to split up the fo-
cal plane. The PWES is the preferred choice due to its increased sensitivity over
the SHWFS (Guyon, 2005; Chambouleyron et al., 2023). The sensitivity of a
wavefront sensor describes how efficient the wavefront sensor uses the incoming
photons to measure the wavefront. A highly efficient wavefront sensor requires
less photons to measure the wavefront, and can subsequently be run at higher
frequencies. Finally, the Zernike wavefront sensor (ZWFS) uses a /2 phase-
shifting dot in the focal plane to interfere the Airy core with the starlight itself
(N’Diaye et al., 2013a), transforming the phase fluctuations into intensity fluctu-
ations. This allows for a highly sensitive measurement of the incoming phase.
Finally, wavefront sensing in the science focal plane is crucial for mitigating aber-
rations originating from the non-common path between the WFS and science arm
(Jovanovic et al., 2018). These non-common path aberrations (NCPAs) evolve
slowly over time and can significantly limit the obtainable contrast (Vigan et al.,
2019). To remove these aberrations we have to measure the wavefront aberrations
at the science focal plane. There are many different concepts for focal plane wave-
front sensing (FPWES), each of them relying on some form of phase diversity to
lift the sign ambiguity that is present in the focal plane (e.g. Baudoz et al., 2006;
Codona & Kenworthy, 2013; Wilby et al., 2017; Bos et al., 2019). FPWES is also
crucial for sensing aberrations to which most common WES are blind, such as the
low-wind effect (Milli et al., 2018).

Wavefront reconstruction & control

Given the wavefront sensor measurements, we have to determine the ideal shape
of the DM. In classical systems, this computation consists of two parts: First, the
wavefront is reconstructed in a chosen modal basis. Common modal bases include
the Zernike basis or the Karhunen-Loeve basis. This reconstruction is often done
using a matrix-vector multiplication, which is pre-calibrated in the lab using an in-
ternal source. Alternatively, it is possible to use more sophisticated reconstruction
algorithms based on mathematical models of the WES (e.g. Frazin, 2018; Sha-
tokhina et al., 2020; Chambouleyron et al., 2024) or data-driven machine learning
algorithms (e.g. Landman & Haffert, 2020; Archinuk et al., 2023). This is es-
pecially important for the PWFS and ZWEFS, as these have a nonlinear response
to incoming wavefront aberrations (e.g. Deo et al., 2019). The PWES is often
modulated to increase its linearity, but this comes at the cost of decreased sensi-
tivity and a blindness to petal-piston modes (e.g. Hedglen et al., 2022; Bertrou-
Cantou et al., 2022). The second part consists of the temporal control of the DM.
Classically, an integral control loop is used to update the shape of the DM. How-
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ever, because of the time lag between sensing and correcting the wavefront, this
leads to a wind-driven halo in the resulting science images (Cantalloube et al.,
2020). The advent of predictive control algorithms promises to significantly im-
prove the achievable contrast by both decreasing this wind driven halo at close
inner working angles and temporally decorrelating the residual speckles (Guyon,
2005; Males & Guyon, 2018). A promising approach toward predictive control is
the use of self-tuning control laws (e.g. Landman et al., 2021; Haffert et al., 2021;
Nousiainen et al., 2022).

1.3.2 Coronagraphy

Once the wavefront has been flattened, we can obtain diffraction-limited images
of the star. However, diffraction leads to a PSF that contains a central core sur-
rounded by Airy rings of decreasing intensity. These diffraction rings can still be
orders of magnitude brighter than the exoplanet we are trying to image. We there-
fore have to use coronagraphs, which are optical devices that efficiently block
the starlight and its diffraction features, while letting the planet light pass through.
Several types of coronagraphs have been developed, each with its advantages. The
most commonly used coronagraph architecture is the Lyot Coronagraph (Lyot,
1939), which uses a mask in the focal plane to block out the Airy core, together
with a Lyot stop in the subsequent pupil plane to block out most of the diffraction
features. Improved versions of the Lyot Coronagraph are the (Phase) Apodized
Pupil Lyot Coronagraph (Soummer, 2005; Por, 2020), which use a pre-apodizer in
the pupil-plane to reshape the PSF in such a way that the diffraction features can
be efficiently removed. This apodization is especially important when working
with on-axis telescopes, which have a central obscuration and spiders supporting
the secondary mirror. Other commonly used coronagraphs are the (vector) Vortex
Coronagraph (Foo et al., 2005; Mawet et al., 2010), and coronagraphs that solely
rely on pupil-apodization to shape the PSF, such as the Shaped Pupil Coronagraph
(Kasdin et al., 2003) and the (vector) Apodizing Phase Plate coronagraph (Ken-
worthy et al., 2007; Snik et al., 2012; Doelman et al., 2021). While improving
coronagraph technology is crucial for space-based HCI, ground-based systems
are more commonly limited by the performance of the AO system.

1.3.3 Post-processing

Even with advanced wavefront control and coronagraphy, residual optical imper-
fections can leak through the system, resulting in speckles in our science data.
Post-processing techniques play a crucial role in removing these residual speckles
and revealing faint planetary signals. Post-processing techniques rely on diversi-
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Shack-Hartmann WFS
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Figure 1.6: Illustration of three most commonly used wavefront sensors in AO
Systems: The Shack-Hartmann, Pyramid and Zernike WES. The optical layout
is shown on the left and an example measurement is shown on the right. Image
courtesy of Emiel Por.
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ties, which are ways in which the planetary signal is different from the stellar sig-
nal and its speckles, to enhance the obtainable contrast. The most commonly used
post-processing technique is Angular Differential Imaging (ADI; Marois et al.
2006), which leverages the rotation of the sky, and thus any potential planets,
to distinguish between light from an astrophysical source and speckles. Another
popular technique is Spectral Differential Imaging (SDI; Sparks & Ford 2002),
which exploits the difference in spectral signature between star and planet light.
While speckles are a diffraction effect and shift outward with increasing wave-
length, an astrophysical signal would be at a stationary location over wavelength.
Other techniques include Reference star Differential imaging (RDI; Lafreniere
et al. 2009; Xie et al. 2022), which uses a library of reference PSFs to subtract the
stellar signal, Polarization Differential Imaging (PDI; Kuhn et al. 2001), which
utilizes the difference in polarization signature between the stellar signal and that
of the planet/disk, and Coherence Differential Imaging (CDI; Bottom et al. 2017),
which takes advantage of the interference properties of starlight but not planet and
disk light to enhance contrast.

High-resolution spectral differential imaging

SDI can also be extended to work at higher spectral resolution (Sparks & Ford,
2002). In this case, we do not only use the diversity that originates from speckles
obeying diffraction, but also the distinct spectral features of the planet and stellar
signal, to enhance contrast. Since the emission spectra of a planet contains molec-
ular features, which are not present in the spectra of most stars, we can search for
signatures of these features in the data. This technique, dubbed molecule map-
ping in Hoeijmakers et al. (2018a), can be used at both moderate (e.g. Ruffio
et al., 2019; Petrus et al., 2021) and high spectral resolution (e.g. Snellen et al.,
2014; Wang et al., 2021). At high spectral resolution, we can additionally use the
Doppler shift of the planet to distinguish between stellar/telluric features and the
signal from the exoplanet. The major advantage of this technique is that it is less
affected by speckle noise than other post-processing techniques. This has allowed
it to be succesfully used on data from instruments without XAO systems or coron-
agraphs, such as Keck/OSIRIS, VLT/SINFONI and VLT/CRIRES. An issue with
these integral field spectrographs is that these instruments are often limited by the
available detector space, as they benefit from a high spatial resolution, high spec-
tral resolution and a large wavelength coverage. SDI at moderate or high- spectral
resolution can also help boost the detection limit of protoplanets (Haffert et al.,
2019), by searching for distinct accretion signatures.
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1.4 This thesis

This thesis consists of two parts: The first part (chapters 2 and 3) uses current
instruments to characterize the atmospheres of two of the most accessible types
of planets: Ultra-hot Jupiters and widely-separated super-Jupiters. The second
part (chapters 4, 5 and 6) describes the development of key technologies that are
required to push the direct imaging and characterization of exoplanets to their
limits.

Chapter 2: Detection of OH in the atmosphere of an ultra-hot Jupiter

Ultra-hot Jupiters are planets that have dayside temperatures of > 2000 K, where
most molecules are thermally dissociated into their atomic counterparts. This
leads to a decreased water absorption feature in their transmission spectrum (Mad-
husudhan et al., 2011; Mansfield et al., 2021). One of the dissociation products of
water is the hydroxyl radical (OH). This chapter presents the detection of OH in
the atmosphere of the ultra-hot Jupiter WASP-76b. This molecule was found us-
ing high-resolution transmission spectroscopy with the CARMENES instrument.
The detection of this molecule confirms that water is being thermally dissociated
at the terminator of this planet. This dissociation is important when deriving reli-
able elemental abundance ratios for these types of planets.

Chapter 3: Atmospheric characterization of S Pictoris b at high spectral
resolution

Directly imaged super-Jupiters provide a unique laboratory for testing planet for-
mation and migration theories. Adaptive-optics fed high-resolution spectrographs
can facilitate in-depth characterization of these planets. One of the best targets for
this characterization is the emblematic 8 Pictoris b. We observed 8 Pic b using the
refurbished CRIRES+ instrument. Using these observations, we were able to de-
tect carbon monoxide and water in its atmosphere and found that it has a sub-solar
C/O ratio. Additionally, we measured its spin-rotation to be vsini = 19.9 + 1.0
km/s, which gives a rotation period, or length of day, of 8.7 + 0.8 hours. Finally,
we also demonstrate the majorly improved potential of CRIRES+ over the old
CRIRES for such observations.

Chapter 4: Trade-offs in high-contrast integral field spectroscopy

Combining high-contrast imaging with moderate- to high-resolution spectroscopy
has the potential to greatly improve the detection capabilites of direct imaging in-
struments. However, these integral field spectrographs are often limited by the
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detector space available. In this chapter, we try to find the optimal instrument for
detecting exoplanets with such an instrument. We study the trade-offs between
spectral resolution, spectral bandwidth, wavelength range and field of view and
derive new relations between the signal-to-noise ratio and these properties. We
find that moderate spectral resolutions already provide a significant increase in
detection capabilities and that this technique is most beneficial for close-in exo-
planets, where we are limited by noise from stellar speckles.

Chapter 5: Optimal design of wavefront sensors

Adaptive optics is the crucial technology for fulfilling the potential of the ELTs.
Direct imaging instruments on these ELTs will need to run their XAO loops at
multiple kHz to reach their contrast requirements. This means that we need highly
efficient wavefront sensors that can accurately measure the wavefront with a min-
imum number of photons. This chapter reports on the search for an "optimal"
wavefront sensor, which uses all the available photons to measure the wavefront.
We present optimal designs for a variety of apertures and show that these designs
are close to the theoretical limit. Additionally, we explore the possibility of jointly
optimizing the sensor and reconstruction algorithm and find that this expands the
design space, leading to sensors with a larger dynamic range.

Chapter 6: Wavefront reconstruction with machine learning

On of the main issues with highly-sensitive wavefront sensors, such as the PWFS,
is that they become highly nonlinear when operating with a non-diffraction lim-
ited PSE. This limits their dynamic range and subsequently the performance of
the XAO system on-sky. In this chapter, we report on tests to extend the dynamic
range of the unmodulated PWFS by using a nonlinear reconstructor based on con-
volutional neural networks (CNN). We show that our nonlinear reconstructor can
significantly improve the dynamic range of the WFS and leads to better Strehl
ratios in closed-loop tests with MagAO-X.

1.5 Outlook

1.5.1 Towards a census of exoplanet atmospheres

Over the next decade, JWST will continue to characterize many transiting exo-
planets in depth. With advances in modelling stellar inhomogeneities, it will likely
be able to probe the atmospheres of rocky exoplanets. Missions such as ARIEL
(Tinetti et al., 2018) will, on the other hand, provide population level statistics
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about the chemical composition of larger close-in exoplanets. From the ground,
HRS on existing telescopes will further be used to characterize the atmospheres of
(ultra-)hot Jupiters and warm Neptunes. After the arrival of the ELTs, instruments
such as ELT/METIS (Brandl et al., 2021), ELT/ANDES (Palle et al., 2023), and
TMT/MODHIS (Mawet et al., 2019) will push the capabilities of ground-based
HRS to smaller planets and more detailed characterization. Combined, all these
instruments will provide a comprehensive insight into the composition, chemistry,
and atmospheric dynamics of transiting exoplanets, and will help unravel their ori-
gin.

The characterization of directly imaged planets will likely also see signifi-
cant progress over the next decade. The return of VLT/CRIRES+ and the ar-
rival of VLT/ERIS are again providing the VLT with AO-fed high-resolution
spectrographs, which will be crucial for surveying the chemical compostions
of widely-separated super-Jupiters. Furthermore, the coupling of existing high-
contrast imaging instruments with existing high-resolution spectrographs, such
as VLT/HiRISE (Vigan et al., 2024), Keck/KPIC (Delorme et al., 2021) and
VLT/RISTRETTO (Lovis et al., 2017) will allow for detailed characterization
of more close-in directly imaged exoplanets. Population level analysis of elemen-
tal and isotopic abundance ratios of these young gas giants will be possible, and
will be excellent tests for planet formation theories. Direct imaging will gain even
more from the ELTs, as it will both increase the spatial resolution as well as the
light collecting power. ELT/METIS (Brandl et al., 2021), with its mid-infrared
wavelength coverage, will likely allow for the direct imaging and characteriza-
tion of rocky planets, while ELT/HARMONI (Thatte et al., 2021), ELT/ANDES,
ELT/PCS (Kasper et al., 2021b), and TMT/MODHIS will push the limits of exo-
planet characterization in the optical and near-infrared.

1.5.2 Towards imaging Earth-like planets in the habitable zone

Since a special geometry is required for a planet to transit from our point of view,
many of the potential close-by Earth-like planets will be missed. Addtionally, an
Earth-like planet around a Sun-like star would transit only once every year. Since
many transit observations will likely be required to obtain high enough signal-to-
noise ratio to detect biosignatures (Serindag & Snellen, 2019; Hardegree-Ullman
et al., 2023), this quickly becomes infeasible. On the other hand, direct imag-
ing still has a long way to go to reach the required contrasts for detecting Earth-
like planets in reflected light. From the ground, the focus will be on Earth-like
planets in the habitable zone of M-dwarfs, due to the relaxed contrast require-
ments that they provide. A prominent target for this is Proxima Centauri b, which
may be detectable with dedicated instruments that combine high-contrast imaging
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with high-dispersion spectroscopy on the ELTs (Snellen et al., 2015). AO will
be the most crucial technology for ground-based high-contrast imaging. The first
generation of exoplanet imaging instruments are currently being upgraded, with
SPHERE+ (Boccaletti et al., 2020), GPI 2.0 (Chilcote et al., 2020), and the con-
tinual upgrades that are applied to SCEXAO and MagAO-X. These upgrades will
test technologies that are pivotal for direct imaging on the ELTs, and will push
the limits of HCI on 8 meter class telescopes. Crucial technologies include the
digging and maintenance of dark-holes using focal-plane wavefront sensing tech-
niques (e.g. Potier et al., 2020; Haffert et al., 2023), predictive control to decrease
the temporal wavefront error, and the development of very high-order DMs that
are able to run at multiple kHz. Advances in post-processing algorithms using e.g.
WES telemetry also promises to provide significant gains (Guyon et al., 2021).
If these technologies are developed succesfully, instruments such as ELT/PCS,
TMT/PSI (Fitzgerald et al., 2022), and GMT/GMagAO-X (Males et al., 2022),
should be able detect rocky planets in the habitable zones of the nearest M-dwarfs,
and search for biosignatures in their atmospheres.

From space, the Nancy Grace Roman Space Telescope will be the first test of
a dedicated high-contrast imaging instrument in space (Kasdin et al., 2020). In the
more distant future, NASA’s Habitable Worlds Observatory (HWO) is a planned
space-based telescope with the main goal of directly imaging Earth-like planets
in the habitable zone of Sun-like stars, and identifying biosignatures in their at-
mosphere. This will require contrasts of ~ 10710 at a few A/D, and efforts are
being made to develop and test coronagraph and wavefront control technologies
to reach these contrasts, and test these on testbeds (e.g. N’Diaye et al., 2013b;
Baxter et al., 2021).

The combination of all these upcoming facilities may help answer one of the
biggest questions: Are we alone in the universe?
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