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Chapter 1

Introduction

fiThe history of astronomy is a history of receding horizons.o
T Edwin Hubble

Prior to the 1990s, the study of planetary systems was exclusively confined to our own
solar system. Theories on planet formation and evolution have therefore tradition-
ally focussed on explaining all aspects of this single data point, which in turn have
shaped our expectations regarding extra-solar planetary (exoplanetary) systems. A
subsequent explosion in the number of detected exoplanets has since revolutionised
the field; at the time of writing there are now known to be 3,791 confirmed planetary-
mass companions in 2,836 planetary systems!, with this number increasing on an
almost-daily basis. This has generated a number of surprises which have forced us
to re-evaluate many established aspects of planetary physics. The most prominent of
these is the discovery of hot Jupiters; massive gas-giant planets occupying infernally
small orbits well inside that of Mercury in our own solar system, which are not ex-
pected to be able to form at these locations.

The detailed study of planetary systems orbiting other stars now promises to pro-
vide significant insights into some of the most fundamental philosophical questions of
life, the universe and everything. How unique is the solar system? How did the Earth
form? And perhaps most importantly, are we alone in the universe??

Dedicated exoplanet surveys such as the Kepler mission have recently revealed
that planets are in fact abundant in our galactic neighbourhood; somewhere between
50-100% of sun-like stars host some form of planetary system (Winn & Fabrycky
2015), while approximately 10-20% are expected to host one or more rocky planets
in the Earth-mass category (Fressin et al. 2013; Petigura et al. 2013). By observing
young stellar systems at different stages in the process of formation, we can also build
up a timeline of how our own solar system, and in turn the Earth, most likely formed.

The exoplanet community is now nearing the capability not only to detect nearby
Earth-like planets, but also to determine the composition and dynamics of their at-
mospheres. This raises the intriguing possibility of detecting biosignatures, such as
high atmospheric oxygen content or even industrial pollutants, which could indicate
the presence of extraterrestrial life at varying levels of development.

This thesis is primarily concerned with helping to overcome some of the remain-
ing technological hurdles in exoplanet-related instrumentation, to make these goals a
reality within the next decade.

1Source: 0000100000000, correct as of the 7th of June, 2018

2The answers to which, despite the claims of Adams (1986), are significantly more complex than the number
42.
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1.1 Detecting and characterising exoplanets

1.1.1 Overview of exoplanet detection techniques

The first confirmed detection of an exoplanetary system was made in 1992 by Alek-
sander Wolszczan and Dale Frail, who identified two planetary-mass bodies around
the millisecond pulsar PSR 1257+12 (Wolszczan & Frail 1992). The existence of these
planets was revealed by the reflex motion of the host star orbiting around the common
centre of mass of the star-planet system, which induces a measurable periodic delay
in the arrival times of radio pulses emitted by the dead star.

Although this technique, dubbed pulsar timing, is limited to detecting planets
around this exotic class of star, the same principle of reflex orbital motion also in-
duces time-varying Doppler shifts in the light spectrum of all stars which host plan-
etary systems. The radial velocity (RV) detection technique exploits this fact to look
for the corresponding periodic shifts in wavelength of features in the stellar spectrum
over the course of a planetis orbit. The first detection of an exoplanet around a main-
sequence star was achieved using this technique just a few years later, with the discov-
ery of 51 Pegasi b: a 0.5 Jupiter-mass planet orbiting a sun-like G2-type star (Mayor
& Queloz 1995). Any similarity with the solar system ends here however: this object
orbits its host star within just four days at a separation six times smaller than the or-
bit of Mercury, making it an archetypal member of the hot-Jupiter class of exoplanets.
The fact that such an extreme object was one of the first detected exoplanets is how-
ever not surprising; the size of the RV signal is directly proportional to the mass of the
planet, while a short orbital period helps to generate a statistically significant signal
within a relatively short observing window.

Figure 1.1 provides an overview of currently known exoplanets by plotting their
orbital semi-major axes® against the best estimate of planetary mass, with each point
coloured according to the method with which it was originally detected. Three major
populations can be seen in this way: the fidupiterso, gas-giants on temperate orbits be-
yond approximately one astronomical unit (AU); the aforementioned fihot Jupiterso
on extremely tight orbits; and fisuper-Earthsd with masses of the order of one hun-
dredth of a Jupiter mass (three Earth masses). Planets in this last class are typically
detected with orbital separations similar to Mercury (0.1 AU), although this is pri-
marily due to the sensitivity limits of current surveys (e.g. Howard et al. 2010): plan-
etary population synthesis simulations predict that this distribution should extend
smoothly to encompass the parameter space in which the solar system planets exist
(Mordasini et al. 2009).

It is apparent that the hot-Jupiter and super-Earth populations feature a large
number of detections made using the transit method, where photometric monitor-
ing of the starfs light curve reveals characteristic, periodically repeating dips due to
the planet passing in front of its host star. This technique is also heavily biased to-
wards detecting giant close-in planets: the size of the transit signal scales with planet
radius squared, while the likelihood of a planetis orbit being sufficiently well aligned
with Earth for it to transit the host star becomes rapidly more improbable with in-
creasing orbital distance. The source of the majority of these transit detections is the
highly successful Kepler space observatory mission (Borucki et al. 2010), which pro-
vided continual high-precision photometric monitoring of stars in a 116 square degree

SEquivalent to the orbital radius for a circular orbit.
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field of view in the constellation of Cygnus, between 2009 and 2013. This alone is cur-
rently responsible for over 1;500 confirmed planet detections, with more than 2; 000
candidates still awaiting confirmation.

The transit and RV techniques are are by far the most productive methods to date
in terms of number of discoveries, but are by no means the only methods by which
exoplanets may be detected. High-precision astrometry can be used to look for the
spatial rather than spectral modulation of starlight due to reflex orbital motion in-
duced by a planetary system, achieved by imaging the staris changing position in the
plane of the sky. Only a handful of planets have so far been detected via this method,
however with the recent launch and first two data releases of the all-sky astrometry
satellite GAIA (Gaia Collaboration et al. 2016a,b; Moln§&r et al. 2018), this number is
expected to increase significantly in the coming years.

Microlensing events occur when a stellar system containing a planet passes in
front of a background source, with both foreground objects acting as gravitational
lenses and weakly amplifying its brightness. This method has detected some of the
closest known analogues to solar system planets in terms of mass and orbital radius
(e.g. Gould et al. 2014; Shvartzvald et al. 2017), but has the major drawback that lens-
ing events are highly improbable, thus providing no opportunity for follow-up or fur-
ther characterisation of the detected planet.

In systems with at least one known transiting exoplanet, the identification of tran-
sittiming variations (TTVSs) in the signal, where the exact timing of the transit event is
seen to vary from one orbit to the next, can be used to infer the existence of additional
non-transiting planets in the system. This technique has proved capable of detecting


http://exoplanet.eu/
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the gravitational perturbations of additional planets down to 7.5 Earth masses (Ma-
suda 2014) and has also been proposed as a possible technique for detecting super-
Galilean exomoons orbiting around giant transiting planets (Kipping 2009a,b).

All of the aforementioned detection methods are inherently indirect techniques,
relying on effects induced by the planet on the light of the host star. Direct imaging
techniques on the other hand attempt to resolve the light of the planet from that of the
star, allowing us to study these planetary systems in great detail. As shown in Fig. 1.1,
direct imaging probes a very different part of the exoplanet population to other tech-
niques: currently it is only capable of detecting massive giant planets on extremely
wide orbits, which are typically young and still hot from their formation and so partic-
ularly luminous at near-infrared wavelengths. This limitation is due to the severe tech-
nical challenge of teasing out faint planetary signals from a halo of starlight which is
naturally many orders of magnitudes brighter. This task, also known as high-contrast
imaging (HCI), only becomes more challenging when trying to detect signals closer in
towards the host star. However, with rapid advances currently being made in instru-
mentation and data reduction techniques, the field is moving towards the capabilities
required to image more conventional planetary systems, with an ultimate goal of di-
rectly resolving Earth-like planets around nearby stars.

The work contained in this thesis attempts to address some of the main instrumen-
tation challenges associated with high-contrast imaging; the various benefits, difficul-
ties and methodologies of this technique are therefore presented in significantly more
detail in Sec. 1.3.

1.1.2 From detection to characterisation

Due to the limited amount of planetary information provided by most detection tech-
niques, the exoplanet field has until recently broadly focussed on identifying the exis-
tence of planetary-mass companions and determining their orbital properties. A par-
ticular focus is made on the search for fiEarth 2.00; a planet with a sufficiently similar
mass to Earth, orbiting in the habitable zone of a sun-like (F, G or K-type) star where
liquid water may exist on the surface. For this reason the super-Earth class of exoplan-
ets is of significant interest: not only are they currently the most similar known objects
to Earth in terms of mass, but their nature is largely unknown. Are they rocky and
Earth-like, or in fact more like low-density, atmosphere-dominated mini-Neptunes?

This question can already be partially addressed by determining the overall den-
sity of these objects, from which it is possible to constrain their bulk composition.
This feat can be achieved via complementary transit and RV study, where the transit
measurements constrain the planetary radius while RV provides the mass*. Fig. 1.2
shows the result of this characterisation for a subset of transiting exoplanets, directly
compared to simulated mass-radius relationships for different idealised planetary
compositions. The exoplanet population appears to undergo a smooth transition be-
tween gaseous (hydrogen-dominated) and solid (rock/iron-dominated) compositions
ataround ten Earth masses, which is consistent with the trend seen in the solar system.
While the deduction of exact planetary composition in this way is inherently degener-

4Specifically, RV provides only a lower limit on the planetary mass, mgy = myp sin(i); this is degenerate with
the (often unknown) system inclination i, since RV only measures the component of orbital motion along
our line of sight. For transiting planets however the inclination must by necessity be very close to 90 ,
which in turn facilitates an accurate measurement of the true planetary mass my.
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ate due to the sheer number of possible constituents, it nonetheless provides a useful
indication of whether a given planet is likely to be most similar in nature to Earth,
Neptune, or Jupiter.

Recent years have also seen the start of the next phase of characterisation of these
exoplanetary systems: detailed single-object studies which are capable of determin-
ing planetary parameters beyond mass, radius and orbital separation, and hence can
provide significant insights into the true nature of these bodies. The most produc-
tive way to achieve this is by using high-resolution spectroscopy (HRS) instruments
such as CRIRES at the VLT (K&ufl et al. 2004). Observing planetary light with spec-
tral resolving powers of the order of 100,000 makes it possible to resolve individual
spectral lines and molecular feature bands for simple molecules such as oxygen, water
and methane in the atmospheres of these planets. Since the spectral fifingerprinto of
these molecules can be well characterised via laboratory measurements, it is possible
to construct high-resolution templates of their absorption and emission features. By
cross-correlating observed spectra with such a template, it is possible to combine the
signal from thousands of individual features in the planet spectrum and hence detect
the presence of that molecular species in its atmosphere with much higher signal-
to-noise than by looking for individual lines in the spectrum itself (e.g. Snellen et al.
2010; Brogi et al. 2012b; de Kok et al. 2013). By using such methods, the sub-field of
astrobiology can hope to detect the spectral signatures of molecules such as oxygen
and methane in exoplanetary atmospheres: since these molecules are not expected to
be present in large quantities due to geological processes alone, they may constitute
bio-marker signals which indicate the presence of life. In addition to the composition



6 Chapter 1. Introduction

" Planet!  Tstar
rest-frame|  |rest-frame

broadened
linewidth

Stellar velogity

Doppler- A/ "

Star position

Relative position ()
CC signal

Intrinsic 1

|
|
|
!
I
|
|
I
-60 -40 -20 0 20 40 -100 -50 0 50

- linewidth 1
1 I 1
Velocity (km s7) Velocity (km s7)

Figure 1.3: 000000000000 00 0OO 0000 0000 00 000 O0000DIDOIOOCOO DOobO00 00000000 00 DOoioo 00O
00000000 000O00000 00000000000000000 Do000C 0O 0000 00 000 ODO0DO0 000tioOoeo0 b0o0mo0 0o oo
000000 Dooo 0 00000000 00 000 0bOonooo0odoooicC Oooooo oooO O 00000 00,00 Cooo 0ooooo Obooomoo
0000 00000000 DoO000000 00 O 00000000 00 0000000000000 00000000 00 000 000000 000 boo0ooo0 0ooooboioo
1000 000 0000 00 0oo 0oooitl 0o 010000 000 OO booo 0o O 00000 1000000 0o booom Cooooo O 000 0000coo
000 00000000 00 000 00000000 00000IbO0 bObOI00 000 DO000DC 00000000 000 DO0000 000000000 0O oo
100000000 Do0O0000 00000000 000 O 000000000000 0000000 400 booioio0co 00o0ooo0to 0o 000 0100 0oooom
0000 D00 00000 0000000 Ot0 O 000 000000 00 0000 00000 000000 0000 000 0000000 00000000 00000 0oc
000 0000000 0000 00000 DO0000000 000 booooto 0oio00to 0o 000 0i0000 000CR0 000 Dooo boood

of planetary atmospheres, the identification of telltale atomic and molecular signals
can also be used to provide detailed information about other planetary properties, in-
cluding the atmospheric vertical temperature and pressure structure (Stevenson et al.
2014), and surface gravity (Mart?n & Zapatero Osorio 2003). It is even possible to
detect the signatures of fidisintegrating exoplanetso, where material is being ejected
from the atmosphere or surface of extremely close-orbiting planets due to the impact
of powerful stellar winds (Brogi et al. 2012a; Rappaport et al. 2012; Ridden-Harper
et al. 2016).

The molecular template cross-correlation technique can also be used to measure
the planetis rotation speed and hence determine its day length, by detecting a slight
broadening of the combined line profile with respect to the intrinsic width of the spec-
tral features in question. This signal is caused by the rotating planetis limbs moving
towards and away from us respectively, causing a corresponding Doppler shiftin com-
ponents of the molecular signal originating in these regions®. This measurement has
now been achieved for a number of planets including the archetypal directly-imaged
planet Pictoris b (Snellen et al. 2014) shown in Fig. 1.3. This information can pro-
vide an insight into how the spin rates of planets change as they age (Schwarz 2017,
PhD thesis), which is an important step towards understanding the planet formation
process.

High-resolution spectroscopy observations of planetary atmospheres can be ob-
tained in two main ways. The first is to place an optical fibre or spectrograph slit at
the location of a directly-imaged planet to isolate its signal, as was done in the case of

Pictoris b. The other main method is the use of transmission spectroscopy, where
the atmospheric signature of a transiting planet can be measured from the small frac-
tion of starlight which passes through the planetis atmosphere during the transit. The
planetary radius appears fractionally larger at wavelengths corresponding to the ab-

5This perhaps gives a new, and quite literal, meaning to the quote at the beginning of this introduction.
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sorption features of molecular species present in the atmosphere, making the transit
signal marginally deeper in these wavelengths. An extension to this is possible for hot
Jupiters, where the planetary signal is often bright enough with respect to that of the
star to be a detectable component of the total, making it observable even when out of
transit. Monitoring the changing spectrum of this planetary component at different
points along its orbit allows us to build up a phase curve for the planet. Since these
planets are most often tidally locked (always pointing the same face towards the star),
it is possible to build up a one-dimensional longitude map of the temperature and
composition of the unresolved planetis upper atmospheric layers (Knutson et al. 2007,
Stevenson et al. 2014). The hot Jupiter population is therefore becoming increasingly
well characterised: the challenge for the immediate future is therefore to push towards
achieving the same level of detailed characterisation for temperate Earth-sized plan-
ets. It is in this effort where an inter-optimised combination of high-resolution spec-
troscopy with high-contrast imaging techniques (Snellen et al. 2015) stands to make
a major impact, by facilitating the detailed characterisation of directly-resolved plan-
ets, including those not detectable by transit or RV methods (e.g. Schwarz et al. 2016a;
Hoeijmakers et al. 2018).

1.2 Planet formation

1.2.1 The planet-disk connection

Following the description of Williams & Cieza (2011), stars and planetary systems are
born from the gravitational collapse and fragmentation of over-dense regions of giant
molecular clouds (GMCs), triggered by external factors such as gravitational interac-
tions or shock waves from nearby supernovae. Any amount of net angular momentum
in the collapsing cloud causes it to spin up as it contracts, resulting in a thick disk of
material surrounding a central protostar, which is not yet dense enough to initiate
nuclear fusion. Over the course of typically 1 million years, the protostar contracts
and accretes material from the surrounding gas- and dust-rich proto-planetary disk
(PPD) before initiating nuclear fusion and transitioning into either a T-Tauri or Her-
big Be/Ae class pre-main-sequence star, depending on its mass (Herbig 1960). This
star- and planet-formation process from GMC collapse through to a mature solar sys-
tem is illustrated in Fig. 1.4, along with examples of each class of object.

As the radiation output of the newly-formed central star intensifies, it begins to
clear the gas and small dust grains in the proto-planetary disk from the inside-out
through a combination of photo-evaporation and radiation pressure. These so-called
transition disks are defined by the presence of a central cavity devoid of material, but
often also display humerous interesting features in the remaining disk material such
as narrow gaps, spirals and local over-densities, which may be a signature of ongoing
planet formation.

It is during this transition process that planets are indeed expected to form out
of the dust- and gas-rich material of the proto-planetary disk. There are three main
competing theories as to how this occurs, and all may be responsible for forming plan-
ets under different conditions: no single theory is currently capable of explaining the
full population of known exoplanets. The first is core accretion (Pollack et al. 1996;
Hubickyj et al. 2005), whereby planets form slowly in a bottom-up manner from the
collisional accretion of dust grains into rocky planetesimals of increasing size. In the
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