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CHAPTER ].

Introduction

RE WE ALONE IN THE UNIVERSE? This question has fascinated humans for thou-
sands of years, and it is still one of the most intriguing yet unsolved prob-
lems to date. For many centuries and millenia, this question has been of

mostly philosophical nature, driven by the human desire to understand their place
and purpose within the cosmos. In this thesis introduction I will briefly review
past discourses on humanity’s belief in extraterrestrial life (see Section 1.1). From a
theoretical concept that was already discussed more than 2’000 years ago, an active
search for signposts of intelligent life outside Earth emerged within the last century.
Merely three decades ago, humankind started to discover planets around other stars
than our Sun, of which some even might exhibit favorable conditions to host life. In
Section 1.2 I will introduce this recent exoplanet revolution. I will discuss planet detec-
tion methods, challenges, and future prospects in this rapidly evolving field. Several
vital questions remain unanswered, as for instance regarding the formation and evo-
lution of planetary systems. In Section 1.3 I will describe how current research aims
to understand these phenomena. Special focus will be given to the contributions
that originated from my work during the past four years (see Section 1.4). Driven
by this enormous progress and supported by major technological developments, hu-
mankind might even succeed in obtaining first signs of life outside Earth within the
next century.

1.1 The search for life in the Universe

Already in ancient Greece, philosophers of various schools were arguing whether
our Earth was unique, or there exist several other worlds that might harbor equally
intelligent life. For instance, Metrodorus of Chios (4" century BCE) was a keen sup-
porter of the theory on the plurality of worlds (Pseudo-Plutarch, Placita Philosopho-
rum 879b-c; Greek version published by Bernardakis 1893; translation provided by
Goodwin 1874):

Mntpddwpoc &€ ¢now dtomov evar év  To Metrodorus it seems absurd, that in a
pEYAAe Tediw Eva otdyuv YevnUTjvar xal Eva large field one only stalk should grow, and
xbopov €v 16 anelpe. in an infinite space one only world exist;

6t & Bmepog xatd T TATYog, Sfjhov Ex Tob and that this universe is infinite is mani-
Gmetpor Tot ot €lvou: fest by this, that there are causes infinite.
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Now if this world were finite and the
causes which produced it infinite, it is nec-
essary that the worlds likewise be infinite;

el yap O uev xdéopog menepoopévos, OTL §
oftior Tévta dmelpar, €€ By 60e 6 xboyog Yé-
yovev, avéyxn dnelpoug eivad.

for where all causes do concur, there the
effects also must appear, let the causes be
what they will, either atoms or elements.

o6mov yop T& mavta oftio, Exel xol T&
arotehéopora ditior 8 Htol ob droyor 1| T
oToLyElL.
Opposing to this principle of plenitude (Lovejoy 1936), several of the most renowned
natural scientists from this time did not believe in the existence of further Earth

analogs. Among them was Plato (5th —4th century BCE), who argued (Plato, Timaeus
3la-b; Greek version published by Burnet 1903; translation provided by Lamb 1925):

notePOY 0UV 6p0GC Eva 00pUVOY TROGELRT X0
MEV, 7] TOAAOUC xol dmelpoug Aéyewv v p-
YotepOY;

€va, €lnep xotd 1O ToEddELyUo dEdNUIOVEYT-
uévog €otan.

10 yop Tepiéyov mdvta ondoa vonre {ea ped’
€tépou Beltepoy ouX &v ToT €in:

TEAWY Yap &v Etepov glvon TO TEpL Exelve dEoL
{&ov, ol uépog v eltnv éxelvew, xol o0x &v
€TL éxelvoly GAN" Exelve 16 TeptéyovTL T68° v
APOUOLOUEVOY AEYOLTO OpVITEQOV.

tva olv 160 xatd THY poOVKOLY Guolov 1
16 mavtehel {ow, did tabta obte dVo oht’
anelpoug Enoinoev 6 mowGY xdopouS, AN €lg
08 UOVOYEVNC 0UROVOC YEYOVMS E0TIV ol
€t éotou.

Are we right, then, in describing the
Heaven as one, or would it be more correct
to speak of heavens as many or infinite in
number?

One it must be termed, if it is to be framed
after its Pattern.

For that which embraces all intelligible
Living Creatures could never be second,
with another beside it;

for if so, there must needs exist yet another
Living Creature, which should embrace
them both, and of which they two would
each be a part; in which case this Universe
could no longer be rightly described as
modeled on these two, but rather on that
third Creature which contains them both.

Wherefore, in order that this Creature
might resemble the all perfect Living
Creature in respect of its uniqueness, for
this reason its Maker made neither two
Universes nor an infinite number, but
there is and will continue to be this one
generated Heaven, unique of its kind.

Also Aristotle (4™ century BCE), one of Plato’s most famous apprentices, was heav-
ily disputing the theory of life outside Earth, as this hypothesis was in stark contrast
with his physical model of the cosmos. Even though some ancient scholars did
not agree with this geocentric viewpoint of Aristotle, the broad majority accepted
this cosmology in the years to come. Among the small opposition was the Roman
philosopher Lucretius (15t century BCE), who said (Lucretius, De Rerum Natura,
Liber 1II, 1067-1076; translation provided by Rouse & Smith 1924):

Praeterea cum materies est multa parata, /
cum locus est praesto nec res nec causa
moratur/ ulla, geri debent ni mirum et
confieri res./

nunc et seminibus si tanta est copia, quan-
tam/ enumerare aetas animantum non
queat omnis, /

Besides, when abundant matter is ready,
when space is to hand, and no thing and
no cause hinders, things must assuredly
be done and completed.

And if there is at this moment both so
great store of seeds as all the time of living
existence could not suffice to tell,
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quis eadem natura manet, quae semina
rerum/ conicere in loca quaeque queat
simili ratione/ atque huc sunt coniecta,
necesse est confiteare/ esse alios aliis
terrarum in partibus orbis/ et varias
hominum gentis et saecla ferarum.

and if the same power and the same na-
ture abides, able to throw the seeds of
things together in any place in the same
way as they have been thrown together
into this place, then you are bound to con-
fess that there are other worlds in other re-

gions and different races of men and gen-
erations of wild beasts.

Despite these doubts, the Aristotelian model — that postulates the uniqueness of
Earth and its unparalleled ability to harbor life in the Universe — was allowed to
endure, and dominated humanity’s view of the world for several centuries until the
late Middle Ages. Accordingly, this model was also promoted by the Church, as
it was well in line with the uniqueness of Jesus Christ and the clerical, geocentric
view of the cosmos. Nevertheless, there remained some inconsistencies between the
Christian and Aristotelian philosophy. Albert Magnus (13" century CE) pointed out
that if there was an omnipotent God, why should he create just the one Earth and
not all possible realizations of it (Grant 1936). In the end, he neglected this flaw in
his reasoning, because a plurality of worlds could just not be congruent with the
uniqueness of Jesus Christ. As a pious bishop, there was no way this fundamental
principle of the unique incarnation — the Christian concept that God became human
(flesh),! embodied in his son Jesus Christ — could not be valid.

This dogma began to change with the advent of the Copernican revolution that
began to emerge in the early 16" century. Based on his astronomical observations,
Nicolaus Copernicus (1473-1543 CE) introduced the heliocentric model of our Solar
System, which was disputing to the geocentric model of Ptolemy (2" century CE)
that had been widely accepted before. These developments were carefully observed
by the Church, which continued propagating Earth as the center of the Universe.
Scholars that were opposing this theory were oppressed and silenced. The most
prominent victims of this rigorous policy of clear denial of scientific facts were Gior-
dano Bruno (1548-1600 CE) and Galileo di Vincenzo Bonaiuti de’ Galilei (1564—1642
CE). Bruno was an Italian monk who was inspired by the recent discoveries of Coper-
nicus. The refutation of Earth as the center of the Solar System let alone the origin of
the surrounding Universe motivated Bruno to revive the historic belief in plurality.
For the first time this concept was partly supported by scientific facts, which made
Bruno postulate (Bruno, De I'Infinito, Universo e Mondi, Dialogo Terzo; translation
provided by Ponnamperuma 1964):

Uno dunque ¢ il cielo, il spacio immenso,
il seno, il continente universale, 1’eterea
regione per la quale il tutto discorre e si
muove.

Ivi innumerabili stelle, astri, globi, soli e
terre sensibilmente si veggono [...]. [...]

Sono dunque soli innumerabili, sono terre
infinite, che similmente circuiscono quei
soli; come veggiamo questi sette circuire
questo sole a noi vicino. [...]

Sky, Universe, all-embracing ether, and
immeasurable space alive with movement
— all these are of one nature.

In space there are countless constellations,
suns, and planets [...]. [...]

There are also numberless earths circling
around their suns, no worse and no less
inhabited than this globe of ours. [...]

ncarnation is derived from the Latin word caro, which means flesh.
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La raggione e, perché noi veggiamo gli We see only the suns because they give
soli, che son gli piti grandi, anzi gran- light; the planets remain invisible, for they
dissimi corpi, ma non veggiamo le terre, are small and dark; [...].

le quali, per esserno corpi molto minori,

sono invisibili; [...].

As this theory was openly disputing the uniqueness of the incarnation, the Church
did not endorse this concept which challenged one of the main pillars of Christian-
ity. Bruno was tried and burnt at the stake in 1600, making him one of the earliest
martyrs of science (Paterson 1971). His beliefs, however, were not purely scientific
but arose from his theologically motivated criticism of the Christian concept of a
unique incarnation (Yates 1964). In fact, Bruno’s work was a huge setback for schol-
ars that were promoting the Copernican view of the cosmos for scientific reasons.
By condemning Bruno and his theories, the Church also had to dispute the heliocen-
tric model and the underlying scientific facts. People including Galileo Galilei, who
insisted on promoting this theory, were denounced as heretics and subjected to the
clerical inquisition.

Even though Galilei himself did not believe that other planets might be inhabited
by forms of life (Drake 1957), his technological developments supported questioning
the uniqueness of Earth and its position in the cosmos. The advent of optical tele-
scopes revealed craters and elevations on the lunar surface, satellites of Jupiter, and
a plenitude of stars that has not been visible to the naked eye before. Paired with the
recent discovery of the Americas in the 15% century, these new astronomical insights
fostered an open mindset towards further undiscovered phenomena far beyond the
imagination of previous generations (e.g., Fontenelle 1686). The Dutch astronomer
Christiaan Huygens (1629-1695 CE) strongly believed in the existence of a multitude
of worlds similar to ours (Huygens, Cosmotheoros Huygens & Huygens 1698):2

What a wonderful and amazing Scheme have we here of the magnificent Vastness of
the Universe! So many Suns, so many Earths, and every one of them stock’d with
so many Herbs, Trees and Animals, and adorn’d with so many Seas and Mountains!
And how must our wonder and admiration be encreased when we consider the
prodigious distance and multitude of the Stars?

[...] how vast those Orbs must be, and how inconsiderable this Earth, the Theatre
upon which all our mighty Designs, all our Navigations, and all our Wars are trans-
acted, is when compared to them. A very fit consideration, and matter of Reflection,
for those Kings and Princes who sacrifice the Lives of so many People, only to flatter
their Ambition in being Masters of some pitiful corner of this small Spot.

These words reflect the so-called principle of mediocrity which postulates that the like-
lihood of an item, if randomly drawn from a sample that contains several subsets,
is proportional to the sizes of the individual subsets. Transferred to the question
regarding the uniqueness of a habitable Earth, this principle implies that life should
also exist on Earth-like planets throughout the Universe, as it does exist on Earth
(e.g., Rauchfuss 2008).

Based on these technical developments and new discoveries, the belief in the plu-
rality of worlds was widely spread by the end of the 18th century. The idea that
there could exist unknown and strange civilizations in the Universe was not dis-

2As I could not find the original Latin version of Huygens’ Cosmotheoros, only the English translation
is provided.
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regarded as an impossible scenario any longer. Accordingly, this theme began to
appear in literature of the 19th century, for instance in the novels of Jules Gabriel
Verne (1828 — 1905; e.g., Autour de la Lune) or Herbert George Wells (1866 — 1946;
e.g., The War of the Worlds). Driven by these fictional influence, searches for signs of
such an extraterrestrial intelligence emerged. These efforts predominately focused
on Solar System objects, owing to the technical limitations of this time. Inspired
by the previous observations of Giovanni Schiaparelli (1835-1910),%> Percival Low-
ell (1855-1916) was convinced that he had detected canals on Mars reminiscent of
intelligent inhabitants of the red planet (Lowell 1895, 1906). Even though Evans &
Maunder (1903) argued that the supposed canals are most likely an optical illusion,
and higher-resolution images collected in 1909 showed that these features were in
fact geological structures, the belief of intelligent Martian inhabitants remained.

Up to the present day, no unambiguous evidence for the existence of extrater-
restrial life in our Solar System has been found. In addition to this local search for
extraterrestrial intelligence in our immediate neighborhood, larger surveys emerged
that were hunting for signs of such civilizations beyond the borders of our Solar
System. Cocconi & Morrison (1959) suggested to search for such technosignatures
at radio wavelengths that might also be used for communication among other intel-
ligent forms of life. This approach was pursued by pioneers such as Frank Donald
Drake, who searched for radio signals from nearby stars such as € Eridani or 7 Ceti,
yet without any success (Drake 1961, 1979). Nevertheless, the search for extrater-
restrial intelligence (SETI) emerged from these pioneering efforts and began to gain
recognition among the astronomical community (Sagan 1982). This search still con-
tinues, driven by humanity’s desire to know whether there are Earth analogs that
harbor similar forms of intelligent life. Privately funded projects like the Break-
through Listen Search for Intelligent Life continue to monitor interesting stellar host
stars to find evidence for such civilizations in our galactic neighborhood (e.g., Wor-
den et al. 2017). For a more detailed overview of the past, present, and future of
SETI, the reader is referred to Tipler (1981), Papagiannis (1985), or Shuch (2011).

1.2 The exoplanet revolution

Despite all these mostly theoretical considerations, planets outside our Solar System
— which are the necessary requirement for extraterrestrial life — remained a theoret-
ical construct without any physical evidence until the end of the 20th century. In
1992 Wolszczan & Frail discovered two planetary-mass objects around the millisec-
ond pulsar PSR B1257+12 with the Arecibo radio observatory in Puerto Rico. This
discovery came as a big surprise, as planets were not expected to survive the super-
nova that must have preceded the current post-main sequence state the system was
observed in. It was hypothesized that these planets actually formed after the main
sequence period of the host, within a debris disk that was composed of the remains
of the pulsar’s stellar binary companion (Wolszczan 1994). Recent simulations by
Fagginger Auer & Portegies Zwart (2021), however, indicate that planets might even
stay bound during and after a supernova if the host system is a stellar binary.

3The Italian astronomer Giovanni Schiaparelli observed Mars in 1877 and reported the detection of
several canali on the planet’s surface. Whereas the original Italian word means as much as channels (which
can be geological structures), it was mistranslated as canals (e.g., Sheehan 1988). As canals are by definition
human-made, this unfortunate translation supported the belief in life on Mars.
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Only three years after the discovery of these pulsar planets, Mayor & Queloz
(1995) succeeded in detecting a gas giant planet around the solar-type star 51 Peg.
This remarkable discovery of the fist planetary-mass object orbiting a main sequence
star was awarded the Nobel prize in physics in 2019. Most peculiar though was the
short orbit that this planet exhibits. An orbital period of merely 4.2 days indicated
a semi-major axis of ~0.05au, which is twenty times smaller than the Earth-Sun
distance in our Solar System and about 13 % of Mercury’s semi-major axis.

With these intriguing discoveries it became clear that indeed planets do exist
around celestial bodies outside our Solar System; the system architectures and for-
mation scenarios of these extrasolar environments, however, can be vastly different
from what we have observed in our immediate neighborhood.

The initial discoveries of planets outside our Solar System by Wolszczan & Frail
(1992) and Mayor & Queloz (1995) launched a new era of extraterrestrial planetology,
leading to 4375 confirmed exoplanets that are listed in the NASA exoplanet archive*
as of April 10, 2021. The semi-major axes and masses of all these exoplanets are
shown in Figure 1.1. Together with the Solar System planets, a parameter space of
almost 6 orders of magnitude is covered by both weight and orbital separations. As
such, TRAPPIST-1 b is one of the lowest-mass exoplanets with a mass equivalent to
that of the Earth and a semi-major axis of merely 0.01au (Gillon et al. 2016, 2017;
Grimm et al. 2018), whilst GU Psc b is more than 2000 au away from its stellar host
and about 11 times as massive as Jupiter (Naud et al. 2014). The colors used in Fig-
ure 1.1 are indicative of the different detection methods that were used to discover
these exoplanets. The techniques that are commonly used to detect and character-
ize extrasolar planets can be divided into two broad categories: direct and indirect
methods. Whereas indirect methods infer the presence of a planetary companion by
monitoring of stellar observables (such as its reflex motion or flux intensity), direct
imaging aims for obtaining spatially resolved images of extrasolar planetary systems.

The clustering of planets that are detected with the same technique indicates
that each method favors a specific region of the parameter space for the detection
of extrasolar planets. Whereas the transit method succeeds in detecting planets at
small semi-major axes that are usually smaller than 1au, direct imaging excels for
separations that are significantly larger than 10au. The underlying causes that are
shaping the individual discovery space for each method are briefly discussed in the
following Sections 1.2.1 and 1.2.2. A substantial part of the parameter space exhibits
no significant number of exoplanet detections. For instance, we do not know any
extrasolar planet that is less massive than Jupiter and more than 20 au away from its
host star. This void, however, must not be interpreted as the absence of such planets
around stars other than our Sun; it is rather the manifestation of the limitations
that each of the discovery methods exhibits. Even though there might be a plethora
of exoplanets that are residing within these unprobed regimes in Figure 1.1, our
current instrumentation is not sensitive enough to reveal this as of yet undiscovered
population.

Our knowledge of extrasolar planetary systems is limited by the available data,
which is also obvious from a comparison to the Solar System planets in Figure 1.1.
Jupiter is the only planet that has extrasolar analogs of similar mass and semi-major
axis. Again, this is not a confirmation that our Solar System planets are unique and
that similar objects do not exist around other stars; it is rather a strong indication that

“nttps://exoplanetarchive.ipac.caltech.edu/
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Figure 1.1: Confirmed extrasolar and Solar System planets as of April 10, 2021. The data were
collected from the NASA exoplanet archive.* We present the planet mass as a function of its
semi-major axis. The exoplanets are categorized with respect to their primary detection method
as indicated by the colored labels in the bottom right. The red stars highlight the planets that were
discovered as part of this thesis. As the orbital parameters for many directly imaged companions
are poorly constrained, the semi-major axes are usually approximated by the projected separations;
the masses of the directly imaged planets are inferred from theoretical models. For the majority
of the planets that are detected by RV measurements, the presented mass is just the minimum
mass Msin(7), as the true mass is degenerate with the orbit inclination.

we are missing a large fraction of extrasolar planets due to limitations of our current
technologies. Especially the next generation of large ground and space-based ob-
servatories will play a crucial role in exploring this uncharted territory of exoplanet
parameter space. The direct detection of Earth-like planets might actually be in reach
of first-generation instruments at the Extremely Large Telescope (ELT) of the Euro-
pean Southern Observatory (ESO). Quanz et al. (2015) simulate that the Mid-infrared
ELT Imager and Spectrograph (METIS; Brandl et al. 2014) will be sensitive enough
to detect ~10 terrestrial planets with equilibrium temperatures between 200 and 500
K around the nearest stars. METIS is expected to see first light in the late 2020s;
accordingly, the first image of an Earth analog outside our Solar System might even
be collected within this decade. Future space-based observatories such as the Large
Ultraviolet Optical Infrared Surveyor (LUVOIR; The LUVOIR Team 2019) and the
Habitable Exoplanet Imaging Mission (HabEx; Mennesson et al. 2016; Gaudi et al.
2020) might accompany these ground-based efforts within the next decades. Even
bigger mission such as the Large Interferometer For Exoplanets (LIFE; Quanz et al.
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Figure 1.2: The radial velocity method for the detection of exoplanets. In a two-body system
both planet and star orbit around the common center of mass (grey dot). Therefore, the presence
of a planet induces a periodic change of the stellar velocity vector. The radial component of
this velocity change can be measured by monitoring the stellar spectrum. If the star moves away
from Earth (panel a) spectral lines are red-shifted and if the star moves towards us the same lines
appear blue-shifted (panel c). The solid black lines in the spectral inlays represent the rest-frame
spectrum of the star; the dotted lines indicate the redshift (panel a) and blueshift (panel c) of
absorption lines due to the orbital motion of the planet. Measuring this periodic change in the
stellar radial velocity allows us to infer the orbital period and the minimum mass of the exoplanet.

2019, 2021) are currently designed. LIFE is supposed to characterize the atmospheres
of terrestrial exoplanets, and might be able to reveal the first biosignatures outside
Earth. Despite the enormous technical challenges that still need to be overcome to
conduct such a measurement, humankind might be able to answer the initial ques-
tion as to whether we are alone in the Universe before the end of the 21% century.

1.2.1 Indirect detections of exoplanets

The majority of known exoplanets have been detected by indirect detection methods
(see Figure 1.1): the NASA Exoplanet Archive lists 4324 out of 4375 (~99 %) to have
been discovered indirectly as of April 10, 2021. These indirect techniques infer the
presence of an extrasolar planet from the analysis of stellar observables such as its re-
flex motion (as for instance radial velocity or astrometric measurements) or intensity
variations of the primary star that are caused by planetary transit or microlensing
events. In this section I will give a brief overview of the main indirect detection tech-
niques, their strengths and limitations. For a more complete review of this topic the
reader is referred to Wright & Gaudi (2013).

The radial velocity method (837 discovered planets as of April 10, 2021)

The first exoplanet around a main sequence star was discovered by Mayor & Queloz
(1995) who evaluated RV measurements of the G2 star 51 Peg as part of a larger
survey for potential extrasolar planets. As visualized in Figure 1.2, a planet that is in
orbit around a star introduces a periodic motion of the host, as both star and planet
are revolving around their common center of mass. Of course, the reflex motion of
the star is several orders of magnitude smaller than the orbital motion of the planet.
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Jupiter for instance has an orbital velocity of approximately 13kms~!, but it induces
an RV amplitude of only 12.4ms~! to the motion of the Sun, when viewed from a
location within the orbital plane (e.g., Cochran & Hatzes 1996). For Earth in orbit
around the Sun the amplitude of velocity change is 0.1ms~!. Nevertheless, it is
possible to detect perturbations to stellar velocities in the order of 1ms~! that can
be attributed to orbiting exoplanets (e.g., Pepe et al. 2021). The radial component
of this movement can be identified by spectroscopic analysis since absorption lines
in the stellar spectrum are blue-shifted when the star moves towards Earth and red-
shifted when it moves away from Earth. Observations that cover a full orbit of the
exoplanet allow us to identify its orbital period. A minimum mass of the planet can
be derived as its true mass is degenerate with the system inclination: a heavy planet
on a close-to face-on orbit can cause the same RV signal as a low-mass planet that
is orbiting almost edge-on. This degeneracy can be broken by inferring the planet’s
inclination by other means, for instance if the planet is transiting (e.g., Barbieri et al.
2007), the companion can be imaged (e.g., Maire et al. 2020), precise astrometric
data is available (e.g., Benedict et al. 2006), or circumstellar material provides hints
towards the most likely system geometry (e.g., Trilling & Brown 1998).
The sensitivity of RV measurements scales as
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where M, is the mass of the primary star and M, denotes the planet mass, P its or-
bital period and a its semi-major axis (Wright & Gaudi 2013). This method, therefore,
favors the detection of massive planets in close orbits around their hosts. This bias is
clearly visible in Figure 1.1, as the majority of RV planets exhibit masses above 1 My,
and semi-major axes that are smaller than 1au. Although the signal-to-noise ratio of
RV measurements theoretically increases with decreasing host star mass, this does
not necessarily mean that M dwarfs are the best targets for large surveys to search for
RV planets. Other factors such as the decreasing luminosity and the activity of these
low-mass stars have a significant impact on the feasibility to detect planets via this
method (e.g., Saar et al. 1998). Yet scientists were able to overcome these challenges
in some cases, and detected Earth-sized planets around the two closest M dwarfs
to Earth: Ribas et al. (2018) discovered a planet with a minimum mass of 3.2 Mg
around Barnard’s star; and Proxima Centauri, the closest star to Earth at a distance
of 1.3 pc, was found to harbor two super-Earths, of which the inner one might be
able to support liquid water on its surface (Anglada-Escudé et al. 2016; Damasso
et al. 2020).

Transiting exoplanets (3325 discovered planets as of April 10, 2021)

The first planet that was detected by the transit method was HD 209458 b (Henry
et al. 2000; Charbonneau et al. 2000), yet the existence of the planet was already
confirmed with RV measurements by the time the transit observations were carried
out. Indeed, OGLE-TR-56 b is the first extrasolar planet whose discovery can be
attributed to the transit technique (Konacki et al. 2003). This method exploits the
fact that some exoplanets must move across the line of sight between Earth and their
host star during their orbit. As visualized in Figure 1.3 this obscuration results in a
periodic dimming of the stellar brightness, similar to a solar eclipse observed here
on Earth, yet of much smaller magnitude. The amplitude of the dimming event is
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Figure 1.3: The transit method for the detection of exoplanets. Planets can move across the line
of sight between observer and primary star. This results in a periodic dimming event that can be
measured via continuous monitoring of the stellar luminosity.

directly related to the planetary and stellar radii involved. Based on purely geo-
metrical considerations the stellar fractional intensity reduction, the so-called transit
depth, is modeled as

2
AL _ B (1.2)
I R
where Ry and R, denote the radii of the planet and the star, respectively. If the stellar
radius is well known, the planetary radius can be inferred from a transiting event.
For solar-type stars the mangitudes of these eclipsing events are in the order of 1%
for Jovian companions and 0.01 % for terrestrial planets. Due to the smaller stellar
radii, M dwarfs are particularly favorable to search for Earth-sized planets with the
transit method. The transit depth is increased compared to solar-type primaries and
therefore easier to detect. Instruments like TRAPPIST (Gillon et al. 2011; Jehin et al.
2011) or SPECULOOS (Delrez et al. 2018) exploit this advantage in the search for
transiting, terrestrial exoplanets. One of the most intriguing results from these sur-
veys was the discovery of seven temperate Earth-sized planets around the M dwarf
TRAPPIST-1 (Gillon et al. 2017) that launched a cascade of follow-up observations.
An even larger transit depth of ~57 % is exhibited by the planetary system around
the white dwarf WD 1856+534, which is hosting a Jupiter-sized companion that is
eclipsing its post-main sequence host in a grazing transit (Vanderburg et al. 2020).
A single stellar dimming event, however, is not a solid indicator for a transiting
planet. To confirm a companion, the transit has to occur periodically, which allows
us to determine the planet’s orbital period. If the stellar mass is known, the orbital
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semi-major axis can be derived from the period. But even periodic stellar dimming
events might originate from other sources than transiting exoplanets (e.g. Brown
2003; Charbonneau et al. 2004). There is a variety of non-planetary sources that could
mimic transit-like events, such as stellar variability and other unfortunate stellar
constellations. For instance, grazing eclipses of stellar binaries can look like planetary
transit signatures. Another frequent source of false-positive detections are eclipsing
stellar binaries that are close to the scientific target on sky, yet not resolved by the
recording telescope. When extracting the stellar flux, the contributions of all stars in
the aperture are combined, which can mimic the signal of a transiting exoplanet. To
test for the two latter scenarios, high-contrast imaging at high spatial resolution as
introduced in Section 1.2.2 is a powerful technique. The detection of astronomical
objects that are hidden below the angular resolution limit of transit survey telescopes
is important to correct the derived planetary parameters for the flux contribution of
the identified contaminant (e.g. Evans et al. 2016b; Southworth et al. 2020). This
can lead to revised planetary radii that differ by up to 10% from the previously
derived values, unaware of the close contaminant (for the exoplanet WASP-20 b;
Evans et al. 2016b). Such follow-up observations of transiting exoplanet host stars
at higher spatial resolution can also reveal gravitationally bound stellar companions
(e.g. Daemgen et al. 2009; Faedi et al. 2013a; Bergfors et al. 2013; Adams et al. 2013;
Ngo et al. 2015). Studying the multiplicity of exoplanet host systems is important to
understand the formation and evolution of planetary environments. This topic will
be discussed extensively in Chapter 2 of this thesis.

The majority of exoplanets has been discovered by space-based transit surveys,
which fundamentally contributed to our knowledge of planetary occurrence rates
and the diversity of planetary system architectures. The Kepler space mission has
contributed more than 2’500 objects to our census of extrasolar planets (Borucki et al.
2010), and the Transiting Exoplanet Survey Satellite (TESS; Ricker et al. 2015) is cur-
rently expanding the sample of short-period planets around bright and nearby stars.
But also ground-based surveys successfully detected planets via the transit method:
especially the Wide Angle Search for Planets (WASP; Pollacco et al. 2006) discovered
more than 150 transiting exoplanets.

Despite this plethora of discoveries, there are a few shortcomings associated with
exoplanet detections via the transit method. First, there is no intrinsic possibility
to derive a planetary mass from the observed dimming event. These parameters
have to be obtained via follow-up measurements using other techniques such as the
RV method. Second, the probability of a planet to eclipsing its host star, piransit,
decreases with the semi-major axis a of the planet as per

R
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again purely based on geometric considerations (Borucki & Summers 1984). Wright
& Gaudi (2013) derive a sensitivity of
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to detect transiting planets, when assuming that the stellar radius scales linearly with
the stellar mass. This assumption is a decent approximation for stars with masses
up to 1 M. Accordingly, the population of transiting exoplanets is heavily biased
towards short-period giant planets with typical planet masses between 10 Mg and
10 Myyp at separations of 102 au to 1au (see Figure 1.1).

11
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Figure 1.4: Microlensing events for the detection of exoplanets. According to Einstein's general
theory of relativity light curves are bent in the presence of matter. Hence, a foreground star that is
passing across the line of sight from Earth, can artificially magnify the recorded intensity of a more
distant background object, similar to a lens in optical physics. A planet in the lensed system can
be identified as perturbation of the magnification lightcurve that is resembling the gravitational
lensing of a single star.

Microlensing events (108 discovered planets as of April 10, 2021)

The microlensing method to detect extrasolar planets makes use of Einstein’s general
theory of relativity (Einstein 1916). This framework postulates that matter curves
space-time, and hence massive objects can bend the trajectories of light. Dyson et al.
(1920) were able to experimentally confirm this theoretical concept for the first time,
by measuring the angular displacement of stars due to the gravitational influence of
the Sun during a solar eclipse in 1919. As visualized in Figure 1.4 this concept is
also applicable to other stellar constellations that can be observed here on Earth. If a
foreground star is moving across the line of sight, the light emitted by a background
star is deflected due to general relativity. Accordingly, this foreground star can act as
a lens that is magnifying the background source’s intensity measured on a detector. If
the lensing system harbors a planetary companion, the gravitational influence of this
planet can create an additional magnification on top of the intensity variations caused
by its stellar host. This second-order magnification is of much smaller magnitude and
acts on much shorter time-scales than the primary magnification. Yet with sufficient
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temporal sampling of the lightcurve of the background star, this variation can be
identified and attributed to a planet.

This method was successfully employed by Bond et al. (2004) for the first time to
detect OGLE 2003-BLG-235L b (MOA 2003-BLG-53L b). The observed microlensing
event was attributed to a binary system with a mass ratio of 4 = 0.0039 between the
primary star and its companion. As this observational technique just provides this
mass ratio and not the individual masses of both objects, follow-up measurements
were necessary to break this degeneracy. Bennett et al. (2006) identified the lensing
star in Hubble Space Telescope data, determined its spectral type, and concluded
that OGLE 2003-BLG-235L b is likely a gas giant planet with a mass of 2.6 My, with
an orbital semi-major axis of 4.3 au. Indeed, microlensing detections of exoplanets
are not possible for arbitrary system geometries. The method heavily favors the
detection of planets that are close to the Einstein radius (Einstein 1936) of the lensing
foreground star. The optimal separation of a planet to be detected via these means
is

2M,

dopt ~ 2.85au
®

(1.5)

(see Wright & Gaudi 2013). Due to this intrinsic bias, the majority of microlensing
planets have been detected in a range of semi-major axes from approximately 1au
to 10au (see Figure 1.1). Future missions such as the Nancy Grace Roman Space
Telescope (Spergel et al. 2015) are supposed to discover more than one thousand
bound exoplanets by microlensing events (Penny et al. 2019). Furthermore, this mis-
sion might reveal a significant population of unbound planetary companions that are
freely floating through our Galaxy (Barclay et al. 2017). Such isolated planets were
observed in the past (Sumi et al. 2011); they are are postulated to be ejected from
their natal circum-stellar systems (e.g., Rasio & Ford 1996).

Other indirect detection methods (54 discovered planets as of April 10, 2021)

There are several other indirect methods that can detect extrasolar planets. The
number of planets detected via these means, however, is small compared to the three
major indirect methods discussed above. Future instrumentation might enable a
plethora of new detections — a planet population that is just out of reach of current
observatories.

Astrometry The reflex motion of a planetary host star that is induced by an orbiting
companion does not only have a radial component as probed by RV measurements.
The star also moves perpendicular to the line of sight in the plane of the sky. This
motion can be measured and associated with a planetary-mass companion. The
combination of RV observations with astrometric measurements breaks the mass de-
generacy by revealing the orbital inclination (Tuomi et al. 2009). However, extremely
high astrometric precision is required to reveal the presence of an exoplanet: whereas
a Jupiter analog orbiting a Sun-like star creates an astrometric signal in the order of
~0.1mas, the astrometric amplitude of an Earth analog is about 0.1 nas (Wright &
Gaudi 2013). Hence only a handful of planets were claimed to be discovered by
this technique (e.g., Muterspaugh et al. 2010; Sahlmann et al. 2013), and most of the
results need to be confirmed by longer observational baselines or complementary

13



1. INTRODUCTION

14

detection methods. The Gaia space observatory of the European Space Agency (Gaia
Collaboration et al. 2016) is the most promising mission to significantly increase the
small number of astrometrically confirmed exoplanets. Gaia is monitoring the mo-
tions of more than 1 billion stars with unprecedented precision during a nominal
mission duration of 5 years. Perryman et al. (2014) simulated that these data should
reveal about 21’000 new planets via the astrometric wobbles of their respective host
stars.

Transit timing When a system with a single planet is aligned such that this com-
panion is transiting, this transit occurs strictly periodically. If further planets are
present, their gravitational influence will affect the orbit of the initial planet. Even if
the additional planets do not transit themselves, their presence manifests itself in a
deviation from the strict periodicity of the initial transit signal. Using this technique,
non-transiting planets can thus be detected in known transiting planet-hosting sys-
tems (e.g., Nesvorny et al. 2012).

Pulsar timing Even though the first exoplanets were discovered by this method
(Wolszczan & Frail 1992), the absolute number of pulsar planets is small: Only seven
planets are associated with this category according to the NASA exoplanet archive.
The method relies on modulations of the pulsar period by an orbiting plant. Due to
the induced motion the frequency of the pulsar is altered, which allows us to derive
the mass and the orbital period of the planetary companion.

Pulsation timing Similar to the modulation of the pulsar frequency, orbiting planets
can affect the arrival time of lightcurve modulations due to stellar variability. Silvotti
et al. (2007) used this technique to reveal a Jovian gas giant orbiting the extreme
horizontal branch star V391 Pegasi. The second planet discovered by the pulsation
timing method was found around KIC 7917485 in the Kepler field of view (Murphy
et al. 2016).

Disk kinematics One of the most recently developed techniques to indirectly detect
exoplanets is the analysis of kinematic structures in protoplanetary disks. The advent
of the Atacama Large Millimeter/submillimeter Array (ALMA) facilitated studies at
radio wavelengths with unprecedented spectral and spatial resolution (e.g., Ansdell
et al. 2016; Andrews et al. 2018). Forming planets will impact the gas dynamics
in the protoplanetary disk, and therefore these signatures can be searched in the
spectroscopic data. Teague et al. (2018) and Pinte et al. (2018) exploited these novel
opportunities and announced the detection of several protoplanets around the young
star HD 163296; yet other methods could not confirm these proposed protoplanets
so far (e.g., Mesa et al. 2019a).

1.2.2 Direct detections of exoplanets

Only ~1% of all known exoplanets have been discovered by taking a direct image
of the companion (51 out of 4375 as of April 10, 2021). This small number is due to
the challenging nature of the problem to image a faint planet right next to its host
star that is many orders of magnitude brighter. Hence, the nature of the underlying
problem for our imaging system is twofold: not only the huge contrast between star
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and planet has to be overcome, but this sensitivity has to be provided at very small
angular separations from the star.

Huge contrast and small angular separation: the main challenges of direct imaging

The typical angular separations when trying to image Solar System analogs can be
assessed geometrically and scaled with the distance of the targeted system. Whereas
a Jupiter analog to a star at 5 pc is separated 1” from its primary, the same system
geometry at 100 pc corresponds to an angular separation of 0705. An Earth twin
would have an angular separation of 0”2 and 0”01 for a system at 5pc and 100 pc,
respectively. For comparison, a 10 m-class telescope (which is the largest category
of currently operating optical telescopes) has a diffraction limit of about 07015 at
optical wavelengths (600 nm) and 0”705 in the near infrared (2 pm). But this diffraction
limit based on the Rayleigh criterion (see equation 1.11) is not equivalent to the true
spatial resolving power of a ground-based observatory, as discussed later. From
these geometrical considerations, it seems plausible that the direct imaging search
for exoplanets should focus on the stars that are closest to the Sun. These provide
more favorable angular separations for Solar System equivalents, and planets should
be easier to detect.

The second variable, however, that needs to be considered in this problem is the
contrast between the star and the planet. To quantify the magnitude of this chal-
lenge, one has to investigate the different types of electromagnetic radiation that are
emitted by a planetary-mass companion. Planets cool down after their formation, as
their masses and hence the internal temperatures are too low to fuse hydrogen or
deuterium in the core (e.g., Burrows et al. 1997). The major sources of electromag-
netic radiation that can be detected from such a planetary-mass object are

1. reflected light of the host star
2. and thermal radiation

a) from reprocessed starlight

b) or due to release of gravitational energy.

To first order, sources 1 and 2a do not depend on the age of the system, as they
just rely on the stellar radiation that is either reflected or absorbed by the planet.
The spectral energy distribution (SED) of reflected light from an exoplanet is shaped
by the emission spectrum of its primary star, altered by atmospheric molecular ab-
sorption and scattering processes (e.g., Selsis et al. 2008). The reflected light contrast
between star and planet c,¢(A) can be approximated by

Rp
a

2
cref<A>=Ag<A>( )frefm,a), (1.6)

where Ag(A) and fref(A, &) denote the wavelength-dependent geometric albedo and
phase function of the planet (e.g., Seager 2010). The latter quantity also depends on
the phase angle & of the planet, which determines the amount of flux reflected off the
planet towards the direction of Earth. For a fixed planet radius, geometric albedo,
and phase angle, the reflected light contrast at a certain wavelength becomes more fa-
vorable the higher the stellar irradiation, i.e. the smaller the planet’s semi-major axis.
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Of course, this effect is exactly the opposite in our imaging system, whose contrast
degrades the closer a source is to the primary star (when assuming a regular Airy-
shaped point spread function for both sources; see, e.g., Figure 1.6). For an Earth
analog with a geometric albedo of 0.4 and a phase function of 0.5, equation (1.6)
provides a reflected light contrast in the order of 4 x 10710 at visible wavelengths.
The detection of Jupiter analogs is not much more favorable in reflected light, as
the larger semi-major axes reduce the amount of stellar irradiation, providing con-
trasts in the order of 2 x 107. These requirements are significantly lower than the
sensitivities of current instrumentation. Ground-based optical studies can achieve a
total intensity contrast of approximately 1 x 107, which is more than three orders of
magnitude higher than the required specifications (e.g., Hunziker et al. 2020). Future
space-based observatories such as the Nancy Grace Roman Space Telescope might
be able to achieve these challenging requirements (e.g., Robinson et al. 2016; Trauger
et al. 2016; Zimmerman et al. 2016; Girard et al. 2020).

As the reflected light spectrum of an exoplanet roughly follows the SED of the
stellar primary, leading to the extremely challenging contrasts 10~° — 101, the ther-
mal emission of a planet is usually better suited for its direct detection. The SED
maximum of solar or earlier type stars is located at visible wavelengths, whereas
the peak emission of much cooler planets is in the near to mid infrared wavelength
regime. In this region, the stellar luminosity decreases as a function of A~# accord-
ing to the Rayleigh—Jeans limit of its approximated blackbody emission. This leads
to more favorable star-to-planet contrasts at near to mid infrared wavelengths. When
approximating both star and planet as a blackbody B, (T), the thermal planet con-
trast is

_ (Rp\? BA(Tp)
Ctherm()\) - (R*> B)\(T*) ’ (1'7)

with T}, and T, denoting the planetary and stellar temperatures, respectively (Wright
& Gaudi 2013). Assuming that we observe both blackbodies in the Rayleigh—Jeans
limit, equation (1.7) simplifies to

Ro\2 T,
Ctherm()\) - (Ri) Ti ’ (1.8)
which can be written as
Rp\? T
Ctherm()\) = (Ri> Ti:l ’ (1.9)

when requiring the planet to be in thermal equilibrium (T, = Teq). Teq denotes the
theoretical equilibrium temperature of a planet, which is derived under the assump-
tion that the energy from the absorbed stellar irradiation is completely re-emitted as
thermal blackbody radiation of the planet: in this framework it is assumed that the
planet is isothermal (i.e. there are no temperature gradients across its surface) and
that it has no intrinsic source of energy. Utilizing our example of an Earth and Jupiter
analog with equilibrium temperatures of 250K (Earth) and 110K (Jupiter) and an ef-
fective solar temperature of 5’800 K, provides contrast ratios of 4 x 107¢ and 2 x 1074,
respectively. This is an improvement of 4-5 orders of magnitude compared to the
previously discussed reflected light contrasts.
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However, no such Solar System planet analog with a similar age and equilibrium
temperature could be directly observed so far. The reason for this shortcoming is
simple: for equation (1.9) to hold, we assumed that A is in the Rayleigh-Jeans limit
of the Planck function, which requires that

he
A> kT (1.10)

The right-hand side of this inequality is in the order of 50 um for a terrestrial equi-
librium temperature of 250 K. Observations at this wavelength range are impossible
from the ground as our own atmosphere is not transparent at these frequencies. An-
other issue that comes along with observations in the infrared is closely related to
the reason that favors the detection of terrestrial planets in this frequency regime.
As everything on Earth has a temperature similar to this equilibrium temperature
of 250K, the amount of noise originating from the atmosphere, the telescope, and
other surfaces is exponentially increasing for wavelengths that are longer than 1 pm.
Observations at 10 um are feasible, but the background noise is usually larger than
the signal from any astrophysical source (e.g., Absil et al. 2004). When going to
shorter wavelengths, condition (1.10) is violated and the star-to-planet contrast de-
grades drastically, due to the exponential dependence of B)(T) in the opposing
Wien regime. Evaluation of the initial equation (1.7) provides a thermal contrast
of 5 x 1079 when observing an Earth analog at 5um and even 7 x 10717 at 2 um.
So, space-based observatories are strictly mandatory for the direct detection of old,
evolved exoplanets with equilibrium temperatures below 300 K. But even then, these
observatories must be actively cooled to minimize the thermal noise of the obser-
vations. Besides, the ability to resolve star and planet scales inversely proportional
with wavelength leading to enormous aperture sizes that are required to provide the
additionally required spatial resolution. A solution might be a space-based nulling
interferometer such as the proposed LIFE mission (Quanz et al. 2021).

The only class of exoplanets that could be directly probed with current instrumen-
tation are those of category 2b that emit additional energy released by the gravita-
tional contraction following their recent formation. In other words, these are young
exoplanets that exhibit higher temperatures and that are therefore more luminous
than their older counterparts. Young Jovian giants with ages that are smaller than
20Myr and masses in the range of 1 My,, — 13 Mjyp usually have temperatures of
1’000 K—-2'000K. For solar-type host stars with T, = 5800K and R, = 1Ry and
Jupiter-sized planets (Rp = 1Rpp), this corresponds to contrasts in the order of
2x107° -7 x107% and 4 x 107* — 2 x 1073 at 2pm and 5pm, respectively (see
equation 1.7). This regime is well probable with current telescopes and instruments
as discussed below.

In Figure 1.5 we visualize the thermal contrast of gas giant companions as a
function of age for several wavelengths. We used AMES-Cond evolutionary mod-
els (Allard et al. 2001; Chabrier et al. 2000) to obtain the effective temperatures for
planets of various masses at ages in the range 1 Myr—10 Gyr. We simulated a solar-
like primary whose effective temperature as a function of age was determined in
a similar fashion using MIST models (Dotter 2016; Choi et al. 2016). For host star
and planet we applied radii of 1R and 1 Ryyp, respectively, which we assumed to
be constant in time. It is clearly visible that the star to planet contrast, cyerm, for a
fixed object mass decreases as a function of time, mainly driven by the cooling of
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Figure 1.5: Thermal star-to-planet contrast as a function of system age. The contrasts are derived
using equation (1.7). Planetary and stellar temperatures are derived from AMES-Cond and MIST
evolutionary models, respectively. A range of planet masses are assessed as indicated in the top
right of the left panel. We further assume a constant planetary and stellar radius of 1 Ry, and
1R, respectively. The contrast is evaluated for infrared wavelengths of 1 pm (left panel), 2 pm
(middle panel), and 4pm (right panel). The dashed lines represent instrumental contrast limits
for SPHERE (1 pm and 2 pm; simulated with the SPHERE exposure time calculator®) and NACO
(4 pm; Launhardt et al. 2020).

the planetary object. Independent of age, the contrast is more favorable for higher-
mass objects, which also agrees with the higher temperatures that are associated with
heavier objects.5 When evaluating cyherm for different wavelengths, it becomes clear
that the planet contrast becomes more favorable at longer wavelengths. As noted be-
fore, the thermal background noise on our detectors increases at longer wavelengths
as well, deteriorating the achievable contrast. To obtain reasonable estimates for
actual instrumental sensitivities at the wavelengths of this comparison (1 um, 2 pm,
and 4 pm), we relied on the performance of advanced high-contrast imaging instru-
ments for each corresponding wavelength regime: for 1um and 2um this was the
Spectro-Polarimetric High-contrast Exoplanet REsearch instrument (SPHERE; Beuzit
et al. 2019) and for 4 pym the NAOS adaptive optics system combined with the CON-
ICA camera (NACO; Lenzen et al. 2003; Rousset et al. 2003). The NACO contrast
at 4pum was adopted from data on € Eridani (myym ~ 1.6 mag) published by Laun-
hardt et al. (2020). For SPHERE we utilized the dedicated exposure time calculator®
and simulated the contrast for 1h on-target integration on a bright, solar-type star
(m = Omag). For both instruments, we assessed the contrast performance at 1",
which is visualized by the dashed lines in Figure 1.5. As expected, the instrumental
contrast performance decreases when going to longer wavelengths. A wavelength of
41m seems to be most favorable for the detection of young planets: for system ages
that are smaller than 10Myr planets with masses down to 1 My, can be detected,
and for older systems planets with masses close to the deuterium burning limit of
~13 Mjyp seem to be within reach of NACO. But this must not be interpreted as
a general conclusion. First, the angular resolution is proportional to wavelength,
which means that at shorter wavelengths smaller angular scales can be probed. Sec-
ond, these simulations rely on synthetic evolutionary models for sub-stellar objects

5Note that the energy budget to calculate the planetary luminosity does not include any reprocessed
stellar light in this scenario.
6Online available at https://www.eso.org/observing/etc/
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which have their own uncertainties. And third, observations at shorter wavelengths
are usually more efficient as longer integration times can be applied and less time is
spent off-target to monitor and model the thermal sky background. It is true though
that wavelengths from H to L band are best suited for the detection of gas giant
exoplanets as all undisputed planet discoveries by direct imaging were exclusively
made in this wavelength regime (e.g., Marois et al. 2008, 2010; Lagrange et al. 2010;
Rameau et al. 2013; Macintosh et al. 2015; Chauvin et al. 2017b; Keppler et al. 2018).
Besides, younger planets are brighter and therefore easier to detect. Due to this re-
lation, the majority of directly imaged planets exhibit ages that are younger than
100 Myr. Particularly favorable are young stellar associations with ages of even less
than 20 Myr. As these are mostly farther away than 100 pc from Earth, the physical
scales that can be probed with current instrumentation are usually larger than the
semi-major axis of Jupiter in the Solar System: for instance, an inner working angle
of 0”1 as minimum angular separation, at which state-of-the-art instruments can de-
tect planetary-mass companions, would correspond to detectable planet semi-major
axes that are larger than 10 au for systems that are farther away than 100 pc.

From these considerations it is clear that the development of observing strategies
for the direct detection of planetary companions is a high-dimensional problem that
cannot easily be optimized. There is certainly no perfect strategy to detect such
companions, and several trade-offs have to be considered such as

* observing at longer wavelengths (as planets are brighter in this regime) versus
the increasing background noise and the lower angular resolution of the imag-
ing system (going hand in hand with a reduced sensitivity, especially at small
angular separations);

* or targeting comparably older systems close to Earth (to probe physicals scales
of a few Astronomical Units) versus more distant, young associations (for
which the planet contrast is more favorable due to the younger ages).

The past decade has shown us that current instrumentation is capable of imaging
young, self-luminous