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Zusammenfassung

Das Forschungsgebiet der Exoplaneten vergrößert sich rasch und heutzutage sind über 4000 Exo-
planeten bekannt. Die große Anzahl an bekannten Exoplaneten erlaubt statistische Untersuchun-
gen der Populationen. Insbesondere ist die Charakterisierung von Planeten in ihrer heutigen
Form essenziell, um die Entstehung und Entwicklung von Exoplaneten zu verstehen.

Planeten mit kleiner sowie mit großer Entfernung ihres Heimatsterns kommen mit unter-
schiedlichen Häufigkeiten vor, was auf verschiedene Entstehungsmechanismen hindeutet. Die
Untersuchung von Planeten in großen Abständen von ihrem Stern ist daher wichtig und für
Untersuchung dieser Objekte ist die direkte Bildgebung besonders gut geeignet verglichen mit
anderen Methoden. Direkte Bildgebung im mittleren Infrarot wird die Charakterisierung von
kälteren und daher älteren und kleineren Planeten ermöglichen, doch dies wurde noch nicht er-
reicht. Bildgebung im mittleren Infrarot mit dem VISIR Instrument und dessen Upgrade NEAR
wurde von drei Arten von Systemen aufgenommen: sechs sehr junge Systeme mit Planeten, die
sich vermutlich noch in ihrer Entstehungsphase befinden, das junge, aber vollständig geformte
HR 8799 System und schließlich vier reife Systeme in der näheren Umgebung der Sonne. Mit
einer Ausnahme haben all diese Systeme bereits bekannte oder vermutete Begleiter mit plan-
etentypischen Massen. Keine dieser Begleiter wurden detektiert, doch es wurden die bislang
strengsten Flusslimits im mittleren Infrarot für alle Systeme sowie für mögliche noch unent-
deckte Begleiter bestimmt. Umgerechnet in Beschränkungen für Begleitermassen bedeutet dies,
dass akkretierende Planeten mit zirkumplanetaren Scheiben weiter als 1′′ um die meisten der
sehr jungen Sterne ausgeschlossen werden können, was darauf hindeutet, dass Planetenentste-
hung mit großen Abständen zum Stern selten ist. Das Massenlimit für Begleiter des sonnenähn-
lichen Sterns ε Indi A zeigt, dass ein Begleiter am älteren Ende der Alterspanne sein muss, da
ein junger Planet entdeckt worden wäre. Die erreichte Sensitivität in den Beobachtungen zeigt
auch, dass Begleiter mit planetentypischen Massen mit heutigen Instrumenten entdeckt werden
können und dass in unter 10 Stunden mindestens vier Planeten mit VISIR und mindestens 16 mit
NEAR entdeckbar sind.

Es gibt auch einen Mangel an Supererden mit sehr kurzen Umlaufbahnen. Viele von diesen
Planeten erhalten hohe XUV Strahlung, die ihre Atmosphären vergrößern und erodieren. Dies
ist eine wichtige Phase in der Planetenentwicklung. Die vergrößerte Atmosphäre erleichtert die
Messung dieser Planeten mit der Transitmethode und macht sie daher zu guten Beobachtungszie-
len für Transmissionspektroskopie. Die Supererde GJ 1214 b und der heiße Jupiter WASP-15 b
sind solche Planeten. Die verdampfende Heliumatmosphäre von GJ 1214 b kann durch Messun-
gen der Transittiefe bei 10,830 Å mit Archivdaten des X-Shooter Instruments besser beschrieben
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werden. Diese Studie zeigt auch, dass X-Shooter die benötigte Stabilität aufweist, um diese Art
von Messungen bei passenderen Objekten anzuwenden. Für den heißen Jupiter WASP-15 b wer-
den Gauß-Prozesse benutzt, um korreliertes Rauschen aus den Daten zu entfernen und um ein
Transmissionsspektrum der Atmosphäre zu konstruieren. Allerdings sind weitere Messungen
notwendig, um bestimmte Atmosphärenmodelle auszuschließen.



Abstract

With over 4000 discoveries to date, the field of exoplanets is rapidly expanding. The large
numbers of detections allow for population level statistical analyses. As a part of that, the char-
acterisation of planets in their current form is vital to understanding the formation and evolution
of exoplanets.

Different occurrence rates for planets close to and far from their host stars indicate there may
be different formation mechanisms at play. The study of planets at large separations from their
host stars is therefore important. Direct imaging is particularly suited to study these planets when
compared to other methods. Expanding it to the mid-infrared will allow for the characterisation
of cooler and therefore older and smaller planets, but this has not yet been achieved. With the
mid-infrared imaging and spectroscopy instrument VISIR and its upgrade NEAR data is obtained
of three types of systems: six very young systems with planets that are still expected to be in their
formation stage, the young, but fully formed HR 8799 system, and finally four mature systems
in the solar neighbourhood. All but one are already known or expected to have planetary mass
companions. None of these are detected, but the most stringent mid-infrared flux limits to date
are obtained for all of them and for additional companions beyond 1′′ in any of the systems.
The conversion to mass limits rules out accreting planets with circumplanetary disks beyond 1′′

around most of the very young stars, which indicates that planet formation at large radii is rare.
The mass limits for companions around the sun-like ε Indi A show that it is at the older end
of the age range, as a younger planet would have been detected. The achieved sensitivity in
the observations also shows that detection of planetary mass companions is within the range of
present day instrumentation and that at least four planets are detectable with VISIR and at least
sixteen with NEAR in less than 10 hours.

There is also a lack of super Earths on very short orbits. Many of these planets undergo high
XUV irradiation, causing their atmospheres to puff up and erode. This is an important stage in
the planets evolution. The expanded atmosphere also makes them easier to measure in transit
and good targets for transmission spectroscopy, as it increases the signal size. The super Earth
GJ 1214 b and the hot Jupiter WASP-15 b are such planets. An improved constraint is set on the
evaporating helium atmosphere of GJ 1214 b through measurement of the excess transit depth
at 10,830 Å in archival X-SHOOTER data. This also shows that X-SHOOTER has the required
stability for these kinds of measurements on more suitable targets. For the hot Jupiter WASP-15
b Gaussian Process modeling is employed to remove correlated noise from the data and construct
a transmission spectrum of the atmosphere, although further observations are required to rule out
atmospheric models.
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Chapter 1

Introduction

Compared to other areas of astronomy, the field of exoplanets is a very young one. The posi-
tioning of ancient sites to align with astronomical events, such as Stonehenge’s alignment with
the setting sun on the winter solstice (Urban and Schortman, 2019), makes it clear that humans
have been measuring the sky for probably as long as they have been around. However, planets
are small and dim enough that even the planets in our own solar system were not all discovered
until 1846 (Galle, 1846). Even today there remains speculation about a possible Planet Nine far
beyond the orbit of Pluto (e.g. Batygin and Brown, 2016; Clement and Sheppard, 2021). It is
no surprise then that, despite centuries of speculation (e.g. Bruno, 1585; Newton, 1687), the first
definite detection of a planet outside the solar system was not made until 1992 (Wolszczan and
Frail, 1992). These planets were found around the remnants of a massive star and immediately
showed that exoplanet systems don’t have to be anything like our own solar system. The discov-
ery of the first planet around a sun-like star was not far behind with the discovery of 51 Peg b in
1995 (Mayor and Queloz, 1995).

The field has boomed since, with over 4000 exoplanets discovered at the time of writing of
this thesis (Exoplanet Team, 2021), including many Earth-like planets on orbits that we expect
would make them habitable (e.g. Borucki et al., 2012; Anglada-Escudé et al., 2012; Bonfils
et al., 2013; Tuomi et al., 2013; Barclay et al., 2013). Many of these systems have turned out
to be totally different form the solar system. Some have giant planets so close to their stars that
it takes only hours or days for them to complete their orbits (Wang et al., 2015). Others have
multiple similarly-sized Earth-like planets in the same system, with seemingly no giant planets
at all (Millholland et al., 2017). Some planet hosting systems are much smaller than the solar
system, like the Trappist planets, all seven which would fit inside the orbit of Mercury (Gillon
et al., 2016). Other systems have two, three or even four stars (e.g. Welsh et al., 2012; Winters
et al., 2019; Schwamb et al., 2013).

Understanding these new systems is critical in understanding the existence of our own planet,
and the need to explain them has driven large advancements in planet formation theories and our
understanding of how planetary systems evolve. The ability to perform demographic studies on
large numbers of exoplanets has further helped advance these theories. Our increasing ability to
measure the atmospheres of some exoplanets is further refining them. These processes and planet
compositions are also important in finding out what makes a planet habitable and, eventually, for
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the search for extraterrestrial life.
This introduction examines the exact definition of what is and is not an exoplanet in Section

1.1, as well as what the different types of planets are. The two main theories of planet forma-
tion are discussed in Section 1.2, along with different ways for planets to migrate through their
systems, which is required to explain many of the observed system architectures. Section 1.3 de-
scribes the different methods employed to detect and characterise exoplanets, with a focus on the
two methods which are used in this thesis. Section 1.4 summarises the contents of the different
chapters of the thesis.

1.1 Definition
Over time and with the continuous increase of information about the solar system, the definition
of a planet has changed considerably. Originally, a planet was simply a bright object in the sky
that moved with respect to the fixed stars. These objects were called ”πλανητης” (planètès)
by ancient Greek philosophers, which translates into ”wanderers”. This definition excluded the
Earth from being a planet, as the Greeks considered it fixed in place at the center of the universe.
They therefore counted only five planets: Mercury, Venus, Mars, Jupiter and Saturn. The Earth
did not become a planet until the acceptance of the heliocentric solar system, which placed the
sun in the center with the planets orbiting around it (e.g. Copernicus, 1543). With the invention of
the telescope came not just the discoveries of Uranus (Herschel and Watson, 1781) and Neptune
(Galle, 1846), but also of more and more tiny objects orbiting between Mars and Jupiter. These
were all considered planets, until in 1851 more than 20 such objects had been discovered in the
solar system. Astronomers realised that the potential number of planets under this definition
could be huge and, to the gratitude of schoolchildren everywhere, all the ”planets” that had been
discovered between Mars and Jupiter were re-classified as asteroids, of which almost 600,000
have been discovered as of June 2021 (NASA Jet Propulsion Laboratory, 2021). The number
of planets in the solar system was then temporarily increased from 8 to 9 with the discovery of
Pluto in 1930 (Slipher, 1930), but eventually it became clear that Pluto was in fact far smaller than
expected and there were many similar objects near it in the Kuiper belt. This led the International
Astronomical Union (IAU) to reclassify it as a dwarf planet and a Trans Neptunian Object (TNO)
and formulate the currently accepted definition of a planet in 20061, leaving us with the present
eight planets:

A “planet” is a celestial body that
(a) is in orbit around the Sun,
(b) has sufficient mass for its self-gravity to overcome rigid body forces so that it
assumes a hydrostatic equilibrium (nearly round) shape, and
(c) has cleared the neighbourhood around its orbit.

For exoplanets the words ”the Sun” are easily replaced by ”a star”, or even ”one or more
stars” for exoplanets orbiting stellar multiples. However, the need to distinguish between a very

1https://www.iau.org/static/archives/releases/doc/iau0603.doc

https://www.iau.org/static/archives/releases/doc/iau0603.doc
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big planet and a very small ”failed” star means there is an additional requirement that sets an
upper limit to the size of an exoplanet (which was, strangely enough, defined three years before
the above definition of a planet2). Only objects below the limiting mass for deuterium fusion in
the core qualify as planets, objects with masses above this limit are referred to as brown dwarfs.
The deuterium burning limit depends on the metallicity of the object, but since this is very hard
to determine, solar metallicity is usually assumed and the threshold is generally held to be 13
Jupiter masses.

There have been calls to change the definitions so that it is the formation mechanism, not the
size, that distinguishes between exoplanets and brown dwarfs, and although the deciding IAU
working group considered their requirements the basis for a working definition that could be
updated as more information becomes available, this has not happened yet.

Planet types

The category of planets can be further divided into different sub-groups, depending on size and
composition.

The smallest planets are the rocky or terrestrial planets (e.g. Izidoro and Raymond, 2018).
These consist of a rocky core of up to a few Earth-masses and tend to have relatively little to no
atmosphere. Examples in our own solar system are the four inner planets, Mercury, Venus, Earth
and Mars. While the Earth is the biggest rocky planet in the solar system, super-Earths, which
have radii and masses a few times larger than the Earth, have turned out to be very common, with
occurence rates of over 30% around sun-like stars (Zhu et al., 2018a).

The next group are the ice giants (e.g. Fletcher et al., 2020). These are composed mostly of
metals, such as water, ammonia, and sulfur. They have a rocky core, ice-rich interiors, and thick
atmospheres composed largely of hydrogen and helium. Ice giants range in size from a few to
around 10 Earth-radii. There is some overlap in size between super-Earths and sub-Neptunes, but
they have different core structures and compositions and can be distinguished by their different
densities. There are two ice giants in the solar system, Uranus and Neptune.

The largest are the gas giants, like Saturn and Jupiter (e.g. D’Angelo and Lissauer, 2018).
These are composed almost entirely of hydrogen and helium, although they can have rocky
cores. At large depth the pressure turns the gas into metallic hydrogen, which forms the bulk
of the mass. Despite their capability of having high masses, their radii don’t get much larger
than that of Jupiter, even in the brown dwarf regime. Ice giants are also referred to as gas giants,
since it is the older of the two terms and was used for both groups before there was sufficient
knowledge of the likely internal structure of the solar system planets to make a distinction.

1.2 Planet formation
The process and environment of planet formation have a large impact in the types and quanti-
ties of planets produced and are thus important in the study of exoplanets. Conversely, studies
of exoplanet demographics can help us constrain the relevant formation processes. The study

2https://w.astro.berkeley.edu/˜basri/defineplanet/IAU-WGExSP.htm
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Figure 1.1: Artists impression of planets forming in the protoplanetary disk of a young star. Image credits:
NASA/FUSE/Lynette Cook.

of circumstellar disks where planets are formed can also help us better understand their birth
environment and evolution.

There are two main models for planet formation, both of which will be discussed in this
section: the core accretion model and the gravitational instability model.

1.2.1 Disk formation
The formation of planets is, essentially, a by-product of star formation. Star formation happens
when clouds of molecular gas in space form over-densities. When the gravitational force of one
of these areas overcomes the internal gas pressure, it starts to collapse. Since the formation of
these kinds of over-densities is not an isolated occurrence, and a collapsing cloud can fracture,
stars tend to form in clusters.

As the molecular cloud collapses, the angular momentum of the gas is conserved, preventing
it from falling directly onto the star. Instead, this results in the formation of an accretion disk
perpendicular to the young protostar’s rotational axis. This is called the circumstellar disk or the
protoplanetary disk (PPD), since it is from the material and dynamics in this circumstellar disk
that the planets are formed (see Sections 1.2.2 and 1.2.3). The growing planets exert gravitational
torques on the surrounding gas, clearing their orbits and creating gaps and cavities in the disk in
the disk. New gas continues to flow into the gaps and onto the planets, causing streams in the
gaps and accretion disks around the planets, similar to the creation of a the circumstellar disk
during star formation. This circumplanetary disk is likely the formation site of moons. As the
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disk ages, material drifts inwards towards the star and gas is dissipated from irradiation by the
host star. After around 10 Myr most of the gas is gone and solids remain behind in the form of a
debris disk. At this point there is no longer sufficient gas for planet formation, meaning it must
have occurred in the first 10 Myr.

1.2.2 Core accretion

The main theory for the formation of planets is the core accretion theory (e.g. Mizuno, 1980;
Pollack et al., 1996), where a core is formed first. Depending on how much gas the core manages
to accrete and attain, it then becomes a terrestrial planet, and ice giant or a gas giant.

The PPD contains micron sized dust particles. When these have the right masses and dif-
ferential velocities, they stick together and coagulate to form larger aggregates. If the velocities
are too small or to large, or the particles are too massive, the particles bounce or fragment in-
stead. The maximum size that can be reached this way is of the order of mm to cm depending
on the exact material and location in the disk. Icy particles beyond the snow line, where water
freezes out of the gas phase and onto the dust, are ”stickier” and can therefore grow to larger
sizes and don’t fragment as easily compared to particles closer to the star. These mm-cm sized
pebbles experience drag from the surrounding gas, which is only partially pressure supported
and therefore orbits at sub-Keplerian speeds. This slows down the pebbles, causing radial drift
inwards towards the star where the gas pressure is higher. Particles from beyond the snowline
are particularly affected as the lower gas density at large radii increases the expected radial drift.
Radial drift can also be slowed or stopped by local pressure maxima.

Since pebbles are too massive to keep coagulating into larger particles, a different mechanism
is required to form planetessimals, which are gravitationally dominated and have km sizes. The
streaming instability theory (Youdin and Goodman, 2005) predicts that the drift of solid particles
through the gas of the disk causes local linear instabilities, which lead to small-scale clustering.
The clusters grow faster than the radial drift and when the local density is high enough it triggers
gravitational collapse of the clusters into planetessimals. This is followed by a period of rapid
growth through pebble accretion, where the planetissimal accretes solids from the surrounding
disk, as well as particles from further out in the disk that encounter the planetessimal on their
radial drift inwards (Lambrechts and Johansen, 2012). This allows the planetessimals to grow
into cores up to roughly 10 M⊕, depending on the amount of material available.

The cores then accrete gaseous envelopes. Gas from the surrounding disk that is traveling at
a relative velocity to the core of less than the escape velocity becomes gravitationally bound to it.
The pressure and temperature of the envelope increase and further accretion is limited until the
existing envelope cools down. If the cooling time scale is too long, the planet does not accrete
enough gas to form a proper gas giant, even if the core is large enough. Instead, super-Earths and
ice giants are created. If the planet is able to capture an envelope of the same mass as the core,
a short period of rapid gas accretion called run-away growth sets in and a gas giant is formed.
Eventually the gas in the protoplanetary disk is dissipated and the planet can no longer accrete
more material.
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1.2.3 Gravitational instability

The alternative theory posits a top-down formation process, as opposed to the bottom-up core-
accretion model. The gravitational instability model posits that a massive disk can fragment and
the clumps can then condense into planets (e.g. Boss, 1997; Mayer et al., 2002). The required
gravitational instabilities can happen when the Toomre Q parameter (Toomre, 1964), which de-
scribes the stability of a differentially rotating disk, exceeds a critical value. This value is gen-
erally 1 for axisymmetric drivers of instability such as rings, but can be larger for instabilities
driven by local phenomena such as spirals and vortices. The Toomre Q parameter is dependant
on the disk properties and given by equation 1.1.

Q =
csΩ

πGΣ
(1.1)

Here cs is the sound speed in the gas, which depends on the temperature and the pressure of
the local gas, Ω is the Keplerian angular velocity and Σ is the surface density of the disk. Because
of the dependence of the Toomre Q parameter on the temperature, the density and the mass of the
disk, fragmentation is most likely to occur in cold and therefore distant regions of very massive
disks.

The fragmentation of a disk typically results in a large number of clumps. For any clumps to
survive and form planets, they need to cool sufficiently quickly to avoid being torn apart by grav-
itational interaction with other clumps or tidal forces from the star if they drift too far inwards too
quickly. The clumps that survive can form planets, brown dwarfs and even stellar companions,
depending on their mass (Kratter and Lodato, 2016). Since massive disks are required for this
mechanism to operate, the clumps tend to be too massive to form Earth-like planets, although
if the clump moves inwards at just the right time, it is possible for the star to strip the planets
envelope after a core has already formed, leaving behind a terrestrial planet (Nayakshin, 2010).

Gravitational instability is complementary to core accretion as a formation mechanism, as
it results mostly in massive objects at large separations, where core accretion is least efficient,
while core accretion operates mostly at shorter separations, where the disk is too hot to fragment.
Both types of objects are supported through observations, although close-in and smaller objects
tend to be far more common than gas giants at large radii, indicating planet formation through
core accretion is more frequent (e.g. Forgan and Rice, 2013; Reggiani et al., 2016).

1.2.4 Planet migration

According to both the gravitational instability and core accretion models, planets should form
on almost circular orbits. However, observations show that this is not always the case, with
many eccentric planets having been observed. Additionally, it is difficult to form hot Jupiters
in situ, as neither mechanism really allows for such close-in giant planets. Both these aspects
point towards migration of planets either during or after their formation. This is possible in early
formation phases through interactions between the (proto-)planet and the disk and in later phases
through interaction with other objects in the system (D’Angelo and Lissauer, 2018).
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For small planets, early migration happens in the type I regime, where the dominant forces
are those exerted by the surroundings on the planet. The planet can excite spiral density waves
in the disk, which then exert torques on the planet. The spiral outside the planet’s orbit usually
contributes the strongest force, causing the planet to move inwards. Another, lesser torque is
exerted by co-rotating gas on horseshoe orbits, which causes a dense region in front of the planet,
where the cold gas from outside its orbit gathers, and a less dense area behind it, where the warm
gas from inside the orbit gathers. This process transfers angular momentum into the planet,
causing it to move outwards.

For larger planets, the torque exerted by the planet on its surroundings becomes dominant
instead and migration happens in the type II regime. The tidal torque from the planet on the
surrounding gas causes the clearing of a gap. The angular momentum of the gas inside its orbit is
decreased, causing it to move inwards, and the angular momentum of the gas outside its orbit is
increased, moving it outwards. In the type II regime these torques are large enough to overcome
the viscous torques of the gas disk and prevent replenishing of the gap. The planet migrates along
with the direction of the viscous motion of the gas. In the inner disk this is inwards, but viscous
spreading in the outer disk can cause outward migration.

In later phases when the planets have formed and the disk has dissipated, planets can still
migrate through gravitational interactions with other objects in the system. Debris belts like the
Kuiper belt can absorb angular momentum from the planet through scattering events, causing
it to move inwards. Finally, if any of the above migration methods or some other perturber
such as a secondary star causes planets to get too close, they can become excited, increasing
their eccentricity, which in turn changes their semi-major axis, and potentially getting ejected
from the system altogether. This is more common after dissipation of the disk, as the gas has a
dampening effect. Both planetessimal scattering migration and planet-planet scattering migration
are employed in the Grand Tack model that describes a possible history of our own solar system
(Walsh et al., 2011).

1.3 Detection methods
Since it is clearly impossible to create an exoplanet system in the lab, all our information about
the various different kinds of planets and their formations must necessarily come only from
observing systems that already exist. Finding these planets is often difficult, as they are small
and dim objects, especially compared to their host stars, and distances in space are large. Their
proximity to their host stars is an additional complicating factor.

However, through various techniques it is possible to detect exoplanets and characterise their
atmospheres. All the techniques tend to result in limited information, depending on the systems
architecture, orientation, distance and relative brightness. As a result, different methods are
sensitive to different types of planets, as is shown in Figure 1.2. The combination of multiple
techniques is usually required to obtain a complete picture of an exoplanet system. The advent of
more sensitive instrumentation from space missions and large surveys, such as the James Webb
Space Telescope (JWST) and the Transiting Exoplanet Survey Satellite (TESS), is increasing the
overlap in parameter space between the techniques, making full characterisation more accessible.
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Figure 1.2: Mass and semi-major axis of planets discovered with the various different methods, plotted in order of
the number of planets detected. The Earth (E) and Jupiter (J) are included for context. This plot shows that different
methods favour different areas of parameter space. In particular, planets detected with direct imaging (pink) are
massive and distant from their stars with semi-major axes of a few to a ten thousand AU, while planets detected with
the transit method (blue) almost all orbit at less than 0.3 AU from their host stars. For the radial velocity planets,
M · sin(i) is plotted instead, as explained in Section 1.3.3. Data is from the exoplanet.eu database (Exoplanet
Team, 2021).

1.3.1 Transit method

The transit method detects the changing brightness of the system as the planet passes in front
of and behind the star (e.g. Deeg and Alonso, 2018). Although the first transit detection didn’t
come until 8 years after the discovery of the first exoplanet (HD 209458 b; Henry et al., 1999;
Charbonneau et al., 2000) and initial expectations of the method were low, the transit method is
responsible for the discovery of over 70% of the currently known exoplanets (Exoplanet Team,
2021).

Figure 1.3 shows how the measured brightness changes over time with the orbit of the planet.
When the planet passes between the star and the observer, the light coming from the star is
partially blocked by the planet and the amount of flux is reduced. When the planet leaves the
stellar disk the system returns to its previous magnitude. This dip is the primary transit (or simply
the transit), as it is the biggest change in the magnitude of the flux during the planets orbit. At
this point only the dark side of the planet, the night side, is visible. As the planet continues on
its orbit, more and more of the brighter day side becomes visible to the observer and the flux
from the system increases slightly. When the planet passes behind the star, the light from the

exoplanet.eu
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Figure 1.3: Illustration of the changing brightness of a transiting exoplanet system. The system periodically
brightens and dims as the planet passes in front of the star (transit) and behind it (eclipse). Image credit: Joshua
Winn.
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planet is now blocked and brightness is again temporarily reduced. This is known variously as
the secondary transit, the occultation, the secondary eclipse, or just the eclipse of the planet.
Because the planet is much fainter than the star, this dip is significantly smaller than the primary
transit. After the eclipse, the planets day side begins to disappear from view again and the flux
reduces back to what it was at the beginning of the cycle.

The advantage of the transit method is that it can be done on bright stars, which make follow-
up observations easy and possible to do from the ground. In its basic form it also only requires
luminosity observations, which makes it possible to do large surveys relatively easily. The dis-
advantage is that the nature of the method means that it only works for systems that have orien-
tations very close to edge-on. The further away the planet is from the star, the smaller the range
of inclinations that will allow us to see the transit. Combined with the dependence of the transit
depth on the relative size of the planet and the star, this means that the transit method is most
sensitive to large, close-in planets and most of the first detections were hot Jupiters. In Figure
1.2, most of the planets detected through the transit method are within 1 AU of their host stars,
and have masses of the order of a Jupiter mass, although there is a secondary group of lower
mass planets that are likely detected around smaller stars. Additionally, there are many things
that can cause light curves that look like transits and result in false positives, such as starspots
and blended background binaries (e.g. Almenara et al., 2009). This means transit detections
require careful analysis and follow-up observations. The initial discovery of new planets also
requires long base-line monitoring of many stars, although dedicated large scale surveys both on
the ground and in space alleviate this problem. Finally, flux changes from stellar variability can
hide transit signals, making them more difficult to detect.

Primary transit

The amount of light that is blocked during transit is determined directly by the fraction of the
stellar surface that is covered by the planet and therefore by the ratio of the planet radius (Rp)
and the stellar radius (Rs), as shown in equation 1.2.

f =
πR2

p

πR2
s

=

(
Rp

Rs

)2

(1.2)

Here f is the fractional dimming of the star. The equation ignores the luminosity from the
planet night side, since this is negligibly small in most cases.

This relationship means that it is possible to determine the radius of the planet from the
measured transit depth. A Jupiter-sized planet around a sun-like star has a transit depth of around
1%, which is quite easy to measure. But an Earth-sized planet around the same star has a transit
depth of less than 0.01%. Fortunately, M dwarf stars are small enough that even Super-Earths
can cause transit depth of almost a percent, and many habitability studies therefore focus on these
systems (e.g. MEarth and CARMENES; Nutzman and Charbonneau, 2008; Quirrenbach et al.,
2014). The period of the planet is measured by the spacing of the transits over time and the transit
duration can put some constraints on the orbital parameters. These determine, for example, how
fast the planet is going at the time of the transit, or, in the case of the inclination, whether the
planet takes the longest path across the center of the star or some shorter path above or below
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it. The shape of the transit can even indicate a grazing transit, where the planet only partially
covers the edge of the star. Unfortunately, many of these parameters are degenerate and transit
measurements alone are not sufficient to determine their individual values. Finally, dynamical
interactions in multi-planet systems cause variations in the timing and duration of transits, with
the largest changes coming from planets in resonance. This can be used to constrain the orbits
in systems where multiple planets transit, or to detect additional non-transiting planets if there is
only one known companion.

Transmission spectroscopy

During the transit a fraction of the light filters through the atmosphere of the planet. Depending
on the chemical composition of the atmosphere, it will be opaque at some wavelengths and
transparent at others. The result is that the planet radius and therefore the transit depth will vary
with wavelength, creating a transmission spectrum. The visibility of the features in this spectrum
depend on the size of the atmosphere relative to the planet. The size of the atmosphere is qualified
with the scale height H which is defined as the distance over which the pressure decreases by a
factor of e and is given by equation 1.3,

H =
kBTeq

µg
(1.3)

where kB is the Boltzmann constant, Teq is the planet equilibrium temperature, g is the surface
gravity and µ is the mean molecular weight of the atmosphere, typically assumed to be about 2.3
for hydrogen/helium dominated atmospheres (Kreidberg and Oklopčić, 2018). The size of the
features compared to the continuum transit depth is roughly the total depth of the planet with its
atmosphere minus the contribution from just the planet:

δλ =
(Rp + 2H)2

R2
s

−
R2

p

R2
s
≈ 4

H
Rp

f (1.4)

where δλ is the expected feature size relative to the continuum transit depth f as defined in
equation 1.2. Even for ideal cases of hot Jupiters with extended, hydrogen dominated atmo-
spheres, δλ is not expected to exceed ∼ 0.1%. As a result, most planets that have been charac-
terised in this way are Hot Jupiters, although there are a few lower-temperature sub-Neptunes
(e.g. GJ 1214 b; Bean et al., 2010).

The first atmospheric feature to have been detected this way was the 589 nm sodium doublet
in the hot Jupiter HD 209458 b (Charbonneau et al., 2002). While sodium is not expected to
be very abundant, it has a large absorption cross-section, making it relatively easy to observe.
Sodium and potassium have both been found in a number of other planets since (e.g. Nikolov
et al., 2018; Keles et al., 2019). Other metals have been found as well, as have atomic hydrogen
and helium (e.g. Hoeijmakers et al., 2020; Spake et al., 2018). Ions of species like carbon and
oxygen have been found in the inflated and ionised upper atmospheres of close-in exoplanets
(e.g. Vidal-Madjar et al., 2003, 2004).

Molecular species have also been found. For example, water has been detected in many
planets, thanks to its strong absorption in the near-infrared. Molecular hydrogen is expected to
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be extremely common in exoplanet atmospheres and its presence has been inferred from Rayleigh
scattering (e.g. Lecavelier des Etangs et al., 2008), although it is difficult to rule out other sources.
Other expected molecules, such as CO, NH3 and CH4, have not yet been confirmed. This is at
least partially due to the lack of high resolution instruments available at wavelengths where they
have strong features (Kreidberg, 2018).

Spectra with no features at all are indicative of condensates high in the atmosphere, which
scatter the incoming starlight and therefore prevent absorption lower in the atmosphere, truncat-
ing absorption features. Scattering from small particles can also introduce a steep slope in the
optical and a more moderate one in the infrared. These slopes are typically from hazes, while
clouds cause a more flat transmission spectrum due to their diffuse scattering.

Eclipse

At optical and near-infrared wavelengths the eclipse dimming is mostly reflected starlight and
eclipse depths are very small. Observations of eclipses are rare at these wavelengths and the
few available detections show flux differences from around 100 parts per million (ppm) down to
(upper limits of) a few ppm in the optical and of the order of a few 100 ppm in the near-infrared
(e.g. Rowe et al., 2008; Lendl et al., 2013). At longer wavelengths the planets thermal emission
dominates and the eclipse depth is no longer just determined by the relative size of the planet,
but also by it’s blackbody emission, which in turn depends on the equilibrium temperature of the
planet. Equation 1.2 instead becomes equation 1.5.

fe =
B(λ,Teq)
B(λ,Ts)

(
Rp

Rs

)2

(1.5)

Here B(λ,Teq) is the blackbody emission spectrum of the planet at equilibrium temperature
and B(λ,Ts) is the blackbody emission of the star which has temperature Ts. Because of this,
the eclipse depth of Hot Jupiters increases to a fraction of a percent beyond a few micron (e.g.
Swain et al., 2008; Kilpatrick et al., 2017; Garhart et al., 2018). Due to the required precision
and the telluric absorption at many infrared wavelengths, measurements of eclipses often need
to be done from space and ground-based detections require the observation of many eclipses of
the same target.

Since the planet radius is known from the primary transit measurement, the eclipse can be
used to constrain the temperature of the day side of the planet, which is important in determining
atmospheric structure and chemistry. Additionally, the thermal emission by definition comes
from a height in the atmosphere where the optical depth is unity. If the atmosphere is more
opaque at certain wavelengths, the emission will come from higher in the atmosphere where the
gas has a slightly different temperatures compared to lower in the atmosphere. This results in
a change in the measured temperature and therefore eclipse depth with wavelength, making it
possible to construct an emission spectrum of the planet, the spectral features of which depend
on the temperature-pressure profile of the atmosphere.
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Figure 1.4: Direct image of the multi-planet system HR 8799. Four planets are observed at various separations from
the host star and indicated in the image as b, c, d and e. Image Credit: NRC-HIA, C. Marois, and Keck Observatory.

1.3.2 Direct imaging

In direct imaging the planet is far enough from the star to be resolved and bright enough to appear
as a separate source in the observations. Figure 1.4 shows the multi-planet system HR 8799 as
an example (Marois et al., 2008, 2010). Even for wide separation planets, the brightness of the
planet is a significant limiting factor in this method, as it emits far less flux than the star. The
best targets are therefore large planets that still have some of their formation heat, as these can
exist at large separations and emit the most flux, especially in the infrared where the peak of
their blackbody flux is located. However, even for these observations the contrast between the
planet and the star is expected to be ∼ 10−4−10−7 (Biller and Bonnefoy, 2018). For an Earth-like
planet around a sun-like star this quickly becomes ∼ 10−10, even at 10 μm where the contrast
is the best. Because of this, the method is also known as High Contrast Imaging (HCI). This
difficulty also means that the number of planetary mass objects discovered with direct imaging
is currently 77 (Exoplanet Team, 2021) and the discovery rate has been fairly stable since 2008.
Figure 1.2 shows that the planets that have been detected tend be around 10 MJup and almost all
are located beyond 10 AU. The other reason for the lack of detections is that surveys have shown
that giant planets at large radii are relatively scarce compared to the close-in planets that are
preferentially detected by other methods like the transit method (Reggiani et al., 2016). However,
direct imaging can offer valuable insights into planet parameters and atmospheric structures.

Additionally, imaging of systems with protoplanetary disks can show asymmetries, rings
or spirals which can indicate the presence of a (proto)planet, although these features can also
be caused by processes in the disk itself. If the disk is observed in narrowband spectral lines,
deviations from Keplerian motion can be detected which also indicate the presence of a perturber.
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Figure 1.5: Illustration of the workings of the two types of coronagraphs. The top is the classical coronagraph
which physically blocks the starlight, the bottom modifies the telescope PSF to create dark areas in the image.
Image credit:Kenworthy et al. (2010a)/Mike Wilby.

Improving contrast

To make observations at these high contrast levels possible, a number of techniques are employed
both during the observations and in the post-processing.

The easiest way to increase the contrast in the images is to reduce the amount of starlight at
the planet location. This can be done with a coronagraph, so named because it was first used to
look at the solar corona by blocking the emission from the disk (Lyot, 1939). There are two types.
The classical type blocks the central region of the field of view. When the star is located behind
the coronagraph the amount of starlight in the image is drastically reduced. Figure 1.4 shows the
characteristic dark spot caused by the coronagraph in the center of the image where the starlight
is blocked. This is effective, but movement of the star during the observations can cause light to
leak past it and reduce the contrast at the planet location. The other type of coronagraph works
by modifying the Point Spread Function (PSF) of the telescope to create destructive interference
and therefore increase the contrast in certain areas of the image. Figure 1.5 shows an illustration
of both kinds of coronagraph. Different coronagraphs are optimised for various functionalities,
such as throughput, contrast, band width and inner working angle (e.g. Guyon, 2003; Mawet
et al., 2010; Kenworthy et al., 2010b; Snik et al., 2012).

For large ground-based telescopes the use of adaptive optics (AO) is required to counter im-
age degradation by the Earths atmosphere. Turbulence distorts the wavefront and causes the
image to smear and move around on the detector as the light waves pass through various bub-
bles of air with different refractive properties. This reduces the resolution of the image to the
characteristic scale of the turbulence (r0) rather than the diffraction limit of the telescope. The
movement of the image caused by the atmosphere can also result in decreased efficiency of the
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Figure 1.6: Diagram explanation of ADI. The first column shows the images taken during the night without the
derotator. The stellar PSF shows smearing and speckles from seeing, as well as contributions from the spiders that
support the secondary mirror. The red dot represents the planet, which moves across the CCD while the diffraction
pattern stays stable. An average diffraction pattern is then subtracted from the data and the images are realigned
with each other and combined. Image credit: Christian Thalmann

coronagraph if one is present, as the centering is not consistent. To correct for these effects, adap-
tive mirrors in the telescope are used to reconstruct the wavefront, increasing the Strehl ratio and
therefore the resolution and contrast. The mid-infrared New Earths in the Alpha Cen Region
(NEAR; Kasper et al., 2017a) instrument, for example, has a coronagraph and AO and was able
to reach contrasts around alpha Cen A and B sensitive enough that it would have detected any
present Neptune-sized planets.

Even after AO correction, the atmospheric residuals cause a quasi-static noise pattern called
speckles. These look like points near the star and are therefore very similar to images of planets.
They are visible around the center of Figure 1.4. One way to reduce speckles and increase
contrast is through a technique called Angular Differential Imaging (ADI; Mawet et al., 2005).
During normal observations, the image is rotated during the night to match the sky orientation.
In ADI, the derotator is turned off and instead the image is allowed to rotate over the CCD. This
causes the speckles to remain stable on the same location of the chip, while the planet moves. A
map of the stellar PSF can then be created and subtracted, after which the images are realigned,
as shown in Figure 1.6. Another option is the reference differential imaging technique, where
a reference star is used to map the speckles instead of the target star, although simultaneous
imaging of a nearby, sufficiently bright star can be difficult. Finally, statistical techniques can be
used in post-processing to distinguish between remaining speckles and real planet signals. Since
seeing is wavelength dependant, speckles are mainly a problem in the optical and near-infrared
regimes, with the mid-infrared being mostly unaffected.

Photometry

Photometric measurements of planets allow not only for the determination of the location of the
planet, but if the age of the system is known, it is possible to constrain the temperature, the
radius and the mass of the planet based on evolutionary models. This makes direct imaging
the only method that offers a direct constraint on the planetary mass. Additionally, imaging at
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different wavelengths can constrain the temperature, cloudiness and spectral type of the planet
by comparing the data points to spectral models and narrow band imaging can be used to detect
some molecules with strong absorption/emission bands, such as water and methane.

Directly imaged planets are often observed at different times to create a photometric time
series. The observation of a planet at different phases of its orbit makes it possible to use as-
trometry to determine the planets orbital parameters. In the case of multi-planet systems this can
be combined with n-body simulations that constrain stable configurations (e.g. HR 8799; Wertz
et al., 2017), allowing for the determination of the period, semimajor axis, eccentricity, incli-
nation, longitude of the ascending node, time of periastron passage, and longitude of periastron
passage. Gas giants at large separations are also expected to show the same kind of brightness
variations that are present in brown dwarfs and operate on the timescales of their rotation peri-
ods (3-20h; Zapatero Osorio et al., 2006) due to surface inhomogeneities that can be caused by
clouds or thermochemical instabilities (Tremblin et al., 2016a). Gas giants are expected to have
similar features and are also fast rotators. Unfortunately, not many planets are currently bright
enough to be able to detect these kinds of variations, but JWST will be able to find flux variations
in a much larger sample of planets.

Spectroscopy

The advantages of spectra obtained from direct imaging are similar to those obtained from sec-
ondary eclipse spectra. However, directly detected spectra are easier to obtain and tend to be
from a class of planets complementary to those observed in eclipse. Due to the need for an edge-
on orientation to observe transits, only a fraction of planets can be measured this way and the
odds of a planet having the right inclination decrease as it gets further from its host star, causing
most transiting planets to be very close-in and hot. Direct imaging requires sufficient separation
to resolve the planet from the star and are therefore further separated. For example, most habit-
able zone planets are too far from their star for many of them to transit and even then their long
periods will be a hindrance. Direct imaging and spectroscopy will make it possible to determine
whether a planet in the habitable zone is really habitable.

Because the planet is resolved from the star, observing techniques are different from sec-
ondary eclipse spectroscopy. The planet can be observed with an integral field unit (IFU) which
combines images taken at many different wavelengths to make a low-to-mid resolution spectrum
for each pixel in the field of view. These spectra can be cross-correlated with model spectra to
create a map of where various molecules are present, allowing for the identification of species
in the planet atmosphere and fitting of the planet spectrum. This way of identifying different
molecules in the planet atmosphere is called molecule mapping (Hoeijmakers et al., 2018; Petit
dit de la Roche et al., 2018). By fitting the planet spectrum it is also possible to obtain abun-
dances and abundance ratios, such as the C/O ratio. These ratios give important insight into the
formation and possible migration history of the planet. Further information on the formation
of the planet can be obtained by, for example, detecting excess Hα emission from very young
planets that are still accreting the material in the disk around them, such as PDS 70b (Haffert
et al., 2019).

Since atmospheric turbulence, and therefore the size of the speckles in an image, varies with
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wavelength, IFU data can also facilitate distinguishing between speckles and real planet signals.
There are currently no instruments that allow the combination of high contrast imaging tech-
niques with high resolution spectra in the way IFUs do with low and medium resolution, but this
is planned for the ELT as it could increase the attainable star-planet contrast from 10−5 to 10−10,
which would allow the observation of fainter and therefore colder, older and smaller planets
(Snellen et al., 2015).

Current high resolution spectra of resolved planets need to be obtained with long-slit spec-
trographs. These don’t have as much spatial information, but the high resolution gives additional
information on atmospheric processes. It means rotational broadening of lines from the planet
and offsets of planet lines from stellar lines are visible. Line broadening has been used to deter-
mine a rotational velocity of 25 km/s in β Pic b, far faster than any solar system planets (Snellen
et al., 2010), and offsets observed in CO lines of the HD 209458 b atmosphere have been used to
prove the existence of night-side winds on the planet (Snellen et al., 2014).

1.3.3 Radial Velocity
Because the star and the planet in a planetary system orbit a common center of mass, the presence
of a planet induces movement in the star. The amplitude of the velocity is determined by the
masses of the planet and the star and the period and eccentricity of their orbits. While it is not
possible to measure the velocity directly, it is possible to measure the radial velocity along the
line of sight through a Doppler shift in the spectrum of the star. During its orbit the light of the
star periodically shifts towards the red and blue, as the star is moving away from and towards
the observer in its orbit. This is illustrated in Figure 1.7. Due to the inclination of the system

Figure 1.7: The stars motion around the common center of mass of the star-planet system induces a measurable
wavelength shift in the observed light. Image credit:Johan Jarnestad/The Royal Swedish Academy of Sciences.

(i), the measured radial velocity amplitude K is a factor of sin(i) different from the true velocity.
Overall, the dependence of the measured velocity amplitude induced by the planet on the stellar
and planetary parameters is given by equation 1.6 (Wright, 2018).

K ≈
(

2πG
PM2

∗

) 1
3 Mpsin(i)
√

1 − e2
(1.6)

Here G is the gravitational constant, M∗ and Mp are the stellar and planetary masses respec-
tively, and e is the eccentricity of the planets orbit.
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This method has been highly successful and has resulted in the discovery of over 900 planets.
Most of these are hot Jupiters on high inclinations, as their short orbits and high masses induce a
relatively large velocity in their host star. This is similar to the transit method, and the two can be
combined to great effect. Detecting smaller and more distant planets remains difficult, however.
The velocity induced by a hot Jupiter in a sunlike star is of the order of 10s of m/s. Earth-like
planets at habitable zone distances produce far lower velocities, with the Earth itself causing a
velocity of only 9 cm/s in the Sun. Extremely stable spectrographs like ESPRESSO (Pepe et al.,
2010) are currently capable of achieving a precision of the order of 25 cm/s with the goal of
obtaining 10 cm/s, but at this point stellar effects often become the limiting factor. Factors such
as stellar magnetic fields and photospheric activity can induce ”jitter” in the radial velocity signal
of the star. These effects can be somewhat avoided by observing older and colder stars that are
not as active. The jitter can also be reduced by accurately identifying the stellar contributions
through the use of magnetic activity indicators, line-shape analysis and wave-length dependence
of the line shifts.

1.3.4 Astrometry
Like the radial velocity method, astrometry makes use of the fact that the presence of a planet
induces motion in the host star. However, it is not the radial velocity that is measured, but the
reflex motion in the plane of the sky. This means that it is once again easiest to detect giant
planets that are close-in to nearby host-stars, although thanks to the effects of stellar activity
being far smaller in astrometry than in the radial velocity method, it is possible to detect Earth-
mass planets. This still requires sub-milliarcsecond (mas) precision measurements and as a result
only four new planets have been discovered this way (Exoplanet Team, 2021).

The advantage of this method comes mostly from the combination with radial velocity mea-
surements. With both the radial velocity and the reflex motion it becomes possible to constrain
the inclination and therefore the absolute mass of the planet. Space-based missions have the
potential to achieve the required precision to detect, confirm and characterise the orbits of more
planets using astrometry. In fact, with Gaia’s estimated precision of 59 mas for bright stars, it
has already been used to confirm the planetary nature of many companion candidates and is ex-
pected to find the masses and orbital parameters of thousands of planets in the near future (e.g.
Perryman et al., 2014; Kiefer et al., 2021).

1.3.5 Microlensing
Another indirect method of detecting planets is through microlensing. When light from a back-
ground source passes by a more foreground object in the plane of the sky, the foreground objects
gravity works as a lens and bends the light. This is called gravitational lensing and increases the
observed brightness of the source while it is close-to and behind the lens. In our own galaxy we
can use this effect to detect exoplanets. If the source is a star and the lens is a star with a com-
panion, then the gravity of the companion also works as a lens and a secondary, smaller increase
in brightness happens when the source gets near the planet. Due to the small amplitude of the
effect it is referred to as microlensing. Figure 1.8 shows a schematic of what such a light curve
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Figure 1.8: Schematic illustration of a light curve of a microlensing event. The main increase in brightness is caused
by the lensing star, with the smaller peak on the right side of it being caused by the planet. Image credit: ESA.

looks like, with the main peak caused by the lensing around the foreground star and a very small
second peak further to the right caused by lensing around the much lower mass planet.

The advantage of this method is that it is sensitive to small planets beyond the ice line, which
are not observable with any other method (Batista, 2018). The distribution of planets beyond
the ice line is important in constraining planet formation. However, because of the nature of the
lens having to cross another object in the sky, these events are rare and don’t repeat, meaning
follow-up is essentially impossible. Surveys of large and densely populated areas have so far
resulted in 154 detections of mostly sub-Jupiter mass planets (Exoplanet Team, 2021).

1.3.6 Pulsar timing
The first confirmed exoplanets have been detected through variations in the timing of radio pulses
from a pulsar, a rapidly rotating neutron star (Wolszczan and Frail, 1992). These were caused by
gravitational interactions between the planets and the host. Pulsar timings are usually extremely
precise, so regular timing changes indicate the presence of a perturber, for which observations
are sensitive down to asteroid sizes (Kramer, 2018). However, this method has not been very
successful, as beyond the original system, only two others have been detected. This is proba-
bly because these types of planets are expected to be extremely rare due to the violence of the
supernova process that is required to form a pulsar. Any planets the original host had would
have been destroyed or ejected, so the current planets must be the result of a secondary planet
formation process with new material from the supernova, a destroyed companion or a merging
and subsequently destroyed white dwarf.

1.4 This thesis
The thesis is divided into two parts. The first part examines the possibilities of directly imaging
exoplanets in the mid-infrared (mid-IR) and focuses on gas giant planets at large separations.
There are far fewer of these planets than would be expected from extrapolation of populations
found by other methods which favor close-in planets. One possibility is that the formation mech-
anism is different, with close-in planets being formed through core accretion (Section 1.2.2) and
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further out planets being formed by gravitational instability (Section 1.2.3).
Solving this problem requires detecting and characterising planets at large separations, but so

far this has only been done for a very small number of such planets and drawing a significant con-
clusion requires a larger sample size. Direct imaging is uniquely capable of observing these plan-
ets, as discussed in Section 1.3.2. The benefit of doing direct imaging in the mid-IR, as opposed
to the usual near-IR, is that it is where most planets with known temperatures emit most of their
flux. In particular, very young systems that are still accreting material onto their circumplanetary
disk are expected to be very bright at these wavelengths. The mid-IR is also sensitive to cooler
and therefore older and less massive planets, covering a part of parameter space ( RP > a few
RJup, 500 < TP < 1000K) to which the near-IR has been blind. Since stellar flux decreases with
wavelength, the planet-star contrast is also naturally better. Further, the mid-IR contains many
spectral features (e.g. CH4, H2O, and NH3) which provide information on a planet’s chemical
composition, which in turn has the potential to provide a wide range of constraints on numerous
atmospheric processes and planetary formation mechanisms (Madhusudhan, 2019).

In Chapter 2 I introduce a novel reduction method for mid-IR direct imaging data taken
with VISIR of the young multi-planet system HR 8799. In Chapter 3 I analyse contrast limits
produced by Prashant Pathak from data of four mature systems in the solar neighbourhood taken
with the upgraded NEAR instrument, which allows for an increase in sensitivity and resolution
compared to the former version, VISIR. Two of the systems are known to host at least one giant
planet and three have hosts that are sun-like stars. In Chapter 4 I look at VISIR and NEAR data
of six young systems that are expected to have planets that are still forming in the circumstellar
disk and compare them to models run by Nick Oberg.

The second part of the thesis focuses on atmospheric characterisation results of two close-
in exoplanets obtained with transmission spectroscopy. Close-in planets undergo large amounts
of stellar irradiation, causing their atmospheres to puff up and potentially erode. This process
can completely disperse the atmosphere and is consequently an important factor in planetary
evolution and demographics, as evidenced by the lack of highly irradiated super-Earths.

In Chapter 5 I reduce archival data of the close-in super-Earth GJ1214 b, which is expected
to be undergoing significant atmospheric mass loss. I look for evidence of an extended envelope
of evaporating material by examining the He I 10,833 Å line, an absorption line of metastable
helium that gets excited from X-ray and extreme ultraviolet radiation by the star. In Chapter
6 I identify and reduce archival spectroscopic data of a transit of the hot Jupiter WASP-15 b.
This data is taken with the FORS2 spectrograph during a time when instrumental effects caused
correlated noise in the data, which is of the order of the transit depth and needs to be removed
with Gaussian Process modelling.

Finally, in Chapter 7 I present the conclusions of the thesis. I summarise the findings of the
previous chapters and provide an outlook to future research in the field.
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New constraints on the HR 8799 planetary
system from mid-infrared direct imaging
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Abstract: Direct imaging is a tried and tested method of detecting exoplanets in the near
infrared, but has so far not been extended to longer wavelengths. New data at mid-IR wavelengths
(8-20 μm) can provide additional constraints on planetary atmospheric models. We use the VISIR
instrument on the VLT to set stringent limits on the 8.7 μm flux of the four planets surrounding
HR 8799, and to search for additional companions. We use a novel circularised PSF subtraction
technique to reduce the stellar signal and obtain instrument limited background levels and obtain
optimal flux limits. The BT SETTL isochrones are then used to determine the resulting mass
limits. We find flux limits between 0.7 and 3.3 mJy for the J8.9 flux of the different planets
at better than 5σ level and derive a new mass limit of 30 MJup for any objects beyond 40 AU.
While this work has not detected planets in the HR 8799 system at 8.7 μm, it has found that
an instrument with the sensitivity of VISIR is sufficient to detect at least 4 known hot planets
around close stars, including β Pictoris b (1700 K, 19 pc), with more than 5σ certainty in 10
hours of observing time in the mid-IR.

2.1 Introduction
HR 8799 is a young A star located at 41.3±0.2 pc (Marois et al., 2008; Gaia Collaboration et al.,
2018) that is unique in that it has four directly imaged exoplanets surrounding it. The planets
orbit between 17 and 68 AU and have masses between 7 and 10 MJup (Marois et al., 2008; Marois
et al., 2010). The system also contains a warm dust belt within the innermost planet e and a
Kuiper belt-like debris disk outside the planets orbits from 145 AU to 450 AU (Su et al., 2009;
Booth et al., 2016). Booth et al. (2016) suggested a possible fifth planet of 1.25 MJup at 110 AU
that could be responsible for the gap between the outer planet b and the debris disk, although
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the mass could be lower if the planet is further out or on an eccentric orbit. Due to this unique
position the planets have been studied extensively in imaging and spectroscopy across the near
infrared (IR) from the J to the M band since their discovery (e.g. Barman et al., 2011; Galicher
et al., 2011; Zurlo et al., 2016; Petit dit de la Roche et al., 2018).

So far no direct imaging of planets has been done beyond 4.8 μm. Longer wavelength
searches with Spitzer and WISE have revealed a number of brown dwarf companions at large
separations and Geißler et al. (2008) have done ground based mid-infrared imaging of brown
dwarfs in binary systems with VISIR, but no planets have been imaged (Luhman et al., 2007,
2012). Mid-IR observations can provide further constraints of planetary atmospheric models and
the mid-IR wavelength range also contains biosignatures, which could indicate the presence of
biological processes (Meadows and Seager, 2010; Rauer et al., 2011). Spitzer has made observa-
tions of secondary transits, occultations of exoplanets by their host stars, at longer wavelengths
(e.g. Deming et al., 2005; Charbonneau et al., 2005; Deming et al., 2007), resulting in light
curves and broad band emission spectra of some transiting exoplanets. These are useful for com-
parison to imaging data, but the planets observed with Spitzer cover a different area of parameter
space than directly imaged planets due to the limitations of both methods. Finally, ground-based
detection of exoplanets in the mid-IR will help the analysis and interpretation of future JWST
exoplanet observations.

We aim to expand current observations to cover the mid-IR wavelength regime by imaging
the HR 8799 system with the VLT Imager and Spectrometer for the mid-IR (VISIR, Lagage
et al. 2004) at 8.7 μm. Additionally, we set constraints on potentially undiscovered companions
further out from the star. While both flux limits and mass limits for additional companions have
been calculated before in near IR bands (Metchev et al., 2009; Serabyn et al., 2010; Currie et al.,
2011; Galicher et al., 2011; Esposito et al., 2013; Zurlo et al., 2016), only Metchev et al. (2009)
and Serabyn et al. (2010) have searched for companions beyond 2′′ and then only up to 3.5′′

and 4′′ respectively. VISIR will allow us to expand the search to a factor two larger separations,
covering new sky areas.

The data and analysis are described in Section 2.2. The final images and derived limits are
presented in Section 2.3 and we present our conclusions in Section 2.4.

2.2 Observations and data analysis
The observations of HR 8799 were taken with VISIR on the VLT UT3 telescope in the small-field
imaging mode with a plate scale of 45 mas px−1. They were taken in the J8.9 filter (λ0 = 8.72 μm,
∆λ = 0.73 μm) using the pupil tracking mode, in which field rotation is enabled to achieve a more
stable image. The chopping and nodding sequence were enabled to subtract sky background with
a chop throw of 8′′ and a chopping frequency of 4 Hz. The nodding direction was perpendicular
to the chop direction. Due to the chop throw, the total usable field of view was slightly smaller
than 16′′x16′′. The observations were carried out between August and October of 2018, with a
total on-target integration time of 8.7 h as shown in Table 2.1.

Data are provided in the form of time averaged chop difference frames with integration times
of 50 s and units of counts per detector integration time (DIT, 0.0114 s). Since the automated
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Date
Integration

time
Airmass

Image quality
FWHM

23-08-2018 1h 1.5 0.26′′

09-09-2018 1h 1.5 0.24′′

14-09-2018 1h 1.6 0.26′′

16-09-2018 0.4h 1.4 0.29′′

03-10-2018 1h 1.5 0.24′′

11-10-2018 1.3h 1.6 0.31′′

12-10-2018 1h 1.5 0.27′′

16-10-2018 1h 1.5 0.32′′

17-10-2018 1h 1.5 0.29′′

Total 8.7h

Table 2.1: A summary of the VISIR observations of HR 8799 taken between August and October of 2018. The
integration time refers to the total on-source integration time of all the data taken on each night. The total on-target
time over all nights is provided in the bottom line. The image quality is determined by the full width half maximum
(FWHM) of the PSF during the night.

VISIR data reduction1 is not equipped to reduce pupil stabilised data, the reduction was per-
formed with special-purpose Python scripts. Images were pairwise subtracted between different
nod positions to reduce non-common path errors. Beam combination and centering was achieved
through fitting Gaussian functions to each of the sources in the nod difference images. The re-
sulting images were stacked into cubes for each night.

Traditional angular differential imaging (ADI, Marois et al. 2006), requires enough time to
have passed between the science and reference images for the planet to have moved by at least
1.2λ/D to avoid self-subtraction of the planetary point spread function (PSF). However, due to the
small angular separations of the inner planets d and e this time is sufficiently large that there are
(almost) no reference images available for most of the data. Instead, we apply a novel circularised
PSF subtraction technique. A circularised PSF of the science data was created by rotating it 1
to 360 degrees in 1 degree steps and averaging over all rotated images. The resulting PSF is a
circularly symmetric version of the science data that can then be subtracted from the original to
reduce stellar contributions. Any visible secondary source will show up in this circularised PSF
as a ring around the central star. The selfsubtraction caused by this ring is expected to be minimal
(at most 5% for the innermost planet and less for the planets further out) due to averaging of the
source brightness over the full 360 degrees of rotation. An example of the method for the α

Cen system is shown in Fig. 2.1. Circularised PSF subtraction has the advantage that, unlike
traditional ADI, it is not limited to sources with sufficient field rotation and can therefore be
used more widely and on shorter observations. For instruments such as VISIR it is also less
sensitive to variations in atmospheric conditions than traditional PSF subtraction, since in this
case simultaneous observation of the PSF is not possible.

Once the stellar component has been reduced the images are derotated such that north is up

1https://www.eso.org/sci/software/pipelines/visir/visir-pipe-recipes.html

https://www.eso.org/sci/software/pipelines/visir/visir-pipe-recipes.html
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Figure 2.1: Example of circularised PSF subtraction for the binary stars of α Cen. α Cen A is the central source
and α Cen B the companion. The central source is subtracted, while the subtraction of the circularised PSF results
in a dark ring at the separation of the second source. The second source is still clearly visible, as are in this case the
chop/nod shadows of both sources and their corresponding bright rings.

and then the derotated images are combined into a single master image using a weighted sigma-
clipped median function with a threshold of 3σ. The weights were determined by the standard
deviation and thus the quality of each image. The master image has a total integration time of
8.7 hours and therefore an expected 5σ background sensitivity of 0.7 mJy. The master image was
calibrated by comparing it to an image of the stacked and derotated data where no PSF had been
subtracted. HR 8799 is expected to have a flux density of 430 mJy in the J8.9 filterband. The
conversion factor of the data in ADU / Jy was calculated following the procedures for reference
stars in the VISIR pipeline manual and applied to the reduced master image.

2.3 Results and Discussion

Fig. 2.2 shows the reduced master image and the map of the 5σ flux limits derived from the master
image. While none of the planets are detected, upper limits can be placed on their emission, as
shown in Table 2.2. The upper limit of the flux was determined by calculating the expected
flux in a Gaussian function with a full-width-half-maximum of one resolution element of the
telescope and a peak flux of 5σ of the background in the surrounding area. The limits found for
HR 8799 b and c correspond to the expected background sensitivity of the instrument over the
observed time. The higher limits on HR 8799 d and e are the result of imperfectly subtracted
stellar residuals, as due to seeing the stellar PSFs in the science data were no longer entirely
circularly symmetrical.

The right panel in Fig. 2.2 shows that the 5σ flux limits decrease with distance from the star
in all directions, further supporting that the increased limits are due to stellar residuals. No other
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Figure 2.2: Left: Reduced master image of HR 8799, centered on the star. The planets are not visible in the reduced
data. Positive and negative structures are visible in the center from imperfect subtraction of the stellar PSF. Right: 5σ
flux limit map. The center of the image around the star where the limits are highest has been occulted for clarity. The
decrease of the limits with radius shows that stellar features dominate the inner 40 AU, and further out a background
sensitivity is achieved.

Planet Separation
Position

angle
5σ limits

(mJy)
HR 8799 b 1.7′′ 71◦ <0.7
HR 8799 c 1.0′′ 332◦ <0.8
HR 8799 d 0.6′′ 230◦ <2.9
HR 8799 e 0.4′′ 292◦ <3.3

Table 2.2: Detection limits for the four planets in the HR 8799 system. Separations and position angles are taken
from Marois et al. (2008; 2010) with position angles corrected for orbital motion based on the planets periods.

structures are visible and the background sensitivity is achieved beyond ∼ 40 AU.
To verify these limits we injected 24 fake sources into the data before the psf subtraction.

Figure 2.3 shows the reduced data with the injected sources. 12 sources are injected at increasing
radii and 12 are injected at the same radius of 200 AU. Each source has a flux equal to the 5σ
flux limit at that radius. The sources in the spiral are retrieved at 4.5σ confidence, but the sources
on the ring at only 3.5σ. In both cases the difference with the injected magnitude is due to
the contribution of the injected sources to the circularised PSF. For the spiral there is only one
source at each radius and the effect is small, but for the ring there are 12 sources contributing to
the PSF at 200 AU, resulting in a brighter ring being subtracted. This results in a dark ring at that
radius and a reduced magnitude of the retrieved sources. Despite this effect all injected sources
are retrieved and since planets are not expected to have identical orbital separations within one
system, we conclude that our limits are valid.

Fig. 2.4 shows the model fits to the near infrared spectral energy distributions of the four
planets (Marois et al., 2008; Marois et al., 2010). Our flux limits and the expected model pre-
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Figure 2.3: Reduced master image of HR 8799 with injected sources at the 5σ limit. 12 sources are injected at
increasing radius and 12 at an outer radius of 200 AU. The sources in the spiral are retrieved at 4.5σ and sources in
the ring at 3.5σ. The lower certainty retrievals are due to the sources contributing to the PSF that is subtracted from
the background.

dicted flux densities of each planet in the J8.9 band are marked as well. This shows that the
expected flux density lies below the derived limits in all cases.

To convert the obtained flux limits into mass limits, we condensed the flux limit map from
Fig. 2.2 into a contrast curve, which is then converted into mass limits for any objects in the
system. This is done using the BT SETTL evolutionary models of stars, brown dwarfs and exo-
planets (Allard et al., 2012) and assuming an age for the system. Two ages have been considered
in previous works: 30 Myr and 60 Myr, depending on whether the authors believe HR 8799 to be
part of the Columba local association (eg. Galicher et al. 2011; Zurlo et al. 2016) or not (Metchev
et al., 2009; Hinz et al., 2010). Doyon et al. (2010) and Zuckerman et al. (2011) have determined
that HR 8799 is likely to belong to the Columba association and as such has an age of 30 Myr,
while Hinz et al. (2010) have not found this to be the case and used an age of 60 Myr based on the
original considerations regarding the disk mass, stellar class, HR diagram location and galactic
motion by Marois et al. (2008). For this work we have examined the mass limits at both ages
and found them to be nearly identical. The difference in the ages means a difference in available
cooling time, resulting in ∼150 K difference between the two models at ∼30 MJup. The resulting
difference in 8.7 μm flux is less than 0.1 mJy with the result that the returned mass limits are very
similar. Our results are shown in Fig. 2.5 and show a sharp increase in mass inward of 40 AU,
where stellar wings dominate the background. Outside of this distance the line levels out at
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Figure 2.4: Theoretical spectral energy distributions (SED, grey) for HR 8799 bcde from top left to bottom right
using the BT SETTL model with temperatures and surface gravities from Marois et al. (2008, 2010). The flux
density values of the earlier measurements are marked in black and the values derived from the model are marked
in green. The 5σ upper limits calculated in this work are marked in red. All four planets have expected J8.9 flux
densities below the derived limits, resulting in a nondetection of the planets in the data.

30 MJup, which corresponds to the sensitivity limits of the instrument. Our result is in agreement
with earlier work by Marios et al. (2008, 2010) and Wang et al. (2018) which places the masses
of the four planets between 7 and 10 MJup. The calculated limits are further in agreement with
limits set in the near infrared within 2′′ by Zurlo et al. (2016). The sharp increase at around 8′′

is due to the chop/nod shadows of the source in the data. The steps in the mass limits are caused
by the stepsize in mass in the isochrone models, which is 10 MJup between planet masses of 20
and 100 MJup.

Mass limits for the same data reduced with ADI are also shown in Fig. 2.5 in green. Here
an age of 30 Myr is assumed. The mass limits retrieved with this technique are around 100 MJup,
three times higher than for the circularised PSF subtraction. This difference in mass limits repre-
sents a difference in flux limits of 0.26 mJy. Limits inside 1.5′′ are not shown due to insufficient
field rotation closer to the star.
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Figure 2.5: Upper mass limits (5σ) for the mass of any objects in the HR 8799 system as a function of separation
from the star. At small separations the flux from stellar residuals causes high mass limits, but at 1′′ (40 AU) these
become negligible and the background dominates for the circularised PSF subtracted data. The mass limit levels out
to 30 MJup, as indicated by the black dotted line. The increase furthest out is due to the chop/nod shadows located
at 8′′. The mass limits resulting from data reduced with traditional ADI beyond 1.5′′ are shown in green and are
around 100 MJup.

2.4 Conclusions

This work presents the first mid-infrared direct imaging observations of the HR 8799 planetary
system and places constraints on the fluxes and masses of objects between 40 and 330 AU. It thus
provides the most stringent limits obtained to date at the furthest separations so far. The results
exclude further companions with fluxes of more than 0.7 mJy or masses exceding 30 MJup with a
5σ certainty, given an age of 60 Myr.

The achieved flux limits were insufficient to detect the HR 8799 planets, but we demonstrated
that VISIR can reach sufficient sensitivity to detect planets in other systems which are hotter
and/or closer to Earth. Excluding the HR 8799 system, the exoplanet.eu database (Exoplanet
Team, 2021; Schneider et al., 2011) contains 22 directly imaged planets with a listed temperature
and a known surface gravity within 50 pc. Of these, 4 planets are sufficiently bright to be imaged
by instruments with similar sensitivities to VISIR at a 5σ detection level in less than 10 hours:
these planets are β Pic b, CD-35 2722 b, HD 116434 b and G196-3 b. β Pic b has a temperature
of 1800 K and is located at a distance of 19.8 pc. (Chilcote et al., 2017; Gaia Collaboration et al.,
2018) It is expected to have an 8.7 μm flux density of 3.0 mJy. While β Pic b is currently very
close to its star, Dupuy et al. (2019) have calculated that by 2028 the angular separation should
be around 0.68-0.75′′ for a predicted eccentricity of 0.24. The flux limit is then 2.4 mJy for
10 hours of observation and the planet becomes detectable. CD-35 2722 b and G196-3 b have
similar temperatures and distances (Wahhaj et al., 2011; Rebolo et al., 1998), while HD 116434
b is a cooler, closer in planet with a temperature of 1300 K at 11 pc. (Chauvin et al., 2017)

Additionally, VISIR is being upgraded into the NEAR (New Earths in the Alpha Cen Region)

exoplanet.eu
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instrument, which, thanks to the addition of adaptive optics, is reported to have a 10σ sensitivity
of 0.9 mJy in 1 hour, an improvement of approximately a factor of four. For the foreseeable future
NEAR will only be observing the α Cen system, but this kind of advancement in technology will
allow the previously mentioned planets, as well as four additional planets, to be imaged in under
an hour. Eleven more planets, including HR 8799 c and d, become accessible with up to 10
hours of observation time, demonstrating the potential of directly imaging exoplanets at mid-IR
wavelengths with present-day facilities.
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Abstract: The direct imaging of rocky exoplanets is one of the major science goals for
upcoming large telescopes. The contrast requirement for imaging such planets is challenging.
However, the mid-IR (InfraRed) regime provides the optimum contrast to directly detect the ther-
mal signatures of exoplanets in our solar neighbourhood. We aim to exploit novel fast chopping
techniques newly developed for astronomy with the aid of adaptive optics to look for thermal
signatures of exoplanets around bright stars in the solar neighbourhood. We use the upgraded
VISIR (Very Large Telescope Imager and Spectrometer for the mid-InfraRed) instrument with
high contrast imaging (HCI) capability optimized for observations at 10 μm to look for exoplan-
ets around five nearby (d < 4 pc) stars. The instrument provides an improved signal-to-noise
(S/N) by a factor of ∼4 in the N-band compared to standard VISIR for a given S/N and time. In
this work we achieve a detection sensitivity of sub-mJy, which is sufficient to detect few Jupiter
mass planets in nearby systems. Although no detections are made we achieve most sensitive
limits within < 2′′ for all the observed targets compared to previous campaigns. For ε Indi A
and εEri we achieve detection limits very close to the giant planets discovered by radial velocity,
with the limits on ε Indi A being the most sensitive to date. Our non-detection therefore supports
an older age for ε Indi A. The results presented here show the promise for high contrast imaging
and exoplanet detections in the mid-IR regime.
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3.1 Introduction

The direct imaging of habitable exoplanets is one of the key science goals of current and upcom-
ing large telescopes (Meyer et al., 2018). The field of high-contrast imaging (HCI), employing
extreme adaptive optics (ExAO), coronagraphy and state-of the art post-processing techniques,
has enabled direct imaging of young (up to about 30 Myr), several Jupiter-mass exoplanets
with current 8-10 m class telescopes (Marois et al., 2008; Macintosh et al., 2015; Keppler et al.,
2018; Chauvin et al., 2017; Nowak et al., 2020). Examples of current HCI instruments include
the Spectro-Polarimetric High-contrast Exoplanet REsearch instrument (SPHERE), the Gem-
ini Planet Imager (GPI) and Subaru Coronagraphic Extreme Adaptive Optics (SCExAO), all of
which operate in the near-IR (1-2.5 μm) regime (Beuzit et al., 2019; Macintosh et al., 2014; Jo-
vanovic et al., 2015). Compared to the near-IR, the mid-IR (8-13 μm) is more sensitive to colder
planets and allows to probe less massive planets or, for a given mass, one is able to search around
older stars (Quanz et al., 2015). This is because the planet to star flux contrast is more favourable
in the mid-IR, where the thermal emission of the planet peaks in the Rayleigh-Jeans tail of target
stars (Baraffe et al., 2003; Sudarsky et al., 2003; Marley et al., 2007; Fortney et al., 2008; Spiegel
and Burrows, 2012). The key downsides of mid-IR HCI are reduced spatial resolution due to the
larger diffraction limit and large sky-background for ground-based observations. Therefore, the
mid-IR is best suited to look for exoplanets around nearby stars.

New Earths in the α Cen Region (NEAR) experiment was a collaboration between the Break-
through Foundation and the European Southern Observatory (ESO). The project involved up-
grading the existing VISIR (Very Large Telescope Imager and Spectrometer for the mid-InfraRed)
instrument (Lagage et al., 2004) at the VLT with adaptive optics (AO) using the deformable sec-
ondary mirror (DSM) installed at UT4 (Arsenault et al., 2017), and a high-performance annular
groove phase mask (AGPM) coronagraph (Mawet et al., 2005). The aim of the NEAR experiment
was to enable HCI capability in the astronomical N-band and to look for low mass exoplanets in
the α Centauri binary system in a 100 hr campaign (for details see Kasper et al., 2017b, 2019).
The NEAR was able to reach sensitivity and contrast sufficient for detection of Neptune mass
planets in the habitable zone of α Cen A, and a weak signal was found whose nature (e.g., planet,
part of a zodiacal disk, image artefact) remains to be confirmed by follow-up observations (for
details see Wagner et al., 2021).

In this work, we report the results of observations with NEAR to look for Jupiter size exo-
planets around the nearest stars with spectral type earlier than M: ε Indi A, εEri, τ Ceti, Sirius A
and Sirius B.

In Sect. 3.2 we briefly describe observed targets, in Sect. 3.3 and 3.4 we describe the data
observation and reduction techniques. We discuss results in Sect. 3.5 and conclude with Sect. 3.6.

3.2 Target description

3.2.1 ε Indi A

ε Indi is a triple system at a distance of 3.6 pc (Gaia Collaboration et al., 2020a). It consists of
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the primary K5V star ε Indi A and a brown dwarf binary (ε Indi Ba and Bb) on a wide orbit of
1459 AU (Scholz et al., 2003; McCaughrean et al., 2004). Age estimates of 1.4+1

−0.5 Gyr for ε Indi
A were published based on chromospheric activity indicators such as the calcium RHK as a proxy
for rotation (Lachaume et al., 1999). Given the well-known relationships between rotation and
age for FGK stars a similar value of 1.5 Gyr was suggested by Kasper et al. (2009). However,
Dieterich et al. (2018) suggest an older age based on UVW kinematics and cooling curves for
the brown dwarf companions. Recently Feng et al. (2019) use extensive time-resolved spectra
to estimate a rotation period for the star of 36 days, suggesting an age of ∼4 Gyr based on the
rotation-age calibration of Eker et al. (2015). This older age also agrees with the 3.7-4.3 Gyr
estimated by King et al. (2010) for the brown dwarf binary from the dynamical system mass and
the evolutionary models of Baraffe et al. (2003). The higher end of the age range is therefore
more likely.

Endl et al. (2002) first identified a long-period, low-amplitude radial velocity signal in ε Indi
A, which could be explained by a companion with P¿20 yr and a mass of at least 1.6 MJup . This
signal has been confirmed by Janson et al. (2009) and Zechmeister et al. (2013), who also find
that the binary brown dwarf companions ε Indi Ba and Bb are too far away to induce the measured
trend. Feng et al. (2019) combine radial velocity data with astrometry to confirm the existence
of a 3.25+0.39

−0.65,MJup planet on an eccentric orbit with a period of 45.2+5.74
−4.77 yr. In September 2019,

at the time of our observations the separation of this planet from the host star is expected to be
about 1.07′′ (error bars are large due to the poorly constrained orbital solution).

3.2.2 εEri
εEri is an adolescent K2V type dwarf star at a distance of 3.2 pc (Gaia Collaboration et al.,
2020a). The age of the star has been estimated through various means and is generally thought
to be around 0.4-0.9 Gyr, with the higher end of the range being more likely (Henry et al., 1996;
Song et al., 2000; Di Folco et al., 2004; Mamajek and Hillenbrand, 2008). εEri is surrounded by
a narrow ring of debris located between 63 to 76 AU and a possible inner belt at 12 to 16 AU (see
Mawet et al., 2019, for a full discussion of the disk structure).

A companion to εEri was first suggested by Walker et al. (1995) based on radial velocity
data. Hatzes et al. (2000) argued that the most likely explanation for the observed decade-long
radial velocity (RV) variations was the presence of a 1.5 MJup giant planet with a period P = 6.9
yr (3 AU orbit) and a high eccentricity (e=0.6). Very similar parameters for the planet εEri b
were derived from a comprehensive set of RV as well HST astrometry data by Benedict et al.
(2006). The most recent mass estimate to date was done by Mawet et al. (2019) and combined
30 years of radial velocity data with deep direct imaging data in a Bayesian analysis to constrain
the properties of the companion. They found a mass of 0.78+0.38

−0.12 MJup at a separation of 3.48 ±
0.07 AU and an eccentricity of 0.007, which is lower than previous reported values. Direct
imaging detections of εEri b in the L- and M-bands were attempted by Janson et al. (2008) and
Mawet et al. (2019) and yielded an upper mass limits of around 4 MJup (for an age of 320 Myr)
and 2 MJup (for 400 Myr), respectively. A second companion was first suggested by Benedict
et al. (2006) at 12-20 AU based on radial velocity residuals, but this was not confirmed by Mawet
et al. (2019). An alternative additional companion of 0.4-1.2 MJup has been suggested at 48 AU
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by Booth et al. (2017) to explain the shape of the outer dust belt, and Mawet et al. (2019) also
require an additional planet to stir this belt. Janson et al. (2015) are able to obtain sub-Jovian
mass limits of 0.6-1 MJup at these larger separations, but this cannot rule out the lower end of the
proposed mass range, so while the companion has not been confirmed, it can also not been ruled
out.

3.2.3 τCeti
τ Ceti is a nearby (3.7 pc), sun-like G8.5V star with an extended debris disk (5-55 AU) that is
more than 10 times as massive as the Kuiper belt (Gaia Collaboration et al., 2020a; Gray et al.,
2006; Greaves et al., 2004; MacGregor et al., 2016). There is a large range in the literature for
ages of τ Ceti: based on stellar activity the age is 5.8±2.9 Gyr (Mamajek and Hillenbrand, 2008),
but astroseismological and interferometric measurements suggest an age closer to 8-10 Gyr (Di
Folco et al., 2004; Tang and Gai, 2011) and chemical composition measurements point towards
an age of 7.63+0.87

−1.5 Gyr (Pagano et al., 2015).
Tuomi et al. (2013) discovered 5 Earth-like planets in radial velocity data with periods from

14 to 642 days (0.1-1.35 AU). Two of these were confirmed by Feng et al. (2017), who discovered
two further planets at periods of 20 and 49 days. They also suggest that the 14 day signal could be
the result of stellar activity, rather than a planet and that candidates e, f and h might actually be too
eccentric to be planets. Dietrich and Apai (2020) use dynamical arguments to provide statistical
evidence for the existence of the remaining three planets suggested by Tuomi et al. (2013) and
one additional candidate that could be located in the habitable zone. All the previously mentioned
candidates are expected to be super-Earths (M · sin(i) ≈ 1−4M⊕). However, Kervella et al. (2019)
provided tentative evidence of a giant planet candidate (1-2 MJup , 3-20 AU) from Gaia data. Near
infrared direct imaging has not been able to detect any of the planets, but has provided constraints
of 10-20 MJup at separations larger than 2′′ (7AU) and 30-50 MJup at 1′′ (Boehle et al., 2019). The
candidate detected by Kervella et al. (2019) is the only one that is not too small and close to be
detected with present-day mid-IR facilities.

3.2.4 Sirius A
Sirius is a binary system at a distance of 2.7 pc, consisting of an A1Vm star and a WD with an
age of 225-250 Myr (Gaia Collaboration et al., 2020a; Liebert et al., 2005; Bond et al., 2017).
While there are no known planets around Sirius A or B, there are mass limits on possible com-
panions from previous imaging campaigns, covering wavelengths of roughly 0.5-5 μm. The
most sensitive limits on Sirius A exclude giant planets down to 11 MJup at 0.5 AU, 6-7 MJup in
the 1-2 AU range and 4 MJup at 10 AU (Hunziker et al., 2020; Vigan et al., 2015; Thalmann
et al., 2011; Bonnet-Bidaud and Pantin, 2008). In any case, the long-term orbital stability of
planets around Sirius A or B would be impacted by the binarity of the system, which has a
semi-major axis of about 20 AU and eccentricity 0.6. Bond et al. (2017) find that the longest
periods for stable planetary orbits in the Sirius system are about 2.24 yr for a planet orbiting
Sirius A, corresponding to a r = 2.2 AU circular orbit, and 1.79 yr for a planet orbiting Sir-
ius B, corresponding to a r = 1.5 AU circular orbit. WDs are typically 103 to 104 times less
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luminous than their progenitor stars. Thus, it would be much easier to achieve the contrast
required to detect a planetary companion (Burleigh et al., 2002). This idea sparked direct imag-
ing searches for planets around WDs (Gratton et al., 2020; Friedrich et al., 2007). While no
planets have been found using direct imaging to date, a transiting planet was found around the
white dwarf WD 1856+534 (Vanderburg et al., 2020), and an evaporating Neptune was pro-
posed to explain the chemical fingerprints of hydrogen, oxygen and sulfur in the spectrum of
WDJ0914+1914 (Gänsicke et al., 2019).

3.2.5 Sirius B

For Sirius B, as explained above a planet in a stable orbit would have a period of 1.79 yr for a r =

1.5 AU. No limits have been placed on companions within 3′′, although near infrared imaging by
Bonnet-Bidaud and Pantin (2008) did set limits of 10-30 MJup outside of that radius. Sirius B is
the only target in the sample to have been previously imaged in the mid-IR at 8-10 μm between
2003 and 2006, but no limits on companions were determined from this dataset (Skemer and
Close, 2011).

3.3 Observation and data reduction

All the observations employed a common observing strategy, including the use of AO, an AGPM
coronagraph, chopping and nodding. The chopping was done with the DSM of the VLT. The
chop throw of the DSM was ∼ 4.5′′ and was performed at a speed of 8.33 Hz to reduce the ex-
cess low frequency noise common to the mid-IR arrays (Si:As array, Arrington et al., 1998). The
chopping subtracts two images taken at different position on the sky thereby leaving a positive
(coronagraphic, on-axis) and a negative (off-axis) image of the source separated by the chop
throw and removing most of the sky and instrumental background flux bias. However, the op-
tical path is slightly different for both chopping positions, which leaves some small residuals.
In principle, these could be removed by nodding (for details see Lagage et al., 2004), but our
data reduction is not affected by the small chopping residuals which are not point-like and do
not degrade the point-source sensitivity. At 8.33 Hz chopping, each half-cycle is 60 ms con-
sisting of 8 × 6 ms DITs (=48 ms) and 2 × 6 ms DITs (=12 ms) skipped during the chopping
transition. The other half-cycle is taken with the star off the coronagraph. At each nodding posi-
tion, 500 chopping frames half-cycles were recorded for a total observing time of 500 × 60 ms =

30 seconds out of which 250× 48 ms = 12 were spent with the target on the coronagraph, that is,
the observing efficiency was 40%. A summary of the observations and the atmospheric condi-
tions affecting the sensitivity is outlined in the Table 3.1. The atmospheric data were taken from
Paranal Astronomical Site Monitoring. To center the targets on the coronagraph and to minimize
the leakage, a dedicated correction using the science images with the aid of the QACITS algo-
rithm was used (for details see Maire et al., 2020). We derived a pixel scale of 45.25 mas/pixel
using the α Cen campaign data, utilizing the well known orbit of the binary from Kervella et al.
(2019). In the next section we discuss the steps employed for the data reduction.
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Figure 3.1: (a) Final derotated image of the ε Indi A target with high-pass filter applied. (b) ADI processed image.

3.3.1 Data Reduction

For all the targets a common data reduction strategy was followed, which included a chop sub-
traction of the off-axis from the on-axis source position frames adjacent in time. This provided
images where the source was positive on the coronagraph and negative in the off-axis position.

Three selection criteria were employed to identify inferior frames and remove them from the
data analysis: AO correction (ratio of flux in an annulus of radii 6-12 pix to flux in an aperture
of r¡6 pix), coronagraphic leakage (flux in an aperture of 20 pix) and sky-background noise
variance calculated using small regions of the non-chopped images. To further identify good,
co-aligned frames, an additional parameter based on the positions of the off-axis PSFs was used.
The employed selection criteria improved the overall sensitivity and contrast, and reduced false
positives, especially at small projected separations. We lost about 14%, 5%, 10% and 22% of
the observed frames for ε Indi A, εEri, τ Ceti and Sirius A respectively.

Once good chopped frames were identified, they were binned by averaging 250 frames. The
binning of the frames to an exposure time of 30 seconds (250 × 0.12s) was chosen to be short
enough to avoid smearing of potential companions by the field rotation, and long enough to pro-
vide a good sensitivity on binned frames and to reduce the data size for further post-processing.
The averaged frames still show some smoothly varying structures (residual sky-background, left
over after chopping), which was removed by applying a spatial high-pass filter. This filtering
process creates a smoothed version of the image, by replacing each individual pixel by a median
of 15 × 15 surrounding pixels, and then subtracts it from the image. The effect of such filtering
on the point source signal was a flux reduction of less than 10% and had a negligible effect on
the noise variance. Figure 3.1 (a) shows a final averaged and derotated image for the target ε Indi
A, with the coronagraphic PSF at the center and the off-axis PSF’s representing both the nod
positions.
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For the final Angular Differential Imaging (ADI) analysis (Marois et al., 2006), night by night
data was processed using a global annular Principal component analysis (PCA) based algorithm.
Specifically, for a given analysis frame, we identify all the frames obtained during that night
which differ in field rotation angle by at least one PSF half width at half maximum (HWHM) at
the smallest angular separation of interest. We set this separation to 8 pixels (or 360 mas) which
corresponds to the 1st minimum of the VLT’s N-band Airy pattern. For this set of calibration
frames, first the mean of the set was subtracted from all individual frames. Then we select
all pixels in an annular area with an inner radius of 8 pixels and an outer radius of 25 pix,
corresponding to the 3rd minimum of the Airy pattern. As our images are usually very smooth
and without residual speckle structure outside a radius of 25 pix (see Figure 3.1 a), we do not
benefit from a larger outer radius. We perform the PCA analysis on these data, i.e., on the
pixels in the annular area for the set of calibration frames arranged in a matrix of size #pixels
× #frames. This yields the linear combinations of calibration frames (the principle components)
which best reproduces the analysis frame. The optimization of the PCA parameters, such as inner
and outer radius of the annulus and number of principal components, was done with artificial
planet injection and recovery tests, to maximize the contrast sensitivity. We observed that 15
principal components yielded the best compromise between the reduction of PSF residuals and
self-subtraction of artificial planets inserted into the data. A further analysis was performed by
splitting the data into odd-even frames and dividing into different chunks, to see if any strong
speckles remain for different analysis. This helped to identify suspected false positive detections
such as a faint speckle visible just right of the coronagraph center in the Figure 3.1 (b).

In the case of targets observed for more than one night, the final processed image was pro-
duced by weighting each night’s combined image by the inverse of the background noise as
measured in the combined frame of the night, i.e., by applying a noise weighted mean. This step
was used to compensate for variable atmospheric conditions (ambient temperature, humidity and
precipitable water vapor in the atmosphere), this helped to improve the final noise variance in the
image (Turchi et al., 2020).

3.4 Analysis

To quantify the results further, we calculate a background noise limited sensitivity and contrast
curve using artificial planet injections and recovery tests for each target, which is discussed in
the following sections.

3.4.1 Background noise limited imaging performance (BLIP)

We obtain a 5σ background noise limited imaging performance (BLIP) by calculating the stan-
dard deviation in 4-pix radius (=1.25 λ/D) apertures at various locations of the PCA reduced
images. This value was then multiplied by 5 times the square root of the number of pixels in
the aperture (5 ×

√
16π). To get the sensitivity with respect to the target, we used the off-axis

stellar PSF for relative flux-calibration. This process was repeated for 20 angular and 17 radial
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Figure 3.2: (a) ε Indi A image with injected planets at contrast of 10−4 with a separation from 1′′ to 2.5′′ marked
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frames. (b) S/N map showing injected planets appearing with S/N in the range of 5 − 7. The approximate position
of ε Indi Ab is shown by a circle, but the uncertainties are large (for details see Feng et al., 2019)

.

distances separated by 7 pix. A mean of angular values was then calculated to get a background
noise limited sensitivity curve as shown by the dashed line in the Figure 3.3 panel (a)-(d).

The background noise limited sensitivity steeply increases at small separations (. 1′′) for
ε Indi A, εEri and τ Ceti, which is due to the coronagraphic glow. Because the AGPM is not
located downstream of a cold stop in VISIR, a part of the thermal emission originating from
outside the telescope pupil (incl. the central obscuration) is diffracted back inside the pupil by the
vortex effect (see Absil et al. (2016) for details). This creates a significant additional amount of
thermal background close to the center of the AGPM on the detector. Which could be mitigated
by introducing a cold stop upstream of the AGPM.

The BLIP sensitivity would only be reached in the absence of coronagraphic PSF residuals
(quasi-static speckles, QSS) from the central star. It can be compared to the point source sensitiv-
ity contrast introduced above to evaluate the angular separation beyond which BLIP sensitivity is
reached. At such angular separations, the sensitivity improves with the square-root of integration
time while sensitivity improvements in the inner regions dominated by QSS are much harder to
achieve.

Figures 3.3 and 3.4 show that the gap between BLIP sensitivity and point source sensitivity
contrast levels out at angular separations of around 1” or 3.5λ/D for the fainter stars of our sample
(ε Indi A, εEri, τ Ceti and Sirius B). At such separations, QSS are no longer seen (cf. Figure 3.1)
and pixel-pixel noise dominates the sensitivity. The shallow improvement of the point source
sensitivity towards even larger angular separations can be attributed to the PCA algorithm which
does not conserve flux and self-subtracts a diminishing fraction of the injected fake planets signal.
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Figure 3.3: Panel (a), (b), (c), and (d) shows 5σ contrast curves and background noise limited imaging performance.
Panel (e), (f), (g) and (h) shows the mass limits derived using contrast curves. The solid line is derived using artificial
injection and recovery tests, the thin line represents the 5σ BLIP sensitivity. The detection limits would improve
with

√
tobs and observing conditions. The different shape of the curves in (h) is due to the strong irradiation of the

planet by the star, as discussed in Section 3.5.4.
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Figure 3.4: Sirius B 5σ contrast curves, same as in Figure 3.3. The outer and inner regions are represented by red
and black lines respectively. The contrast curve for outer region increases at small separation due to edge of the
inner frames.

The contrast around the very bright Sirius A instead is limited by QSS and PSF residuals out
to an angular separation of several arcseconds. This is due to a slight misalignment between the
star and the coronagraph during the observation, and to the use of a conventional Lyot-stop (LS).
While the apodized LS used during the Alpha Cen observing campaign (Wagner et al., 2021)
suppresses the off-axis Airy pattern at angular separations similar to the chopping throw of 4.5”,
this conventional LS does not reduce the Airy pattern of the off-axis chopping position and leaves
residuals near the coronagraphic center which reduce sensitivity.

3.4.2 Point Source Contrast Sensitivity
To compute the planet detection sensitivity, we injected artificial planets at various angular and
radial (0.7′′, 0.85′′, 1′′, 1.5′′, 2′′, 2.5′′) separations. To estimate signal-to-noise (S/N), we used the
approach of Mawet et al. (2014), as implemented in the open source Vortex Image Processing
library (Gomez Gonzalez et al., 2017). We found that a S/N of 5 using the above criteria was
sufficient to visually identify inserted artificial planets, as can be seen from Figure 3.2. The
Figure shows injected planets at a contrast of 10−4 with respect to ε Indi A, with separations of
1′′, 1.7′′, 2.5′′. Panel (b) shows their S/N estimates, which varies from 5− 7 from the inner to the
outer planets.

The overall contrast curve sensitivity was calculated by azimuthally averaging the contrast
required to achieve 5σ S/N. We used a power law function to fit the radial points to obtain final
contrast curves. The contrast curves of all our targets are shown in the Figures 3.3 panel (a)-
(d). The contrast at small separation is affected by the coronagraphic glow similar to background
noise limited sensitivity, except for the target of Sirius A, for the reason mentioned in the previous
section.

Estimated contrasts of the known RV companions of ε Indi A and εEri are included in the
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Figure 3.5: Planet mass upper limits derived for Sirus B. The two mass limits are based on the outer and inner
region, see Figure 3.4.

Figure 3.3 for comparison. Planet fluxes in the NEAR filter are calculated from the ATMO 2020
spectral models (Phillips et al., 2020, see section 3.4.3) assuming literature values for the planet
mass (3.25+0.39

−0.65 MJup and 0.77±0.2 MJup ) and the system age (2+2
−1.3 Gyr and 0.7±0.3 Gyr). These

values are plotted by blue points in the Figure 3.3. Since the masses are determined by radial
velocity, radius measurements are not available. Both the planet radii and temperatures are taken
from the ATMO evolutionary models.

3.4.3 Mass limits

The contrast curves were converted into mass limits using the ATMO 2020 exoplanet atmosphere
models (Phillips et al., 2020). The models are computed using a state-of-the-art one-dimensional
radiative-convective equilibrium code along a grid of self-consistent pressure–temperature pro-
files and chemical equilibrium abundances for a range of effective temperatures (200 to 3000
K) and gravities (2.5-5.5 dex). ATMO 2020 has key improvements over previous model fami-
lies, including the use of updated molecular line opacities which results in warmer atmospheric
temperature structures and improved emission spectra. We use the non-equilibrium models with
weak vertical mixing and the isochrones of age-ranges obtained from literature to determine the
masses corresponding to the contrast curves.

For absolute flux value of Sirius A, we use reported value from ESO’s list of mid-IR standard
stars1. It provides a flux of 118.8 Jy in the PAH2 filter, which has the same central wavelength
(11.25 μm) as the broad NEAR filter with a bandpass of 10-12.5 μm. For the other stars, we es-
timated the absolute flux from the tabulated K-band magnitude and applying the K-M correction
from Allen’s astrophysical quantities (Cox, 2000). The M-N color of main sequence stars with

1https://www.eso.org/sci/facilities/paranal/instruments/visir/tools/

https://www.eso.org/sci/facilities/paranal/instruments/visir/tools/
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spectral type earlier than K5 is vanishingly small as this wavelength regime is well within the
Rayleigh-Jeans part of the stellar spectrum. This procedure yields the 11.25 μm fluxes of ∼4.5 Jy
for ε Indi A, ∼7.6 Jy for εEri and ∼7.5 Jy for τ Ceti. We also applied the procedure to some
standard stars with tabulated K-band magnitude and PAH2 fluxes and found the values to agree
within a few percent. For Sirius A, the estimate is 117 Jy in a very good agreement with the
tabulated 118.8 Jy. We used Sirius A as a reference to calculate differential flux for other targets
and find values agree with the calculation. We find no evidence of mid-IR excess in our targets
consistent with previous work, Sirius A (White et al., 2019), Sirius B (Skemer and Close, 2011),
ε Indi A (Trilling et al., 2008). εEri (Backman et al., 2009) and τ Ceti (Lawler et al., 2014) are
known to have some IR excess from their extended debris disks, but this emission is mostly from
cold dust and therefore at longer wavelengths. Also, our high-spatial resolution imagery would
resolve the debris disk from the central star, such that no IR excess is measured on the central
PSF.

3.5 Discussion

3.5.1 ε Indi A
To constrain the mass limits of companions to ε Indi A, we adopt an age range of 0.7-4 Gyr for
our models and find limits of 3.3-10 MJup beyond 1′′. Since the mass of the known planet is
3.25+0.39

−0.65, MJup , we would have likely detected it if the age of the system was 0.7 Gyr as shown in
the Figure 3.3 (e). Our non-detection therefore supports an older age for ε Indi A. This is consis-
tent with the majority of the age determinations as discussed in the introduction above. We can
calculate the required observation time to detect the known giant planet by assuming a likely age
of 3.8 Gyr, in a background limited regime and improved sensitivity at small separations (without
coronographic glow). It will require 50 hrs of observing time to detect the planet associated with
the RV signal.

The limits we obtain are more sensitive than any previous near IR imaging campaigns, which
have constrained the masses of possible companions to 20 MJup in the inner regions of the system
(Geißler et al., 2007) and 5-20 MJ at separations larger than 2′′ (Janson et al., 2009). Another
independent reduction of ε Indi A combining the NEAR and NaCO L′ data reaches similar mass
limits as ours (Viswanath, 2021).

ε Indi Ba and Bb are not discussed in this paper, as their wide orbit (1459 AU, Scholz et al.,
2003; McCaughrean et al., 2004) corresponds to approximately 6.7 arc minute separation, which
is far outside the field of view of the NEAR instrument.

3.5.2 εEri
We adopt an age range of 0.4-1 Gyr for our models. We obtained a mass limits of 2-4 MJup , as
shown in the Figure 3.3 (f). The obtained limits are more sensitive than most previous imaging
data (Macintosh et al., 2003; Janson et al., 2008; Mizuki et al., 2016; Hunziker et al., 2020),
with the exception of Mawet et al. (2019), who derive an upper mass limit of about 2 MJup for
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an assumed system age of 400 Myr. Reaching similar mass limits at different wavelengths does,
however, reduce the dependency on the planet atmosphere models. Our result therefore increases
the confidence that there is indeed no planet more massive than 2 MJup around εEri, for an age
of 400 Myr old. The debris disk around εEri (Backman et al., 2009) is too large for our field
of view and too cold and faint at 11.25 μm to be detected in our observations. To estimate the
required observing time for detecting εEri b for a likely age of 0.7 Gyr, we find that 1 MJup planet
can be detected in less than 70 hrs with the current setup and sensitivity will improve at small
separations, if the coronographic glow is eliminated (by introducing a cold pupil stop in front of
the AGPM coronagraph mask).

3.5.3 τCeti

Because of the large range of age suggested in the literature, we adopt a wide range of 3-10 Gyr.
The obtained mass limits of 15-30 MJup shown in the Figure 3.3 (g) are comparable to those of
Boehle et al. (2019), who use a combination of radial velocity and 3.8 μm imaging data to find
limits of 10-20 MJup beyond 2′′ for a slightly younger age range (2.9-8.7 Gyr). Within 2′′ we
are more sensitive, and the non-detection of any of the known planets is consistent with the
expectation, as the various Earth-mass planets of the system are far too low mass and are located
within the inner working angle of our data and even the proposed giant planet candidate is well
below our detection threshold (1-2 MJup at 3-20 AU).

3.5.4 Sirius A

For our models we assumed an age range of 0.2-0.3 Gyr for Sirius. For Sirius A we have also
included the irradiation from the star when determining the expected magnitude of the planet,
due to the brightness of the host star. We accounted for the irradiation by counting both the
flux arriving at the planet surface and the intrinsic formation heat of the planet from the model
as incoming energy when calculating the equilibrium temperature, which in turn determines the
outgoing flux. Sirius A is 25 times more luminous than the Sun, and a potential planet on a 2 AU
orbit would be heated to more than 400 K independent of the planet’s age or mass. This leads
to the peculiar shape of the mass contrast curve with better mass sensitivities at small separation
from Sirius A shown in the Figure 3.3 panel h. As a result, the curve of the mass limit falls of
sharply within ∼ 1′′ or 2.6 AU, where the stellar radiation dominates. Beyond this the irradiation
quickly becomes negligible due to falling off with the square of the distance and the curve looks
more similar to those of the other systems. The other systems have smaller, fainter stars and
therefore the amount of heating by the stellar flux is negligible at the separations resolved by our
imagery. While we do not detect any planets, we do obtain the most sensitive mass limits to date
within 1.5′′ and comparable limits to the most sensitive limits of previous imaging campaigns
outside that radius (Bonnet-Bidaud and Pantin, 2008; Thalmann et al., 2011; Vigan et al., 2015;
Hunziker et al., 2020). We cannot rule out the possibility of planets that could be hidden behind
or too close to the star.
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Figure 3.6: (a) Final derotated image showing Sirius A and Sirius B. (b) Zoomed in on Sirius B, divided into two
regions (inner and outer) based on the number of frames in the outlined area.

3.5.5 Sirius B

No ADI reduction had to be applied to the Sirius B data, because the star is 4×10−5 times fainter
than Sirius A and no PSF residuals are seen besides the PSF core. Also the target was far from
Sirius A and the noise of its coronagraphic PSF, so no further processing was necessary. The final
image of Sirius A and B is shown in the Figure 3.6. Sirius B was very close to edge of the NEAR’s
field of view, and even outside of it for some individual frames, which were then excluded before
derotation and averaging. To calculate the sensitivity around Sirius B, we divided that area of the
image into two regions, an inner and an outer region, as shown in the Figure 3.6 (b). The inner
region provides a better sensitivity for both the background noise limited and injected planet, as
it includes more frames.

The astrometry measurements for Sirius B, put it at a separation of 11.18′′ from Sirius A.
Relative photometry with respect to Sirius A has been performed using an optimum r = 4 pix
photometric aperture. The 11.25 μm contrast ratio between the two stars is 4×10−5 corresponding
to a Sirius B flux of 4.7 mJy at an S/N of about 40. This value is consistent with the low S/N
measurement of 4.9 mJy reported for a similar observing band by Skemer and Close (2011).

For our models we have assumed the same age range as we did for Sirius A, giving us limits
of 1.5− 1.8 MJup for the ”inner” region and 3.1− 3.6 MJup for the ”outer” region. The mass limits
in the inner region are comparable to previous near IR limits of 1.6 MJup from Thalmann et al.
(2011). According to the models and assuming the sensitivity improving with

√
tobs, a 4× more

observation time would be enough to reach 0.5 MJup .
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3.6 Summary and Conclusions
In this work we demonstrate high-contrast imaging of a small sample of very nearby (<4 pc) stars
with spectral type earlier than M at 11.25 μm with NEAR. While we do not detect any known or
new planets, we are able to set upper mass limits of the order of a few Jupiter masses for most of
the targets and of 15 − 30 MJup for the older τ Ceti. For ε Indi A and εEri we achieve detection
limits very close to the giant planets discovered by RV, with the limits on ε Indi A being the
most sensitive to date. Also for τ Ceti and Sirius A we obtain the most sensitive limits to date at
small separations (<1.5′′ and <2′′ respectively). Our mass limit for Sirius B is similar to the one
achieved previously at a shorter wavelength.

The ADI analysis was performed using a PCA based algorithm with artificial planet injections
and recovery tests yielding some of the most stringent upper mass limits to date. For ε Indi A
and εEri, we almost reach the detection limit for the known planets if they were at the young end
of the possible age estimates but fail to detect any signal. We achieve an unprecedented sub-mJy
detection sensitivity.

We demonstrate close to background noise limited imaging for most of our target stars apart
from the glaring Sirius A, for which the data is contrast limited. Assuming likely ages and
background noise limited imaging, the giant planets orbiting εEri and ε Indi A can be imaged in
70 and 50 hrs respectively. Finally, for our closest and youngest (together with Sirius A) target
Sirius B, the sub-Jupiter mass regime could be reached by merely doubling the observation time.

This work shows the potential of direct imaging in the mid-IR regime and prospects for up-
coming mid-IR HCI instruments. Upcoming mid-IR HCI instrument such as METIS at the ELT
would be able to detect known planets around ε Indi A and εEri in a few minutes of observation
time and reach sensitivities to detect Earth size exoplanets in a few hours (Brandl et al., 2018).
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Chapter 4

New mid-infrared imaging constraints on
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around six young stars

D. J. M. Petit dit de la Roche, M. E. van den Ancker, I. Kamp, R. van Boekel, D. Fedele, V. D.
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Abstract:
Context: Mid-infrared (mid-IR) imaging traces the sub-micron and micron-sized dust grains

in protoplanetary disks and it offers constraints on the geometrical properties of the disks and
potential companions, particularly if those companions have circumplanetary disks.

Aims: We use the VISIR instrument and its upgrade NEAR on the VLT to take new mid-IR
images of five (pre-)transition disks and one circumstellar disk with proposed planets and obtain
the deepest resolved mid-IR observations to date in order to put new constraints on the sizes of
the emitting regions of the disks and the presence of possible companions.

Methods: We derotated and stacked the data to find the disk properties. Where available, we
compare the data to ProDiMo (Protoplanetary Disk Model) radiation thermo-chemical models
to achieve a deeper understanding of the underlying physical processes within the disks. We
applied the circularised point spread function subtraction method to find upper limits on the
fluxes of possible companions and model companions with circumplanetary disks.

Results: We resolved three of the six disks and calculated position angles, inclinations, and
(upper limits to) sizes of emission regions in the disks, improving upper limits on two of the
unresolved disks. In all cases the majority of the mid-IR emission comes from small inner disks
or the hot inner rims of outer disks. We refined the existing ProDiMo HD 100546 model spectral
energy distribution (SED) fit in the mid-IR by increasing the PAH abundance relative to the ISM,
adopting coronene as the representative PAH, and increasing the outer cavity radius to 22.3 AU.
We produced flux estimates for putative planetary-mass companions and circumplanetary disks,
ruling out the presence of planetary-mass companions with L > 0.0028 L� for a > 180 AU in
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the HD 100546 system. Upper limits of 0.5 mJy-30 mJy are obtained at 8 μm-12 μm for potential
companions in the different disks. We rule out companions with L > 10−2 L� for a > 60 AU in
TW Hydra, a > 110 AU in HD 169142, a > 150 AU in HD 163296, and a > 160 AU in HD
36112.

Conclusions: The mid-IR emission comes from the central regions and traces the inner areas
of the disks, including inner disks and inner rims of outer disks. Planets with mid-IR luminosities
corresponding to a runaway accretion phase can be excluded from the HD 100546, HD 163296,
HD 169142, TW Hydra, and HD 36112 systems at separations > 1′′. We calculated an upper
limit to the occurrence rate of wide-orbit massive planets with circumplanetary disks of 6.2%
(68% confidence). Future observations with METIS on the ELT will be able to achieve a factor
of 10 better sensitivity with a factor of 5 better spatial resolution. MIRI on JWST will be able to
achieve 250 times better sensitivity. Both will possibly detect the known companions to all six
targets.

4.1 Introduction
Transition disks are believed to represent an intermediate stage of planet formation between the
protoplanetary disk and a gasless, fully formed planetary system. Scattered light imaging in
the near-infrared (near-IR) and thermal sub-millimetre observations with ALMA have revealed
detailed structures in many transition disks, including rings, spirals, and warps (e.g. Francis and
van der Marel, 2020). These features can be a result of the accretion of gas and dust onto a
planet, although they can also be explained by other processes in the disk such as shadowing
from the inner rim, snowlines, or hydrodynamic effects (e.g. Siebenmorgen and Heymann, 2012;
van der Marel et al., 2018). Studying transition disks is an important step in understanding planet
formation. Mid-infrared (mid-IR) direct imaging traces dust of ∼150 K in the disk. Additionally,
the disk is expected to re-emit a large fraction of the stellar flux in the infrared (e.g. Dullemond
and Monnier, 2010). Mid-IR imaging can thus further constrain disk properties, especially when
combined with observations at other wavelengths. It also allows us to search for thermal emission
from (planetary) companions, especially if these companions still have circumplanetary disks
(CPDs), which are expected to be bright in the mid-IR.

We used the VLT Imager and Spectrograph for the mid-InfraRed (VISIR; Lagage et al., 2004)
and its upgraded version Near Earths in the AlphaCen Region (NEAR; Kasper et al., 2017a)
to obtain the deepest resolved mid-IR images of five Herbig Ae/Be (pre-)transition disks and
one other circumstellar disk to date. The instruments that we used are more sensitive and the
observation time is longer than in any previous studies (Liu et al., 2003; van Boekel et al., 2004;
Leinert et al., 2004; Verhoeff, 2009; Panić et al., 2014; Mariñas et al., 2011; Doucet et al., 2006;
Honda et al., 2012; Okamoto et al., 2017; Maaskant et al., 2013; Ratzka et al., 2007; Arnold
et al., 2012; Khalafinejad et al., 2016). Additionally, the use of adaptive optics (AO) on NEAR
provides us with better angular resolution and PSF stability. These new data allowed us to put
new constraints on the disk and the presence of possible companions of each of the six targets.

To contextualise the observations of our primary target HD 100546 and secondary targets, we
used the radiation thermo-chemical disk modelling code ProDiMo (Protoplanetary Disk Model;
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see Sect. 4.4). Our HD 100546 disk model is the result of a multi-wavelength spectral energy dis-
tribution (SED) fit, which will allow us to compare the predicted and observed total flux within
the observed bands (Woitke et al., 2019). Our synthetic images of the HD 100546 circumstellar
disk enabled us to search for a non-axisymmetric disk structure. The radiative transfer results al-
lowed us to determine the mid-IR extinction along line-of-sights to the midplane and the resulting
obscuration of putative embedded companions. The disk modelling code can be applied further
to produce SEDs for planetary companions and circumplanetary disks to compare theoretical
fluxes with detection limits (Rab et al., 2019).

Section 4.2 describes the targets and in Sect. 4.3 we show the observations and the data
analysis. The ProDiMo model is discussed in Sect. 4.4 and compared to the data in Sect. 4.5.
Limits on possible companions are discussed in Sect. 4.6 and for three of the targets planetary
models with circumplanetary disks are analysed. Finally, our discussion and conclusions are
presented in Sect. 4.7.

4.2 Targets

The following targets were observed: HD 100546, HD 163296, HD 169142, TW Hydra, HD
100453, and HD 36112/MWC 758 (see Table 4.1). These stars were selected to study the influ-
ence of features such as spiral arms, circular gaps, and inner cavities, seen in near-IR scattered
light images on the mid-IR morphology of the disk which is dominated by thermal emission.

All six targets are young disks with ages of 3-16 Myr and, with the exception of HD 163296,
are classified as (pre-)transition disks with a central cavity (or large inner gap). While HD 163296
does not have the traditional (pre-)transition disk SED and only some evidence of possible in-
ner clearing, it nonetheless has other structures in the disk and proposed companions, similar
to the remaining targets in the sample and was therefore included here (Espaillat et al., 2014;
Isella et al., 2016). In addition to central cavities, sub-millimetre dust emission and near-IR scat-
tered light imaging have revealed features such as rings, clumps, and spirals in all the disks. At
distances of 60-160 pc, the extended disks of the targets are expected to be large enough to be
resolved with the Very Large Telescope (VLT) at Paranal in the 8-12 μm wavelength range.

Below, we provide an overview of the structure and possible companions of the targets,
specifically those inferred through direct imaging.

4.2.1 HD 100546

This disk is divided into an inner disk and an outer disk, separated by a single gap from ∼1-
21 AU (e.g. Bouwman et al., 2003; Grady et al., 2005; Menu et al., 2015; Jamialahmadi et al.,
2018; Pineda et al., 2019). It is possible that the inner and outer disks are misaligned (Pineda
et al., 2019; Kluska et al., 2020). The outer disk has spiral structures that have so far only been
detected in the near-IR (Follette et al., 2017; Quillen, 2006) and there is a tentative detection of
a bar-like structure across the gap which could indicate small-scale inflow or be the base of a jet
(Mendigutı́a et al., 2017; Schneider et al., 2020). There have been some suggestions of warping
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in the inner and outer disk, but this has so far remained inconclusive (e.g. Quillen, 2006; Panić
et al., 2014; Pineda et al., 2014; Walsh et al., 2017; Sissa et al., 2018; Kluska et al., 2020).

There has been much discussion about possible companions. One companion, HD 100546 b,
was identified at a separation of 55 AU at a position angle of 9◦ (Quanz et al., 2013; Currie et al.,
2014; Quanz et al., 2015). However, this has been called into question by Rameau et al. (2017),
who failed to detect any accretion at the planet location in Hα and posit the L′ band (3.8 μm)
detection might be related to the chosen method of data reduction. The lack of detection in Hα is
supported by Cugno et al. (2019). A different companion, HD 100546 c, may have been detected
just inside the central cavity at ˜13 AU (Brittain et al., 2014; Currie et al., 2015), although this
too has been contested (Fedele et al., 2015; Follette et al., 2017; Sissa et al., 2018). ALMA
observations at 1.3 mm have revealed a 6σ point source of 92 ± 9 μJy at a position angle of 37◦

and a projected separation of 7.8 AU, which could represent an additional planetary candidate
(herafter HD 100546 d; Pérez et al., 2020). A final planet candidate has also been suggested
by the presence of a Doppler flip observed in the disk 12CO kinematics. Such a planet would
be embedded within the disk continuum emission region exterior to the gap, corresponding to a
projected radial distance of 20.5 ± 5 AU (Casassus and Pérez, 2019).

4.2.2 HD 163296
Near-IR and sub-millimeter wavelength observations show that HD 163296 has four gaps. They
are centred on 10 AU, 50 AU, 81 AU, and 142 AU with bright rings in between (e.g. Garufi et al.,
2014; Isella et al., 2016; Isella et al., 2018).

Companions have been suggested based on their possible role in forming the ring structures
in the disk. For example, Liu et al. (2018) fitted three half-Jovian-mass planets and Teague
et al. (2018) found the radial pressure gradients can be explained by two Jupiter-mass planet at
83 and 137 AU (see also Teague et al. 2019). Additionally, Pinte et al. (2018) found a Jupiter-
mass companion at 223 AU based on deviations from Keplerian velocity in the gas of the disk.
So far, observations have not been able to confirm or rule out such companions due to a lack of
sensitivity. Guidi et al. (2018) claim to have found a 5-6 MJup companion at a separation of 50 AU
from the star in the L′ band with Keck/NIRC2, but neither this object nor the one proposed by
Pinte et al. (2018) was found by Mesa et al. (2019), who set upper limits of 3-5 MJup on possible
companions in the gaps of the disk with SPHERE H band (1.6 μm) and K band (2.2 μm) data.
Due to extinction from the disk setting, these kinds of mass limits remain challenging, especially
outside the gaps, as only a fraction of the intrinsic, modelled flux of the companion may be
observable.

4.2.3 HD 169142
The disk around HD 169142 has been imaged at near-IR and at sub-millimetre wavelengths.
Various teams have imaged two (Fedele et al., 2017; Quanz et al., 2013; Momose et al., 2015;
Pohl et al., 2017), three (Macı́as et al., 2017; Osorio et al., 2014), or four (Macı́as et al., 2017;
Pérez et al., 2019) rings around the star. The inner ring is located at 20 AU and is more than
twice as bright as the outer rings. As a result, it was found in all the previously mentioned works.
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The three outer rings (located between 45 AU and 80 AU) are faint and close together, leading to
blending in some observations and resulting in the different numbers of rings found in different
studies.

Four disk features that could be associated with forming planets have been found. The first
was found between the 20 AU and 50 AU dust rings by Osorio et al. (2014) at 7 mm, the second
was found in the L′ band just within the edge of the inner gap by Reggiani et al. (2014) and
Biller et al. (2014). However, the L′ band source was not recovered by either team in the J
(1.3 μm), H, or K bands and it is concluded by Biller et al. (2014) that the feature cannot be
due to planet photospheric emission and must be a disk feature heated by an unknown source,
although Reggiani et al. (2014) argue that the accretion of material in the gap enhances the L′

band flux, resulting in a lower mass planet, which is not as easily observed in other bands. The
presence of circumstellar material with entrained dust grains spreading across the gap or being
accreted onto a planet could also subject the planet to further extinction in the J band. Biller et al.
(2014) detected the third source in the H band, with no L′ band counterpart, but Ligi et al. (2018)
show that this is actually part of the inner ring. They did find another H band structure close to
the star that is consistent with the detections by Biller et al. (2014) and Reggiani et al. (2014), but
it appears to be extended and they cannot rule out that it is not part of a marginally detected ring
at the same separation. Finally, Gratton et al. (2019) combined different SPHERE datasets and
suggest that this source could actually be a combination of two extended blobs observed in the
disk. They find a different, fourth, feature located between the inner and outer rings that does not
correspond to any of the previous detections and could indicate the presence of a 2.2 ± 1.4 MJup

planet.

4.2.4 TW Hydra

TW Hydra is a 3-15 Myr old T Tauri star (Vacca and Sandell, 2011; Weinberger et al., 2013;
Herczeg and Hillenbrand, 2014). At a distance of 60.14 ± 0.06 pc (Gaia Collaboration et al.,
2020b), it is one of the nearest known hosts of a protoplanetary disk. Studies in the near-IR
and sub-millimetre wavelength regimes have found between three and six different gaps in eight
different locations between 0.6 AU and 90 AU (Nomura et al., 2016; Tsukagoshi et al., 2016;
Andrews et al., 2016; van Boekel et al., 2017; Huang et al., 2018).

Tsukagoshi et al. (2016) suggest the presence of a . 26 M⊕ planet interacting gravitationally
with the gap at 22 AU. Tsukagoshi et al. (2019) found an azimuthally elongated 1.3 mm con-
tinuum source in the south-west of the disk at a radial separation of 54 AU that could be either
dust that has accumulated into a clump in a vortex or a circumplanetary disk associated with an
accreting Neptune mass planet. Nayakshin et al. (2020) argue the feature can be explained by a
Neptune-mass planet disrupted in the process of accretion and expelling dust into the circumstel-
lar disk. Observations with SPHERE suggest from the gap profiles that if planets are responsible
for forming the gaps in the circumstellar disk, they are at most several 10 M⊕ (van Boekel et al.,
2017).
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4.2.5 HD 100453

HD 100453 has been found to possess a misaligned inner disk, a gap between 1 AU and 21 AU,
and an outer disk with two shadows, two spiral arms around 30 AU, and a faint feature in the
south-west of the disk (Benisty et al., 2017; Kluska et al., 2020). It also has an M dwarf compan-
ion at a separation of 125 AU whose orbit is not aligned with the disk plane (van der Plas et al.,
2019).

Dynamical modelling has shown that tidal interactions with the M dwarf companion are
responsible for at least some of the disk features, such as the spirals and the truncation of the
outer disk (Wagner et al., 2018; van der Plas et al., 2019; Gonzalez et al., 2020). However, they
have also suggested that the presence of a planet is required to fully explain the origin of the
features in the disk, particularly the misalignment between the inner and the outer disks (e.g.
Nealon et al., 2020). There have been no direct detections of planet candidates to date.

4.2.6 HD 36112

HD 36112 (MWC 758) has a large cavity with a radius of 32 AU. Its broad outer disk has rings,
clumps, and spiral arms (e.g. Dong et al., 2018; Wagner et al., 2019).

For the spiral structures in the disk of HD 36112 to be caused by a perturber, it is estimated
that it must have a mass of ∼5-10 MJup (Grady et al., 2013; Dong et al., 2015). However, upper
limits on companion fluxes obtained in the same works and by Reggiani et al. (2018) rule out
the presence of > 5 MJup planets beyond 0.6 ′′, or 94 AU. Reggiani et al. (2018) found an L band
(3.5 μm) point source at 18 AU that they interpret as a planet with a circumplanetary disk that is
embedded in the disk. Wagner et al. (2019) did not find this object in the L′ and M′ bands, even
though they achieved better sensitivities. Instead, they found a point source at the outer end of
one of the spiral arms that could be a planet with a CPD and could be responsible for driving the
spirals.

4.3 Observations and data analysis
Observations of HD 100546 were obtained during April 2018, with the VLT Imager and Spec-
trometer for the mid-IR (VISIR, Lagage et al. 2004), and of all six disks during the science
verification of its upgrade, with NEAR (Kasper et al. 2017a) in September and December of
2019. The benefit of NEAR is its use of AO, which results in improved angular resolution, PSF
stability, and sensitivities (a factor of ∼4) across the N-band. An overview of the observations
used in this paper is presented in Table 4.2.

For all targets, all observations were taken in the pupil tracking mode, where the derotator is
turned off to allow for field rotation during the observation sequence. For the NEAR observa-
tions, AO was enabled and the targets themselves were used as the reference star for wavefront
sensing. The chopping and nodding sequence was enabled to subtract the sky background. In
the VISIR data, the chop throw is 8′′ in the direction perpendicular to the nodding direction;
whereas, in the NEAR data, the chop throw is 4.5′′ in the parallel direction. Since the throw



54 4. New mid-IR constraints on PPDs and companions around 6 young stars

Ta
rg

et
In

st
ru

m
en

t
D

at
e

Fi
lte

r
λ

0
(μ

m
)

∆
λ

(μ
m

)
In

te
gr

at
io

n
tim

e
(s

)
H

D
10

05
46

V
IS

IR
28

-0
4-

20
18

J8
.9

8.
70

0.
74

36
00

N
E

A
R

11
-1

2-
20

19
PA

H
1

8.
58

0.
41

54
0

A
R

II
I

8.
98

0.
14

54
0

PA
H

2
11

.2
4

0.
54

54
0

12
-1

2
20

19
PA

H
2

2
11

.6
8

0.
37

54
0

H
D

16
32

96
N

E
A

R
14

-0
9-

20
19

PA
H

1
8.

58
0.

41
60

0
13

-0
9-

20
19

N
E

A
R

11
.2

5
2.

5
60

0
H

D
16

91
42

N
E

A
R

13
-0

9-
20

19
PA

H
1

8.
58

0.
41

60
0

N
E

A
R

11
.2

5
2.

5
60

0
T

W
H

ya
N

E
A

R
13

-1
2-

20
19

PA
H

1
8.

58
0.

41
60

0
16

-1
2-

20
19

N
E

A
R

11
.2

5
2.

5
60

0
H

D
10

04
53

N
E

A
R

12
-1

2-
20

19
PA

H
1

8.
58

0.
41

60
0

N
E

A
R

11
.2

5
2.

5
60

0
H

D
36

11
2/

M
W

C
75

8
N

E
A

R
18

-1
2-

20
19

N
E

A
R

11
.2

5
2.

5
60

0

Ta
bl

e
4.

2:
O

ve
rv

ie
w

of
th

e
ob

se
rv

at
io

ns
us

ed
in

th
is

pa
pe

r.
H

D
10

05
46

w
as

ob
se

rv
ed

as
pa

rt
of

di
ff

er
en

tp
ro

gr
am

m
es

th
an

th
e

ot
he

ro
bs

er
va

tio
ns

,l
ea

di
ng

to
th

e
di

ff
er

en
ce

in
fil

te
rs

an
d

ob
se

rv
at

io
n

tim
es

.



4.3 Observations and data analysis 55

determines the useful field of view, the VISIR and NEAR data have an effective field of view
of 16′′x16′′ and 9′′x9′′, respectively. The VISIR data have a chopping frequency of 4 Hz and a
detector integration time (DIT) of 0.012 s. The NEAR data have a chopping frequency of 8 Hz
and a DIT of 0.006 s. Both NEAR and VISIR have platescales of 0.0453′′.

The standard VISIR data reduction pipeline1 is not suited to reduce data taken in the pupil
tracking mode, so special purpose python scripts were employed to reduce and analyse the data.
VISIR and NEAR data are delivered in chop difference images with integration times of 20-
50 s each. Data from the different nod positions are subtracted from each other and the resulting
images are derotated. The beams from the chopping and nodding from all images are then median
combined with 3σ sigma clipping into a single master image. Only the VISIR observations
of HD 100546 have a reliable reference star (HD 93813) with which to calibrate the result,
leading to an observed flux of 27 ± 3 Jy. For HD 100546 observations in other bands and in the
cases of HD 163296, HD 169142, and TW Hya, we used the flux predicted by the ProDiMo
models (described in Section 4.4) to calibrate the data. Since the model is fitted to SED data
from a collection of previous observations of the targets taken with other instruments, including
data around 8-12 μm, it is the most accurate way available to determine the brightness in the
images and this allowed us to calculate the flux in the specific wavelength ranges of the different
filters (Dionatos et al., 2019; Woitke et al., 2019). The calibration is done by multiplying the
model fluxes with the filter and sky transmissions and averaging the total flux over the required
wavelength range. This is then set as the total flux of the data. As there are no models available
for HD 100453 and HD 36112, the averages of previous flux measurements in similar filters had
to be used (van Boekel et al., 2005; Carmona et al., 2008; Verhoeff, 2009; Mariñas et al., 2011;
Khalafinejad et al., 2016; Li et al., 2018).

The final master images of the disks are shown in Figures 4.1 and 4.2. The star is not visible
in any of the images as it does not contribute significantly to the flux in the mid-IR (<10% of the
total flux in the ProDiMo models). Most of the central emission at these wavelengths is from
unresolved inner disks or inner rims of outer disks.

4.3.1 HD 100546

The master images of HD 100546 in the different filters are shown in Figure 4.1, along with the
corresponding model images after convolution with an appropriate PSF. For the J8.9 filter, this is
the PSF of reference star HD 93813. While there were no appropriate flux calibration observa-
tions for the other filters, point sources were observed in the PAH1 and ARIII filters, which were
used as PSF references. For the PAH1 filter and the ARIII filter, we used our own observations
of HD 163296 and HD 27639, respectively. As there were no reference PSFs available in either
the PAH2 or PAH2 2 filters, we used scaled versions of the ARIII reference instead. Since the
different filters on the NEAR instrument result in similar sensitivities over time, and the observa-
tions in the different filters have similar exposure times, all master images are expected to have
similar sensitivities. The exception are the observations with the J8.9 filter which were taken
with VISIR and where the increased observation time compensates for the lack of AO, meaning

1https://www.eso.org/sci/software/pipelines/visir/visir-pipe-recipes.html

https://www.eso.org/sci/software/pipelines/visir/visir-pipe-recipes.html
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PAH1 data

0.5"

PAH1 model

0.5"

ARIII data

0.5"

ARIII model

0.5"

PAH2 data

0.5"

PAH2 model

0.5"

PAH2_2 data

0.5"

PAH2_2 model
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J8.9 data
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J8.9 model

0.5"

HD 100546

Figure 4.1: Master images (left) and model images (right) of HD 100546 in various filters. North is up and east is
left in all images. The observations were scaled to have the same flux as the model images. The PAH1, ARIII, PAH2,
and PAH2 2 filter master images were taken with NEAR and show a resolved, inclined disk. The J8.9 data were
taken with VISIR and are more extended compared to the NEAR data due to image elongation from the telescope
resulting in a distorted and enlarged PSF. The model images provide a good match for the master images in each
filter.
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HD 163296
PAH1

HD 163296
NEAR

HD 169142 HD 169142

TW Hydra TW Hydra

HD 100453 HD 100453

HD 36112

0.5"

HD 36112

Figure 4.2: Normalised master images of the disks observed with NEAR. North is up and east is left in all images
and the scale bar in the bottom left indicates 0.5′′. The left column shows the disks in the PAH1 filter and the right
column in the NEAR filter. HD 163296 and TW Hydra are unresolved in both filters. HD 36112 was not imaged in
the PAH1 filter, but it is unresolved in the NEAR filter. Compared to these images, it can be seen that HD 169142
and HD 100453 are more extended in both filters.
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the final sensitivity of the master image is still expected to be similar to those in the other filters.
While the disk is resolved in all filters, the VISIR data are clearly more extended than the NEAR
data. The J8.9 band contains both the PAH1 and ARIII bands and so the VISIR image would
be expected to have a similar extent as the NEAR images in these bands. Some of the differ-
ence is because the AO on NEAR means the images are more compact, but mostly due to the
telescope operations during the VISIR observations. During this night, there was a decrease in
the precision of the altitude axis of the telescope, resulting in elongation of the image along the
paralactic angle (de Wit, 2020). As this was at an angle of 40 degrees with the semi-major axis
of the disk, the image is smeared along both axes and the smearing is not immediately obvious
without a comparison. This is accounted for by using a reference PSF of the standard star HD
93813. Since this data set was taken immediately preceding the science observations in the same
filter, it has a similar smearing effect.

The central bright emission in each image is from the unresolved inner disk, as the star is
expected to be an order of magnitude fainter than the disk at mid-IR wavelengths based on the
model data. Beyond that, emission is expected to be dominated by the inner rim of the outer disk,
which is irradiated by the star and puffed up as a result. The rest of the outer disk is not warm
enough to be detected in the image.

Using a Levenberg-Marquardt algorithm and least squares statistic to fit a simple two dimen-
sional Gaussian to the surface brightness of the disk in each filter results in an average position
angle of 141 ± 2◦. Since we are fitting a two-dimensional function to a three-dimensional disk,
we are sensitive to projection effects. This is especially the case because the inner wall of the
outer disk is only visible on the far side of the disk and not on the close side. This means what
we are calculating is actually the position angle of the two-dimensional projection of the disk,
which we call the projected position angle. We also applied this method to model images of HD
100546 at the same wavelengths and found that the projected position angle is ∼ 130◦, compared
to the input of 140◦, so we expect a difference between the projected position angle and the real
position angle of roughly 10 degrees. This would still be in agreement with previous position an-
gle values of 135-150◦ (Miley et al., 2019; Casassus and Pérez, 2019; Jamialahmadi et al., 2018;
Mendigutı́a et al., 2017; Pineda et al., 2014; Avenhaus et al., 2014; Walsh et al., 2014; Leinert
et al., 2004). A more precise determination of the disk orientation requires extensive modelling
and is outside the scope of this paper.

The deprojected disk has a full-width-half-maximum (FWHM) of 0.82′′ in the J8.9 filter and
0.35′′-0.41′′ in the other filters. The larger size of the J8.9 image is due to the above-mentioned
PSF smearing from uncertainty in the altitude axis of the telescope. The FWHM values for
all the disks and filters are listed in Table 4.3. From the disk FWHM and the PSF FWHM
(the diffraction limit is 0.22′′ − 0.30′′ depending on the filter), we can calculate the true size of
the emitting region, assuming that both the data and the PSF are well described by Gaussian
functions (e.g. Mariñas et al., 2011; van Boekel et al., 2004), as follows:

FWHMdisk =

√
FWHMdata

2 − FWHMPSF
2. (4.1)

Due to the PSF smearing in the J8.9 image, we used the reference PSF FWHM rather than the
theoretical diffraction limit for this filter. Since the other data were observed with the NEAR
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instrument, which thanks to its adaptive optics is expected to have a Strehl ratio of close to one
(Kasper et al., 2017a), the FWHM of a point source PSF corresponds to the diffraction limit.
This can be seen in the data of HD 163296, TW Hydra, and HD 36112, as is discussed in Sect.
4.3.2. The deconvolved FWHM of all resolved sources and the corresponding 5σ upper limits
for unresolved sources are also listed in Table 4.3. While spectroscopic data show that the disk
is more extended in PAH emission bands (van Boekel et al., 2004; Verhoeff, 2009), the PAH1
and PAH2 filter images are no more extended than their continuum counterparts. This is because
the extent of the emission is averaged over the filter wavelength range and the PAH emission
is estimated to be around 22% of the total flux in the PAH1 filter and 13% in the PAH2 filter
(van Boekel et al., 2004). As a result, both PAH filter images are dominated by the continuum
emission and have similarly sized emission regions as the images in the continuum filters. The 2σ
discrepancy between the J8.9 and the PAH1 and ARIII deconvolved FWHM means the errorbars
on the J8.9 image are probably underestimated, possibly due to a worsening of the smearing
effect as the night went on.

Removing the PSF component along both axes also gives a more accurate inclination, since
the semi minor axis of the disk is relatively more extended by the PSF than the semi-major axis.
The calculated inclination is 47 ± 3◦. The projection effect is not expected to be as strong here,
since even on the model data the resulting inclination was well within 1σ of the input value. The
projected inclination is in agreement with literature inclination values of 42-50◦. (Miley et al.,
2019; Casassus and Pérez, 2019; Jamialahmadi et al., 2018; Mendigutı́a et al., 2017; Pineda et al.,
2014; Avenhaus et al., 2014; Walsh et al., 2014). This value is the combined inclination across
all the available filters, except for J8.9 due to the deformed PSF in this image.

4.3.2 Other sources
HD 163296 is unresolved in both filters and has FWHMs around the diffraction limit of the
telescope which is 0.22′′ in the PAH1 filter and 0.30′′ in the NEAR filter. This results in 5σ
upper limits of 7 AU and 6 AU, respectively. Previous mid-IR observations between 8 μm and
13 μm have not resolved the disk, but set an upper limit on the FWHM of the emission region of
21 AU at 11.7 μm (Jayawardhana et al., 2001; van Boekel et al., 2005; Mariñas et al., 2011; Li
et al., 2018). Our images of HD 163296 improve on the emission size upper limits by a factor of
three.

HD 169142 is the most resolved disk in the sample after HD 100546. The measured and
deconvolved FWHM are listed in Table 4.3. Additionally, the measured projected inclination of
the deconvolved disk is 13 ± 2◦, which is in agreement with previously measured inclinations of
13 ± 1◦ (Pérez et al., 2019; Panić et al., 2008; Raman et al., 2006).

TW Hydra is unresolved in our observations with upper limits of 3 AU in the PAH1 band and
49 AU in the NEAR band. The high limit in the NEAR band is due to the data being taken with
the coronograph. While this allows for increased sensitivity for finding planets, it also means that
the extent has to be calculated with the off-axis chop and nod beams. Based on the PAH1 data
taken the same night, the beams are expected to be smeared by ∼10%. These limits are consistent
with previous interferometry measurements which found the size of the emitting region of the
disk to be 1-2 AU around 8-12 μm (Ratzka et al., 2007; Arnold et al., 2012).
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Object Filter FWHMdata (′′) FWHMdisk (AU)
HD 100546 J8.9 0.82 ± 0.10 61 ± 11

PAH1 0.349 ± 0.003 28.9 ± 0.5
ARIII 0.356 ± 0.002 29.0 ± 0.3
PAH2 0.392 ± 0.002 28.2 ± 0.4
PAH2 2 0.414 ± 0.002 30.5 ± 0.3

HD 163296 PAH1 0.216 ± 0.002 <7
NEAR 0.282 ± 0.001 <6

HD 169142 PAH1 0.336 ± 0.003 28.6 ± 0.5
NEAR 0.465 ± 0.003 41.1 ± 0.5

TW Hydra PAH1 0.219 ± 0.001 <3
. NEAR 0.297 ± 0.029 <49
HD 100453 PAH1 0.234 ± 0.002 9.3 ± 0.6

NEAR 0.352 ± 0.035 20.7 ± 6.6
HD 36112 NEAR 0.315 ± 0.002 <13

Table 4.3: FWHM of the disks in each filter is given in arcseconds. HD 100546 is clearly resolved in all bands.
HD 169142 and HD 100453 are resolved in both the PAH and NEAR bands, while HD 163296, TW Hydra, and
HD 36112 are unresolved point sources. For resolved images, the FWHM after deconvolution is listed in AU. For
unresolved images, the 5σ upper limits are listed instead.

HD 100453 is resolved in both bands. Similar to TW Hydra, the NEAR band images of HD
100453 were taken with the coronograph, resulting in a 10% error in the extent of the emission
region. The difference between the deconvolved PAH1 and NEAR band sizes suggests this might
still be an underestimate. The disk has a calculated projected inclination of 35 ± 5◦, which is in
agreement with literature values of the inclination of 30-38◦ (Rosotti et al., 2020; Long et al.,
2017; Benisty et al., 2017; Wagner et al., 2015).

Finally, HD 36112 is unresolved, with a NEAR band upper limit of the size of the emission
region of 13 AU. This is an improvement by almost a factor of 10 over previous observations
which set an upper limit of 120 AU on the 11.7 μm emission size (Mariñas et al., 2011).
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Figure 4.3: Gas density profile of the ProDiMo HD 10056 disk model. The dashed contour line traces the surface
where the minimum optical extinction AV in the combination of the vertical or radial direction is 1.

4.4 Protoplanetary disk modelling with ProDiMo
We used the radiation thermo-chemical disk model ProDiMo2 (Woitke et al., 2009; Kamp et al.,
2010; Thi et al., 2011) to simulate observations of the HD100546 system. ProDiMo self-
consistently and iteratively determines the physical and chemical state anywhere within the disk
with a frequency dependent 2D dust continuum radiative transfer, including gas-phase and photo-
chemistry, ice formation, and non-LTE heating and cooling mechanisms. ProDiMo performs a
2D continuum radiative transfer with a ray-based, long-characteristic, accelerated Λ-iteration
method at every disk grid point to calculate the local radiation field Jν(r, z) (Woitke et al., 2009).
The full radiative transfer methodology is described in Woitke et al. (2009). We adopt the stan-
dard DIANA3 dust opacities as described in Woitke et al. (2016) and Min et al. (2016).

The parameters for the HD 100546 disk model were derived from the SED fitting work done
as part of the European FP7 project DIANA4 (Woitke et al., 2019). Parameters of the HD 100546
disk and stellar model can be found in Table 4.4 and the 2D gas density profile can be found in
Fig. 4.3. The fitting was performed for a pre-Gaia distance of 103 pc (van den Ancker et al.,
1997). Further details regarding the disk modelling and SED fitting process can be found in
Appendix 4.A.1.

As ProDiMo finds formal solutions to the continuum radiative transfer during the calcu-
lation of the SED, the resulting modelled intensity can be visualised as an image. ProDiMo
includes only the effect of isotropic scattering, and hence the preferential forward-scattering of
light by larger dust grains is not represented realistically. As a result, the ProDiMomodel appears

2https://www.astro.rug.nl/˜prodimo/
3https://dianaproject.wp.st-andrews.ac.uk/data-results-downloads/fortran-package/
4More information about the fitted stellar and disk parameters, the 2D modelling results, and the predicted

observables can be found at http://www-star.st-and.ac.uk/˜pw31/DIANA/DIANAstandard

https://www.astro.rug.nl/~prodimo/
https://dianaproject.wp.st-andrews.ac.uk/data-results-downloads/fortran-package/
http://www-star.st-and.ac.uk/~pw31/DIANA/DIANAstandard
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Parameter Symbol Value
Stellar Mass M∗ 2.5 M�
Stellar Luminosity L∗ 30.46 L�
Effective Temperature Teff 10470 K
Interstellar Extinction AV 0.22 mag
Dust composition:
Mg0.7Fe0.3SiO3 58.17 %
Amorphous carbon 16.83%
Vacuum 25%

Dust size power law p 3.34
Disk Inner Zone
Mass Md 8.81 × 10−8 M�
Inner Radius Rin 0.55 AU
Outer Radius Rout 4.00 AU
Col. Density Power Index ε 0.35
Minimum dust size amin 0.042 μm
Maximum dust size amax 2.9 μm
PAH abundance fPAH 0.0028

Disk Outer Zone
Mass Md 7.15 × 10−3 M�
Inner Radius Rin 19.34 (22.3) AU
Outer Radius Rout 600 AU
Tapering Radius Rtap 100 AU
Col. Density Power Index ε 1.12
Minimum dust size amin 0.042 μm
Maximum dust size amax 2983 μm
PAH abundance fPAH 0.0028 (0.0034)

Inclination i 42◦

Dust to Gas Ratio d/g 0.01

Table 4.4: DIANA SED-fit parameters for the HD 100546 system used in the ProDiMo disk model. Parameters
that were modified to improve the mid-IR fit are included in parenthesis.
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Figure 4.4: Dust density profile of the ProDiMo HD 100546 disk model. The light blue contour outlines the region
where half of the total 9 μm emission originates. The dashed contour line traces the surface where the minimum
optical extinction AV in the combination of the vertical or radial direction is 1.

brighter on the far side than on the near side and it cannot reproduce the observed asymmetry in
brightness of actual disks. While this effect is cancelled out in the disk SED model and radial
intensity profile, it must be taken into consideration when comparing the model image to data
on a per-pixel basis. The resulting ProDiMo data cube was attenuated by multiplying each syn-
thetic disk image with the VISIR and NEAR relative filter transmission curves created with the
VISIR imaging detector and VISIR calibration unit, and then by the sky transmission5 at each
wavelength. Subsequently the data cube was flattened into a single image for each filter. The
images were then convolved with a reference PSF to simulate our observations. This was HD
93813 for the J8.9 filter, HD 27639 for the ARIII filter, and the HD 163296 data for the PAH1
and NEAR filters. For the PAH2 and PAH2 2 filters, reference PSFs were not available and the
PSF from the ARIII filter was scaled to the new central wavelength and used instead.

4.5 Comparison to ProDiMo disk models

4.5.1 Spectral energy distribution HD 100546
Figure 4.5 illustrates the resulting SED for variants of the fiducial ProDiMo HD 100546 model
between 7.5 and 10 μm, along with the averaged flux of the J8.9 band observation. The VISIR
observations are included in black, as are the flux measured by AKARI and the spectrum from
ISO (Malfait et al., 1998; Ishihara et al., 2010). Near 8.7 μm, the observational data to which
the SED was fit includes the ISO-SWS spectrum and a photometric data point from AKARI with
the S9W filter (Malfait et al., 1998; Ishihara et al., 2010). While our data are in agreement

5https://www.eso.org/observing/etc/bin/gen/form?INS.MODE=swspectr+INS.NAME=SKYCALC

https://www.eso.org/observing/etc/bin/gen/form?INS.MODE=swspectr+INS.NAME=SKYCALC
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Figure 4.5: Comparison between the fiducial ProDiMo HD 100546 disk model (Woitke et al., 2019) and multi-
parameter variants of the model. We include the observational VISIR data corrected for sky transmission and
additional observational data (Malfait et al., 1998; van Boekel et al., 2004; Ishihara et al., 2010). The grey filled area
illustrates the J8.9 filter response curve (arbitrary vertical scaling). Residuals between the various disk models and
the ISO-SWS spectrum are shown in the lower panel as the ratio between the model SED and the observed spectrum.

with previous observational data, the expected flux of the basic ProDiMo model falls outside the
uncertainty interval. We consider both disk parameter modifications included and not included in
the previously performed SED fitting process that may improve upon the local fit in the mid-IR
without reducing the quality of the global fit.

In our disk model, the continuum flux at 8.7 μm is emitted largely from the surface of the
inner disk between 1-4 AU, while in the outer disk the 8.7 μm flux originates largely from the gap
wall which is directly illuminated by the star and heated to ∼300 K (see Fig. 4.4). Modifying the
location of the cavity’s outer rim (r∈ of the disk outer zone) allowed us to reduce the temperature
of the gap wall and reduce the continuum emission in the mid-IR. We find the optimal balance
between moving the gap outer wall further outwards and maintaining the quality of the global fit
occurs where the gap wall is moved outwards from 19 to 22.3 AU. As demonstrated in Fig. 4.5 by
the line rin = 22.3 AU, this brings the SED within formal agreement to our observed mid-IR flux.
Of the observed excess flux over the continuum around 10 μm, ∼ 60% has been explained by
the presence of amorphous olivine and crystalline forsterite emission features with the remainder
explained by PAHs (Malfait et al., 1998). We thus also consider further refinements to the mid-IR
fit by exploring the properties of the disk PAH population. These considerations can be found in
Appendix 4.A.2.

Across the wavelength coverage of the ISO-SWS spectrum, we reduced the sum of the squares
of the ratio between the old fit Fold

ν and the new fit Fnew
ν , that is Σ(Fnew

ν /Fold
ν )2, from 12.6 to 4.2.

It should be noted that while dust settling allows for a variety of average grain sizes across the
vertical extent of the disk model, dust grains are not radially segregated by size in ProDiMo,
such that within our model’s disk zones, every grid column contains the same underlying dust
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grain size distribution. Hence we can solve for only one gap outer radius, rather than a radius for
each corresponding grain size.

4.5.2 Radial intensity profile

Radial intensity profiles of all the disks in the sample in the different filters were constructed by
azimuthally averaging over the deprojected disks for both the observations and the convolved
models and this is shown in Figs. 4.6 and 4.7. In all cases the radial profile is dominated by
the telescope PSF. The unresolved sources show clear Airy rings in the images (see Fig. 4.2).
The Airy rings are less obvious in the resolved sources and the central disk of the Airy pattern
is larger, but they are still visible in the radial profiles. None of the profiles show signs of
spirals, rings, or other features in the extended disk. Although the models do not include these
previously observed features, this result is still consistent with the models, which show that the
mid-IR emission is dominated by the central regions and the outer regions where features have
been detected at other wavelengths contribute less than 5% of the flux at 8.7 μm.

For most models used in this comparison, the distance was measured before the Gaia data
release. With the release of the Gaia data, it appears that these distances were off by around 10%
in most cases (HD 100546, HD 163296, TW Hydra). For these disks, it was not necessary to
rerun the model, as the differences between the old and new distances are small. Simply rescaling
the model to the new distance is sufficient to compare the extent of the disks. However, for HD
169142, the difference between the distance assumed in the model and the distance measured by
Gaia is more significant: The assumed distance is almost 30% too large. Because of this, the
model was rerun with an adapted luminosity for the new distance.

HD 100546

The normalised radial flux distribution of both the real, deprojected data in each filter and the
corresponding simulated data are shown in Fig. 4.6. The model and the data are in good agree-
ment out to ∼160 AU, where the noise starts to dominate the signal. The peak in the noise in the
data is caused by the source subtraction in the chopping and nodding. The subtraction shadows
are located at ∼500 AU (4.5′′) in the four NEAR filters and at ∼900 AU (8′′) in the J8.9 filter. In
Fig. 4.7 we can compare the different filters to each other for the observed and synthetic data.
In both cases the shorter wavelength filters PAH1 and ARIII result in narrower profiles with a
smaller FWHM than the longer wavelength filters PAH2 and PAH2 2. Due to the smearing of the
PSF, the J8.9 filter profile is much wider in both cases. The residuals from subtracting the model
curves from the data are shown in Fig. 4.8. The errorbars in the image represent the 1σ error.
The residuals show that the synthetic data is a good representation of the real data. The residuals
at larger separations are 0 because the chopping and nodding process removes the background
emission from the data and the model does not include sky or instrument background emission.
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Figure 4.6: Radial profile of the HD 100546 protoplanetary disk in the PAH1, ARIII, PAH2, PAH2 2, and J8.9
filters. The profile from the data is shown in blue with the 1σ range in light blue. The profile from synthetic
observations based on the ProDiMo model is shown in orange with the 1σ range indicated in lighter orange.
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data, both real and synthetic, remain far more extended due to the smeared PSF.
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Figure 4.8: Residuals from subtracting the radial profile of the synthetic data from that of the observed data in each
of the observed filters. The errorbars indicate 1σ uncertainties. The residuals all being within 1σ of 0 show that the
model represents the data well.

HD 163296

Previous observations in near-IR and sub-millimetre wavelengths show that HD 163296 has mul-
tiple bright rings (e.g. Garufi et al., 2014; Isella et al., 2016; Isella et al., 2018). The ProDiMo
model does not include rings, but instead assumes a flared, optically thick inner region up to
0.02′′ and a shadowed outer region beyond that. As a result, it predicts that 95% of the flux is
contained within a radius of 0.01′′ in the PAH1 band and within 0.04′′ in the NEAR band. This
makes the emitting region much smaller than in the case of HD 100546, where there is a cavity
and the inner rim of the outer disk also contributes to the flux. It is also entirely consistent with
an unresolved image.

HD 169142

ALMA observations have detected three bright rings between 0.2′′ and 0.6′′ (45 − 80 AU) in
the disk around HD 169142 (Pérez et al., 2019). Again, the model does not include the rings,
but instead divides the disk into an inner and an outer zone with a gap at 0.1′′ (22 AU), which is
consistent with the inner gap seen at other wavelengths. Assuming the observed disk is described
by a Gaussian function, the apparent size as defined by ProDiMo (the radius containing 95% of
the flux) corresponds to the 2σ radius of the Gaussian, which is larger than the FWHM, which
only contains half the flux. After deconvolution, the apparent size of HD 169142 is 24± 1 AU in
the PAH1 band and 35 ± 1 AU in the NEAR band. This means that the inner gap is unresolved
and part of the flux in both bands is from the inside of the inner ring, but the outer two rings are
too faint to be observed.

The HD 169142 model has an apparent size of 43 and 45 AU in the PAH1 and NEAR bands.
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While this is approximately consistent with the observed apparent size in the NEAR band, there
is a discrepancy with the smaller PAH band observation. This is consistent with observations
by Okamoto et al. (2017), who find that the size of the emitting region is much smaller at 8.6
and 8.8 μm than it is at 12.6 μm. They conclude that at wavelengths smaller than 9 μm, the
inner disk and halo dominate; whereas, at wavelengths larger than 9 μm, the inner wall of the
disk dominates which results in a larger observed size. Modelling performed by Maaskant et al.
(2014) suggests that gas flowing through disk gaps can contribute significantly to the observed
ionised PAH emission. This could manifest as an increase in emission at ∼8 μm relative to
∼12 μm, corresponding to the angular size of a gap. If the neutral PAH emission primarily
originates from the gap wall, we would expect a correspondingly smaller emitting region for the
predominantly ∼8 μm PAH flux. This difference is not reproduced by the model, leading to a
mismatch with the data in the PAH band. This can be due to the complete lack of gas and dust in
the model gap and hence lack of associated emission.

The previously derived inclination of 13 ± 2◦ is consistent with the model value of 13◦. It is
also consistent with previous literature (Pérez et al., 2019; Panić et al., 2008; Raman et al., 2006).

TW Hydra

Studies in near-IR and sub-millimetre have found six gaps located between 0.11′′ and 0.84′′

(6 − 44 AU Tsukagoshi et al., 2016; Andrews et al., 2016; van Boekel et al., 2017). The model
assumes an optically thin inner region corresponding to the inner gap and a dense outer region
for the rest of the disk. All the emission in both bands is predicted to be from this thin inner
region and the inner wall of the outer disk. The other gaps are not expected to be visible as they
are further out in the disk, where there is no more emission. This means that there is an apparent
size of 3-4 AU in both filter bands and this is consistent with the observations being unresolved.
More recent observations also suggest the central optically thin region may be much smaller
than in the model, which would shrink the expected apparent size (e.g. van Boekel et al., 2017;
Andrews et al., 2016).

HD 100453

Deconvolving the data results in apparent sizes of 7 ± 1 and 18 ± 1 AU in the PAH1 and NEAR
filter bands, respectively. The contribution of PAHs to the flux in the PAH1 band is expected to be
weak, as Meeus et al. (2001) did not detect any PAH features at 8.6 μm in ISO data. We therefore
expect the flux in the PAH1 band to be dominated by the continuum emission. The emission in
both bands is well inside the radius where spiral arms have been found and this suggests that HD
100453 follows the other targets in the sample in which the mid-IR emission is dominated by
the central regions. Since the outer disk starts at 17 AU, the PAH emission seems to come from
inside the gap and the NEAR band emission includes the inner wall of the disk which is heated
by the star, similar to what is seen in HD 169142.
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Figure 4.9: Left: Mapped 5σ flux limits of the HD 100546 PAH1 data, where the disk image is the most elliptical.
The shape of the emitting region does not significantly influence the flux limits, especially beyond 1′′ where the data
are background limited. Right: HD 100546 PAH1 data with sources injected at different separations and position
angles at 5 sigma. Most of the sources are clearly visible.

HD 36112

HD 36112 has a large cavity, with an outer disk that has rings, clumps, and spiral arms (e.g. Dong
et al., 2018; Wagner et al., 2019). However, in our observations, the cavity is unresolved. Since
the cavity has a radius of 0.2′′ and the upper limit for the 95% flux radius is 0.07′′, this means
that most of the emission comes from inside the cavity and not from the inner rim of the outer
disk, unlike the NEAR filter emission of the other sources.

4.6 Companions
The proposed companions of the disks in this sample are potential hosts to circumplanetary disks,
which thus far have only been tentatively identified in the PDS 70 system (Keppler et al., 2019;
Christiaens et al., 2019; Haffert et al., 2019; Isella et al., 2019). To search for planetary compan-
ions and associated dust concentrations in the disk, the circularised PSF subtraction described
in Petit dit de la Roche et al. (2020) was applied to the data. This method creates an individual
reference PSF from the data for every nod-subtracted image by azimuthally averaging it. The
resulting rotationally symmetric PSF was then subtracted from the original data to remove the
radially dependent stellar flux. This was decided upon because there is not sufficient rotation in
the images to do angular differential imaging and most of the data do not have reference stars
available for standard PSF subtraction. Standard PSF subtraction would also not subtract any
spatially extended disk emission. Subtracting a circularly symmetric PSF from an elliptical disk
image does leave residuals, but the bulk of the disk emission (>80%) is subtracted. Additionally,
the sizes of the emitting regions in our data are small and the flux limits are not influenced by
their shapes beyond the very inner pixels, where the disk is visible. This is the case even within
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Figure 4.11: Observational limits on potential companions to TW Hya (grey), HD 100453 (yellow-green), and HD
36112 (turquoise) in the PAH1 (solid lines) and NEAR (dashed lines) filters. The increase at 4′′ is the result of
shadows from the chopping and nodding in the observations.

roughly 1′′, beyond which the background dominates and the shape of the emitting region be-
comes irrelevant. An example of this can be seen in the left panel of Fig 4.9, where the limits
are mapped for HD 100546 in the PAH1 filter, which has the most elliptical image of our entire
dataset. While none of the proposed companions are detected in any of the disks, it is possible to
set 5σ upper limits on the fluxes of any possible companions, based on the residual noise at each
possible location. A limit of 5σ was chosen, since injected 5σ sources were clearly recovered in
the reduced data, as can be seen in the right panel of Figure 4.9. The only exception is the source
directly to the south of the star, which, although still present, is less clear due to its proximity to
one of the shadows induced by the nodding. However, the affected areas around these shadows
are small.

Fig. 4.10 and 4.11 show the resulting flux limits, with Fig. 4.10 including the flux of a
model planet with a circumplanetary disk, which is discussed in the next section. The obtained
limits are of the order of a few millijanskys between 1′′ and 3.5′′ separation up to a few tens
of millijanskys at 0.5′′. This is more sensitive than any previous mid-IR imaging observations
by a factor of 10-100. Beyond 3.5′′, the limits are dominated by the shadows induced by the
chopping and nodding procedure in the observations. The differing sensitivities between objects
with the same integration times are the result of different observing conditions influencing the
data quality of the different targets.

4.6.1 Companion models
The presence of planetary accretion and a CPD or circumplanetary dust envelope can act to sig-
nificantly increase the mid-IR luminosity of a putative companion (e.g. Zhu, 2015). To determine
our own mid-IR observational limits for the planet candidates with accompanying CPDs, we ex-
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plored a grid of CPD models using ProDiMo. Our model grid consists of a range of possible
planet CPD masses, CPD dimensions, dust grain size distributions, and planet luminosities.

Properties of the planet and CPD models

We consider planetary masses of 1 to 10 MJup, with correspondingly sized CPDs defined by the
planet’s Hill radii. As CPDs could be tidally truncated to ∼1/3 of this radius (Quillen and Trilling,
1998; Martin and Lubow, 2011), or even photoevaporatively truncated to 0.1-0.16 RHill (Mitchell
and Stewart, 2011; Oberg et al., 2020), we set our CPD surface density tapering radius to the
point at which the surface density begins to decline exponentially at RHill/3 and the outer radius
at RHill.

We considered a range of CPD masses relative to the planet masses MCPD = 10−4 − 10−2Mp,
and a range of planetary luminosities corresponding to various stages of accretion such that Lp =

10−6 − 10−2 L� (Mordasini et al., 2012). Marley et al. (2007) found that a 10 MJup planet in a ’hot
start’ evolution scenario can decline monotonically in luminosity from an initial ∼ 4 × 10−3 L�
to ∼ 4 × 10−4 L� within 5 Myr. In the core accretion case, they found a peak luminosity during
runaway accretion of > 10−2 L� which lasts ∼ 3 × 105 yr, rapidly declining to ∼ 2 × 10−6 L�
by 3 Myr. Given that the planetary luminosity is expected to peak only briefly at or above
Lp ∼ 10−2 L�, we consider the case of Lp = 10−2 L� to be the most optimistic detection scenario.

Pressure bumps at gap edges are suspected to act as filters for dust grain size, preventing the
accretion of grains significantly larger than 10 μm onto planets within the gap (Rice et al., 2006).
We thus also considered CPDs where the dust grain size population is limited to maximum sizes
of 100 and 10 μm.

A companion orbiting within an optically thin region of the circumstellar disk can be exposed
to significant UV radiation from its host star (Oberg et al., 2020). Photons of energy 6-13.6 eV
are known as FUV and can efficiently heat disk surfaces. The significant FUV luminosity of the
host star can act to heat the surface of the CPD and increase its IR luminosity. We parameterised
the FUV flux with the Draine field G0 = 1.6 × 10−3 erg cm−2 s−1, which was integrated from
6-13.6 eV (Habing, 1968). We extracted the G0 field intensity using ProDiMo from the results of
the 2D radiative transfer within the DIANA circumstellar disk models and applied this as a UV
background field to our own CPD models. Given that dust is the dominant source of opacity in
the UV, it should be noted that the gaps in the DIANA disk models (see Fig.4.4 for the HD100546
dust structure) are free of dust and do not contribute to the UV opacity.

Companion flux estimates

We extracted the planet and CPD flux from the SEDs produced by the ProDiMo continuum ra-
diative transfer and weighed it across the filter response curves. This flux represents the idealised
total flux emitted by the unresolved companion, unconvolved with the observational PSF. We find
that for high planetary luminosities (> 10−4 L�), the mid-IR flux is dominated by the planet itself,
whereas the CPD only contributes 3− 6% of the combined emission largely independent of CPD
properties.
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Figure 4.12: Model companion (planet and CPD) unextincted flux estimates. The ‘fiducial’ case is described by the
planet and CPD parameters found in column 2 of Table 4.5 at 55 AU for the HD 100546 system. We also consider
a variety of maximum dust grain sizes amax, CPD mass MCPD, CPD inner radius rin, and background FUV radiation
field strength G0.

For our disk models, the size of the CPD as estimated by its Hill stability and the strength of
the background FUV field both vary in predictable ways. For a given CPD model, our parameter
grid exploration thus allowed us to fit for the resulting planet and CPD flux given an arbitrary
radial separation from the star. As the vertical dust opacity at arbitrary wavelengths was also
calculated as part of our model radiative transfer for various circumstellar disks, we were able
to determine the radial dependence of the extinction to the midplane as well. We solved for
the dust column density as a function of the viewing inclination for each radial position in the
disks, and from this we derived the resulting 9 μm optical depth. The black line in Fig. 4.10
represents the resulting expected flux of the planet and CPD model in the J8.9 filter for a 10 MJup

planet with a CPD of mass 10−2Mp as described in Table 4.5. The line was derived from a fit
performed to the J8.9 flux of our model grid of CPDs in which the background FUV radiation
field, the disk size, and extinction to the midplane were simultaneously varied as a function of
radial separation, although the predicted flux is relatively flat for planets found outside of the
optically thick regions of the circumstellar disks. For low radial separations, the background
FUV field heats the CPD surface and results in increased mid-IR emission. The CPD size grows
with increasing distance from the star as the companion’s Hill sphere increases correspondingly;
however, as the majority of the CPD mid-IR emission originates from the innermost regions of
the CPD, this contribution becomes negligible at large separation. The flux of our CPD models
in the other filters is similar, varying for non-pathological model cases by at most ∼10%, and
they are thus roughly comparable, as illustrated in Fig. 4.12.
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Parameter Symbol 18 AU 55 AU 100 AU
Planet mass [MJup ] Mp 10 10 10
Planet luminosity [L∗] Lp 10−2 10−2 10−2

CPD mass [Mp] MCPD 10−2 10−2 10−2

CPD inner radius [AU] RCPD,in 0.01 0.01 0.01
Minimum dust size [μm] amin 0.05 0.05 0.05
Col. density power index ε 1 1 1
Dust to gas ratio d/g 0.01 0.01 0.01
Reference scale height H0.1au 0.01 0.01 0.01
Planet semi-major axis [AU] ap 18 55 100
CPD tapering radius [AU] Rtap,CPD 0.40 1.99 3.61
CPD outer radius [AU] Rout,CPD 1.19 5.96 10.84
Maximum dust size [μm] amax 10 3000 3000
FUV background G0 106.7 104.1 3500
Optical depth at 8.7 μm τ ∼ 0 1.27 0.43
Predicted 8.7 μm flux (extincted) [mJy] FP,1 11.5 2.1 4.88
Predicted 8.7 μm flux (unextincted) [mJy] FP,0 11.5 7.6 7.5

Table 4.5: HD100546 candidate planets and CPD model parameters for our optimistic detection scenario (parame-
ters listed above the first horizontal divider) for a variety of radial separations (parameters below the first horizontal
divider) and associated J8.9 band predicted fluxes. Dust composition is identical to that listed in Table 4.4.
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Results for HD 100546

While previous estimates of the age of HD 100546 indicate an older (∼ 10 Myr) system (van den
Ancker et al., 1997), Fairlamb et al. (2015) derived an age of 7.02 ± 1.49 Myr and an accretion
rate of Ṁ ≈ 10−7 M� yr−1. The mass of the HD 100546 inner disk was fit to be 8.72 × 10−8 M�

(Woitke et al., 2019), thus requiring continuous replenishment from the outer zone across the
gap. The plausibility of an actively fed circumplanetary accretion disk is thus supported by the
ongoing presence of radially evolving dust within the circumstellar disk (Marley et al., 2007;
Mordasini et al., 2012).

We considered companions placed in the midplane at multiple radial separations from the
star to study the influence of the background radiation field and circumstellar dust extinction on
the predicted flux. We considered the properties of the planet candidate HD 100546b described
by Quanz et al. (2015), which was found at a radial separation of 53±2 AU. When the planet was
treated as a single-temperature blackbody, Quanz et al. (2015) found the best fit solution to be an
emitting region of R = 6.9+2.7

−2.9 RJup with T = 932+193
−202 K for a luminosity L = 2.3+0.6

−0.4 × 10−4L�. As
the addition of a CPD may produce an emission signature diverging significantly from a single-
temperature blackbody, we loosened the constraints on the temperature and emitting area. For a
2.5 M� star, a planet of 1, 5, or 10 MJup at 55 AU has a Hill radius of 2.77, 4.73, or 5.96 AU, re-
spectively. We considered three cases in detail: a planet immediately interior to the outer gap wall
at 18 AU, a planet embedded within the outer gas and dust disk at 55 AU, and a wide-separation
planet in the optically thin region of the PPD at 100 AU, with correspondingly sized CPD outer
radii, maximum dust grain sizes, FUV backgrounds, and optical depths to the midplane (see Ta-
ble 4.5). While the CPD size, as set by the Hill radius, only varies by a factor of 100 across the
disk surface from 5-500 AU, the background UV radiation field varies more dramatically by a
factor > 106.

At the radial location of the 55 AU planet candidate, we extracted an FUV flux of G0 = 103.65

in the midplane from the results of our circumstellar disk model radiative transfer. At 5 AU in
the shadow of the inner disk, we find G0 = 105.4 and at 18 AU G0 = 106.5. The maximum G0

within the gap is found to be 3×106. The gas component of a CPD experiencing such irradiation
acquires an optically thin heated envelope with a temperature of around 5000 K at z/r ∼ 0.4. The
∼70 K optically thick surface below this envelope gives rise to significant re-radiated emission
peaking at 30-50 μm. The short-wavelength tail of this component contributes non-negligibly to
the J8.9 flux across the entire CPD surface for G0 > 105.

From the HD 100546 disk model dust density distribution and dust opacities, we determined
the optical depth to the midplane along the line-of-sight to the observer across the J8.9 band to
determine extinction at arbitrary radii. While emission arising from planets inside the gap would
be largely unextincted, immediately outside of the gap we find a maximum optical depth τJ8.9 of
5.6. The disk becomes optically thin at 8.7 μm only outside of 82 AU. We find that at the large
separations where our sensitivity is maximal at a > 160 AU, τ9µm is at most 0.18 and τ ∝ a−2.4.

The model planet with a mass of 10 MJup and a luminosity of 10−2 L� would have been de-
tected in the J8.9 data beyond this radius and in PAH2 between 2′′ and 3′′. Hence, our new
mid-IR imaging data prove that no such massive, luminous planets exist in the HD 100546 sys-
tem at radii larger than 160 AU from the central star. A companion with a luminosity of 10−3 L�
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would be marginally detectable at angular separations of 4-5′′ only.

Results for other systems

We used a single best-case representative planet and CPD to derive detection limits for the other
observed systems as a function of separation. The model CPD mid-IR flux levels are constant
at large radii, because at large separations the UV radiation emitted by the star no longer sig-
nificantly contributes to the heating and re-radiation of the CPD. The fact that the CPD is free
to physically increase in size as the planet’s Hill radius increases also no longer acts to increase
the flux, as for the optically thick CPDs we consider, the planet acts only to heat the innermost
regions of the CPD, from which the majority of the 9 μm emission originates.

For HD 163296, we excluded a 10 MJup, 10−2 L� companion between 1.5′′ and 3.5′′, as it
would have been observed in both filters. For HD 169142, TW Hydra, and HD 36112, we
excluded it beyond 1′′. HD 100453 is the only system in which it would remain undetected.

4.6.2 Reconciling prior observational constraints

In previous work, the planet candidate HD 100546 b at 55 AU separation is the only companion
that has had its putative CPD constrained in mass to 1.44 M⊕ (or 2.7 × 10−3 Mp for a planet mass
1.65 MJup) in the optically thin case, and a size of 0.44 AU in radius for the optically thick case,
although this rests on assumptions regarding the grain size population of the CPD and the ratio
between planetary and CPD mass (Pineda et al., 2019). ALMA observations of HD 100546 at
870 μm set a 3σ limit of 198 μJy for any planet candidate (Pineda et al., 2019) with which we
can further constrain any CPD’s longwave emission.

We find that for our fiducial CPD surrounding a 10 MJup planet of 10−2 L�, we overpredicted
the upper limit set by ALMA observations at 870 μm by a factor of 13. When the fiducial CPD
is modified with a maximum grain size of 10 μm, this overprediction is reduced by a factor of
∼2. Our planet and CPD models can be brought into agreement with the ALMA flux limits by
reducing the mass of the CPD relative to the planet or by reducing the dust-to-gas ratio. We find
that while the 9 μm flux of the CPDs is largely insensitive to their mass, the continuum flux in
ALMA band 10 is primarily dependent on our CPD mass, radius, and dust-to-gas ratio owing to
the emission region corresponding to cooler dust at larger separation from the planet (Rab et al.,
2019). For a fixed radius, dust-to-gas ratio, maximum and minimum dust grain size, and grain
size power law, the 870 μm flux is proportional to the CPD mass as F870µm ∝ M0.81

CPD for the range
MCPD = 10−6 − 10−2 Mp. We find that the maximum CPD mass allowed by the constraint is
3.2 × 10−7 M�. A smaller, optically thick CPD of a higher mass still satisfies the constraint. We
find that a modification to our fiducial CPD of a mass > 9.5 × 10−6 M� with a tapering radius of
0.2 AU and an outer radius of 0.6 AU has a 870 μm flux of 190 μJy and would thus satisfy the
constraint set with ALMA. This places no additional constraints on our 9 μJy flux prediction, as
the mid-IR flux is instead primarily dependant on the planet’s luminosity and the CPD’s inner
radius.
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4.7 Discussion and conclusions
We analysed images of HD 100546 in five different mid-IR filters and a further five young stellar
objects in the PAH1 and NEAR infrared filters with the VISIR instrument and its upgrade NEAR.
The resolved disks had their FWHMs and inclinations determined. HD 100546 has a FWHM of
28-61 AU across five different filters, a projected inclination of 44±4◦, and a projected position
angle of 130◦. HD 169142 has FWHMs of 29 AU and 41 AU in the PAH1 and NEAR filter bands,
respectively, and a projected inclination of 13±2◦. HD 100453 has a FWHM of 9 AU in the
PAH1 band and 21 AU in the NEAR band and an inclination of 35±2◦. The observed values are
consistent with the DIANA circumstellar disk models and previous observations of the sources.
We set upper limits of 6 AU and 7 AU on the size of the emission region of HD 163296 in the
PAH1 and NEAR filter bands, respectively, thus improving previous limits by a factor of three.
We set upper limits of 3 AU and 7 AU on TW Hydra in the same filters, which is consistent with
previous observations. Finally, we set an upper limit of 13 AU on the size of the NEAR filter
emission of HD 36112, which is an improvement over previous values of a factor of 10. The
fact that we did not resolve these targets is also consistent with the DIANA ProDiMo models
(Woitke et al., 2019). Because of the method by which the variety of observational data were
weighted during the original fitting procedure performed by Woitke et al. (2019), and because
of the non-complete set of disk model parameters for which the fits were performed, localised
improvements to the SED were still possible. After a minimal adjustment of the HD 100546 disk
model gap geometry, an examination of the disk radial profile showed that our ProDiMo model
was a good match for the data and that it reproduces the radial profile of the disk to within 1σ
without the need to include a companion object. In all cases, the mid-IR emission originates
from the central area of the disk from the most highly irradiated areas: unresolved inner disks
and/or the inner rims of the outer disks.

Given our new flux estimate for the HD 100546 system, we have improved upon the global
SED fit from 2-18 μm by simultaneously increasing the gap outer edge from 19.3 AU to 22.3 AU,
increasing the abundance of PAHs in the outer disk relative to the ISM from 2.8×10−3 to 3.4×10−3,
and replacing the representative PAH circumcoronene with coronene. The details of the PAH
properties fitting can be found in Appendix 4.A.2. Given that the spectral properties of alter-
native dust compositions have not been thoroughly explored nor the marginal improvement of
the detailed PAH fit, we tend to favour the simple modification of only the disk gap geometry.
The χ2 statistic between the model SED and the ISO-SWS spectrum for 2-18 μm reduces from
588 to 278 when the inner radius is increased to 22.3 AU. It should be noted that increasing the
model gap outer radius would act to increase the tension with the location of the dust contin-
uum gap edge observed with ALMA at 16-21 AU (Pérez et al., 2020), although as ALMA traces
millimetre-sized grains, this may not be inconsistent. Additionally, the model gap outer radius
is the one parameter that we adjusted which was previously fit by means of a genetic algorithm
(Woitke et al., 2016; Kamp et al., 2017; Woitke et al., 2019; Dionatos et al., 2019).

We produced planet and CPD flux estimates using the thermochemical disk modelling code
ProDiMo for the VISIR filters with a variety of CPD parameters, finding that in the absence
of extreme external FUV radiation fields, the maximum unextincted flux in the J8.9 band is
expected to be ∼15 mJy for a CPD with an inner radius of 0.04 AU and a maximum dust grain
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size of 10 μm. We find that this flux is largely dependent on the planet properties and not on those
of the circumplanetary disk. The CPD is found to contribute 3 − 6%, at most, of the companion
flux at 9 μm. The CPD contribution at 9 μm is greatest when the maximum grain size is reduced
to 10 μm and the CPD is irradiated by a significant FUV field of G0 ≥ 106.

Such conditions are found within the gap of the HD 100546 disk, where we determined
that the G0 field strengths up to 3 × 106, despite the presence of the inner disk. A planet and
CPD within the gap at 18 AU, while more gravitationally truncated than our test cases at 55 and
100 AU, is unobscured by dust and we expect FJ8.9 = 11.5 mJy. We note that while the 9 μm
emission of the CPD is largely unaffected for G0 ≤ 106, it rises precipitously above this, and
for a G0 = 107 we find FJ8.9 = 0.6 Jy. While a CPD within the gap would be found at angular
separations of less than 0.2′′ and thus be unresolved in our observation, the contribution to the
flux of the star and circumstellar disk (31 ± 3 Jy) would thus be non-negligible. It should be noted
however that a significantly FUV irradiated CPD can become photoeveporatively truncated such
that the effective emission region is greatly reduced (Oberg et al., 2020).

For our a = 55 AU HD 100546 companion test case, we find FJ8.9 = 2.1 mJy owing to
significant dust extinction. In the event that the planet is able to clear obscuring dust from its
immediate neighbourhood in a localised cavity, the observed flux may increase to 7.5 mJy. Even
in this ’best case’ scenario of high planetary luminosity, it can be seen in Fig. 4.10 that the
flux limiting sensitivity at 55 AU is 200 mJy. For our a = 100 AU companion case, we find
FJ8.9 = 4.9 mJy, 7.9 mJy unobscured, and the accompanying limiting sensitivity is 30 mJy. Only
outside of 180 AU would such a planet and CPD be detectable. Outside of 180 AU, we find a
limit on planetary luminosity of 0.0028 L�, above which we would have detected any companion.

In the HD 100546 system, we rule out the presence of planetary mass companions with
L > 0.0028L� for a > 180 AU. We find that the contribution of a planet and CPD would still
be of the order of the uncertainties inherent in the model, as relatively minor modifications to
the HD 100546 gap dimensions (an increase of 2-3 AU in the outer radius) produce changes in
expected continuum flux of 7-10 Jy at 9 μm. We place no stringent constraints on the planetary
mass, CPD radius, or CPD grain size distribution. In the HD 169142, TW Hydra, and HD 100453
systems, we can exclude companions with L > 10−2 L� beyond 1′′.

We consider whether the lack of detection of wide-separation (a >50 AU) planetary mass
companions (PMCs) of mass < 20 MJup in the five studied systems is remarkable. While the
presence of a dusty CPD may act to enhance the observability of a companion, it has been found
that rapid dust evolution in CPDs of isolated wide-separation PMCs could act to suppress the
dust-to-gas ratio of CPDs on short timescales (d/g ≤ 10−4 after 1 Myr), rendering a continuum
detection more challenging (Pinilla et al., 2013; Zhu et al., 2018b; Rab et al., 2019). Sub-stellar
companions have been detected in wide orbits around young stars (Neuhäuser et al., 2005; Ire-
land et al., 2011; Bryan et al., 2016; Naud et al., 2017; Bohn et al., 2019). It has been suggested
that such objects may form in situ by the fragmentation of massive, self-gravitating disks (Boss,
1997, 2011; Vorobyov, 2013) by the direct collapse of molecular cloud material (Boss, 2001), or
by core- or pebble accretion (Lambrechts and Johansen, 2014) and subsequent outwards scatter-
ing by an interaction with other massive planets (Pollack et al., 1996; Carrera et al., 2019). In
the latter case, a detection of a wide-separation PMC may thus directly imply the presence of
additional massive planets in the inner system.
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Bowler (2016) suggests that around single, young (5-300 Myr) stars, 5–13 MJup companions
at separations of 30-300 AU occur 0.6+0.7

−0.5% of the time. With VLT/NaCo, Vigan et al. (2017)
found that 0.5-75 MJup companions at separations of 20-300 AU are found around 0.75−5.7% of
stars, and with the Gemini Planet Imager Exoplanet Survey, Nielsen et al. (2019) found that 5-
13 MJup companions with separations of 10-100 AU occur around 9+5

−4% of stars. Our sensitivity
at the limiting angular resolution restricted our search to relatively wide separation companions
(a > 160 AU). Given the PMC occurrence rate of Bowler (2016), we expect an absolute upper
bound of ∼ 3.4+3.9

−3.3% probability of a single detection in our sample, assuming a perfect detection
efficiency from 30-300 AU. In this context, it is difficult to make new conclusions regarding the
prevalence of wide-separation PMCs in our observed systems given the relatively low a priori
likelihood of detection and the relatively large companion luminosity (10−3 − 10−2 L�) necessi-
tated. We were able to set an upper limit to the occurrence rate for wide-separation PMCs with a
luminosity ≥ 10−2 of ≤ 6.2% at 68% confidence.

Future observations with METIS (Brandl et al., 2018) on the ELT are expected to achieve
ten times better sensitivities than NEAR and 40 times better sensitivities than VISIR at the same
wavelengths, as well as improving the spatial resolution by a factor of 5, allowing for one to
image more close in companions. MIRI6 on JWST is expected to achieve 250 times better sen-
sitivities than NEAR and 1000 times better sensitivities than VISIR. Both will be able detect the
known companions to all six targets.
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4.A Modelling information

4.A.1 Standard disk models and SED fitting methodology

To perform the SED fits, a comprehensive set of publicly available observational data, consisting
of photometric fluxes, interferometric data, low and high resolution spectra, emission line fluxes,
line velocity profiles, and maps were used from which the physical and chemical parameters of
the disk could be derived (references for which can be found in Dionatos et al. (2019)). The
fits were performed by iteration of parameter sampling in MCFOST radiative transfer models
by means of a genetic algorithm. HD 100546 was fit with 120 data points, two disk zones,
PAHs, and 16 free parameters total after 632 generations and 7584 models. Further details of the
standard disk models, SED fitting procedures, and the limitations of SED fitting can be found in
Woitke et al. (2016), Kamp et al. (2017), Woitke et al. (2019), and Dionatos et al. (2019).

6https://www.stsci.edu/jwst/science-planning/proposal-planning-toolbox/sensitivity-
and-saturation-limits

https://www.stsci.edu/jwst/science-planning/proposal-planning-toolbox/sensitivity-and-saturation-limits
https://www.stsci.edu/jwst/science-planning/proposal-planning-toolbox/sensitivity-and-saturation-limits
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Limitations

The DIANA SED fitting procedure was performed with dust opacities corresponding to a mixture
of amorphous pyroxene silicates and amorphous carbon (see Table 4.4; Dorschner et al., 1995;
Zubko et al., 1996). Due to the use of standard dust opacities and a fixed PAH morphology,
only the power-law of the dust size distribution and volume fraction of amorphous carbon was
varied for the fit, so detailed matching of the spectral features is not expected. The 8.6 μm PAH
complex feature, associated with in-plane C-H bending modes, is not fit in detail relative to the
ISO-SWS spectrum. The presence of an unidentified broad feature at 7.9-8 μm is not explained by
the model, but it has been suggested by Joblin et al. (2009) to originate from a PAH population
known as PAHx consisting of compact but large ionised PAHs with ∼100 or more carbon atoms
not included in our radiative transfer modelling.

We opted not to explore the parameter space of possible dust compositions to perform a
detailed opacity fitting across the mid-IR given that properties such as the amorphous carbon
volume fraction can have a large impact on the SED at all wavelengths, such as by changing the
millimetre and centimetre slopes (Woitke et al., 2016). While the mid-IR traces the disk surface,
any features may not be indicative of the disk global dust properties and could represent surface
effects, for example, PAHs confined to the surface which are generated locally. In this case,
altering global dust properties may not be the correct approach.

We did not re-perform the global SED fitting procedure to account for the increased GAIA
EDR3 distance for HD 100546, but we did consider the implications of an increased stellar
luminosity to match the observed luminosity and new distance. To test the sensitivity of the SED
to this adjustment, we considered a modest increase in our stellar effective luminosity to 34.74
L�. If we were then to scale the physical dimensions of the disk and its gap accordingly, the
resulting SED would exhibit a net decrease in mid-IR emission; across the J8.9 band, we find a
deficit in emission over the fiducial model of 2.9%. As this falls within our own observational
uncertainty, we do not consider the implications of the new distance estimate further.

4.A.2 HD 100546 disk model PAH properties exploration

Several PAH features contribute to the disk opacity near 9 μm. The broadband filter used in
these observations covers an area around 8.6 μm where PAH C-H in-plane bending modes can
contribute to the continuum emission. ProDiMo uses synthetic PAH opacities for neutral and
charged PAHs as calculated according to Li and Draine (2001). Exploring the properties of
PAHs in the model offers the possibility of modifying the disk flux across the J8.9 filter without
globally modifying the disk dust properties and breaking the quality of the global SED fit.

The contribution of PAHs was estimated by van Boekel et al. (2004) to be around 22% of
the total flux near 9 μm. They found the PAH emission to be more extended than the continuum
along the spatial dimension of their longslit spectra, with a FWHM of ≈150 AU. Using the low
resolution spectroscopic mode of VISIR, Verhoeff (2009) found a statistically significant increase
in the spatial extent of the disk emission at 8.6 μm over the resolved continuum emission at a 27
σ level. While they found the ratio between the continuum subtracted peak flux at the 8.6 μm
PAH feature over the peak flux was only 2.4%, the deconvolved FWHM size of the continuum
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Figure 4.13: Global SED of the HD100546 disk models and comparison to the observational data folded into the
fit. The fiducial model SED is the orange curve and our adjusted disk gap geometry model is the blue curve. The
relative residual as defined by dividing the model by the data is shown at the bottom.
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subtracted feature was 1.64+0.37
−0.38

′′. At a distance of 108 pc, this corresponds to a disk radius of
178+40

−41 AU. Furthermore, the variability of the 8.6 μm features between ISO and TIMMI2 spectra
and their respective slit sizes implies that the PAH emitting region is at least 100 AU in size
(Verhoeff, 2009). Additionally, Panić et al. (2014) found the 8.6 μm PAH emission to be emitted
primarily from angular scales corresponding to ∼100 AU from the star.

While the HD 100546 disk model PAH abundance and charge fraction was fit for, these
parameters were not varied between the inner and outer disk zones. We thus considered modifi-
cations to the PAH population in the outer disk, outside of r = 22 AU, specifically. The DIANA
models use a single representative PAH, circumcoronene (C54H18), and a constant mixture of
charged and neutral opacities throughout the disk (Woitke et al., 2016). For HD 100546, the
abundance of PAH relative to the ISM fPAH (defined such that in the ISM fPAH = 1) is 0.0028.
The mean PAH charged fraction is 0.9. We considered both differing PAH types and abundances
in the inner and outer disk zones to refine our fit.

We have explored a grid of a PAH abundance and morphologies in an attempt to minimise
the residuals with our mid-IR observational data. Simultaneously allowing for the outer wall of
the gap, the abundance of the PAHs, and the type of the PAHs to vary has allowed us to improve
upon the standard SED fit without reducing the quality of the fit globally (see Fig.4.13). The
result of this multi-parameter exploration can be seen in the green line in Fig. 4.5. We find that a
smaller PAH, coronene (C24H12), and a 22% increase in fPAH outside of the gap wall produce the
best agreement with an observation across the J8.9 filter.
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Abstract: The He I 10,830 Å absorption line in transit spectra traces the upper atmospheres
of exoplanets and their mass loss, which in turn is important in determining their evolution and
demographics. We use archival VLT/X-Shooter data to set new, more sensitive limits on the
extended helium atmosphere of GJ 1214 b, a sub-Neptune orbiting an M-dwarf. We determine
limits for the excess absorption at 10,830 Å of 0.38%±0.47%, which corresponds to an extended
atmosphere scale height of 0.14±0.15 Rp (95% confidence limit of < 0.43 Rp). This is an im-
provement on previous upper limits set by Crossfield et al. (2019) and shows that X-shooter is a
suitable instrument for these types of observations.

5.1 Introduction
Observations with the Kepler space telescope of close-in exoplanets have revealed a surprising
gap in their occurrence rates around 1.8 R⊕ (e.g. Fulton et al., 2017; Owen and Wu, 2013). This
can be seen in Figure 5.1. For small planets, the distribution of the number of observed planets
by radius is bimodal, with peaks at 1.3 and 2.5 R⊕. The planets in the first peak are considered to
be mostly rocky, with a small atmosphere and are called super-Earths. The larger planets likely
still have a large hydrogen/helium (H/He) envelope and are considered mini-Neptunes.

It is theorised that post-formation mass-loss decreases the atmospheres and therefore the ra-
dius of planets that originally formed inside the gap. A number of processes can cause this,
such as collisions and core-powered mass-loss where the formation heat of the planet causes
the envelope to evaporate (e.g. Gupta and Schlichting, 2019; Ginzburg et al., 2018). However,
the main driver for mass loss in close-in planets appears to be photo-evaporation due to their
high incident stellar flux (e.g. Owen and Wu, 2017; Jin and Mordasini, 2018; Mordasini, 2020;
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Figure 5.1: Figure 7a from Fulton et al. (2017) showing completeness-corrected histogram of planet radii for
planets with orbital periods shorter than 100 days. The light gray region of the histogram for radii smaller than
1.14 R⊕ suffers from low completeness. The median radius uncertainty is plotted in the upper right portion of the
plot.

Modirrousta-Galian et al., 2020), in particular in the X-ray and extreme ultraviolet (EUV) wave-
length regimes. The evaporation time scales of planets in the radius gap is smaller than their
cooling timescales, causing them to loose significant amounts of atmosphere, leaving only the
rocky cores that make up the peak of the smaller planets in the radius distribution. Larger planets
can hold onto their atmospheres better, causing the evaporation timescale to be longer than the
cooling time scale and limiting the decrease in radius. Atmospheric evaporation is thus a major
factor in exoplanet evolution and demographics. Transmission spectroscopy allows for the mea-
surement of atmospheric evaporation. By comparing the spectrum of the star and planet in transit
to that of the out-of-transit stellar spectrum the radius of the planet can be determined at different
wavelengths, resulting in a transmission spectrum. As the atmospheres are expected to mostly
consist of hydrogen and helium, looking for excess depth in these lines during transit can reveal
an extended, evaporating atmosphere. An asymmetry in the transit at the wavelength of the line
can also indicate a comet-like tail of evaporating gas. This has been done with both the Lyα
hydrogen line (e.g. Lecavelier des Etangs et al., 2012) and, more recently, with the 10,830 Å
helium line (e.g. Spake et al., 2018). Of the two, the helium line is the most advantageous, as it
can also be measured by ground-based facilities and is more sensitive to low densities, making
it less affected by the interstellar medium (Oklopčić, 2019; Fuhrmeister et al., 2020). It has been
identified from early on as one of the most promising spectral signatures. While the first detec-
tion of this line in an exoplanet atmosphere by Spake et al. (2018) is still recent, it has since been
detected with ground-based facilities in six other planets, and upper limits on the presence of
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helium have been set on the atmospheres of a further eleven (e.g. Nortmann et al., 2018; Guilluy
et al., 2020; Vissapragada et al., 2020; Paragas et al., 2021).

The 10,830 Å line is caused by resonance scattering, where the scattering of photons causes
electrons to move from the first excited 23S state to the 23P state. The radiative transition between
triplet and singlet states is strongly suppressed (Oklopčić and Hirata, 2018). The ground state
(11S) is a singlet state, so the triplet 23S state is only populated by recombination or collisional
excitation and the timescale for radiative decay is long, causing the state to be meta-stable. As
a result excited helium in this form is expected to be particularly prevalent in planets that orbit
close to active host stars due to the high incident X-ray and EUV flux. The 23P state is also a
triplet state, so the transitions causing the 10,830 Å line are not forbidden and a large population
of meta-stable helium results in deep absorption lines (Oklopčić, 2019) for such targets. These
are also the planets where atmospheric evaporation is expected to be prevalent.

One such planet is GJ 1214 b (2.7 R⊕,6.5 M⊕; Charbonneau et al., 2009). It is on a close
orbit (0.02 AU) around a nearby M4.5V star (Harpsøe et al., 2013) and has been extensively
studied in optical and near infrared (NIR) wavelength ranges (e.g. Bean et al., 2010). Despite
being commonly referred to as a super-Earth, its interior structure can be described as both
a rocky planet and an ice-giant, depending on weather the atmosphere is H/He dominated or
not and the amount of water present (e.g. Rogers and Seager, 2010; Nettelmann et al., 2011).
Various transmission spectra lack strong molecular features, indicating either a H/He dominated
atmosphere with clouds and hazes, or one dominated by water vapour. Both are supported by
various measurements and neither can be completely ruled out (e.g. Bean et al., 2010; Berta
et al., 2012; Angerhausen et al., 2017). The fact that such a fundamental property of one of the
most well-studied planets of its kind remains uncertain, shows the importance of investigating
planet evolution in the radius gap. GJ 1214 b is not just a close-in planet, observations of the host
star have shown a high X-ray luminosity, which is expected to lead to significant atmospheric
evaporation, with an estimated total mass loss of 2-5.6 M⊕ over its lifetime (Lalitha et al., 2014)
and the hard spectral shape of M-dwarfs is likely to result in a large population of meta-stable
helium, which should lead to a deep 10,830 Å absorption line.

Due to the lines location between the most common optical and NIR wavelength ranges,
there is only one previous investigation into this particular line, which was done at low resolution
(R≈500) and only found an upper limit to the helium absorption (Crossfield et al., 2019). In this
work we use archival medium-resolution data from the X-Shooter instrument on the very large
telescope (VLT) to measure the excess transit depth in the He I 10,830 Å line and set new, more
constrained upper limits on the extended helium atmosphere of the exoplanet GJ 1214 b. We
compare these limits to the 1.0±0.6Rp (< 2.1Rp) values previously calculated by Crossfield et al.
(2019).

5.2 Observations and data reduction
Table 5.1 shows the obtained archival data and the corresponding atmospheric conditions of three
transits of GJ 1214 b taken on 5-7-2011, 3-7-2011 and 22-7-2011 with VLT/X-Shooter (Vernet
et al., 2011). X-Shooter provides mid to high resolution spectra in the ultraviolet-blue, visible
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Date Exposure time Airmass Seeing
07-05-2011 213x30s 1.2 0.7′′±0.2′′

03-07-2011 110x60s 1.3 1.4′′±0.4′′

22-07-2011 126x60s 1.4 > 2′′

Table 5.1: Overview of the observations of GJ 1214 b.

and NIR wavelengths. We focus on the 10,830 Å He I line, so we only use the NIR data. The
data were taken with a 5′′x11′′ slit with a resolution of R∼2600. For each night there is a total of
∼1.4 hours of data available before and after the transit and half an hour in transit. The data of
the last night was badly affected by seeing, so had to be discarded.

We reduced the data similarly to the Crossfield et al. (2019) analysis of IRTF/Spex data
in order to best compare the results. The raw data was reduced with the X-Shooter Esorex
pipeline1 to create an in-transit spectrum and an out-of-transit spectrum for each night. The
transit absorption fraction at each wavelength was calculated by dividing the in-transit spectrum
by the out-of-transit spectrum. This was done separately for each night to account for factors like
airmass and turbulence which cause the absolute brightness to vary between observations.

The area around the He I line (±200 Å) was then simultaneously fitted with a 4th order poly-
nomial to represent the continuum and a Gaussian to model the excess absorption depth at He I
line (see Fig. 5.2). The 4th order polynomial was chosen for the continuum as it was found to
be the best fit among a series of polynomials with orders 0-20. This was based on the Akaike
and Bayesian information criteria (AIC and BIC), which estimate the relative quality of different
models compared to the data, as shown in Equation 5.1.

AIC = 2k − 2ln(L̂)

BIC = kln(n) − 2ln(L̂)
(5.1)

Here L̂ is the maximised likelihood value of the model given the data, k is the number of param-
eters, in our case the order of the polynomial, and n is the number of data points. The likelihood
function is a function for the goodness of fit of a model to the data by calculating the probability
that randomly drawing from the model results in the observed data points. The maximum likeli-
hood represents the combination of parameters that result in the best fit for a certain model. Both
the AIC and the BIC include a maximum likelihood term to evaluate the goodness of the best fit
of each model (2ln(L̂)) and a penalty term that increases with the number of parameters in the
model to prevent overfitting (2k and kln(n) respectively). Since the penalty for overfitting of the
BIC includes the number of data points, it is stronger than that of the AIC. The result is a larger
likelihood of underfitting when using the BIC and a larger likelihood of overfitting when using
the AIC. The model that minimises both information criteria is therefore the most appropriate
model for the dataset. The Gaussian representing the excess absorption in the line has a fixed
full-width-half-maximium (FWHM) corresponding to the resolution of the spectrograph at the
location of the helium line, which is 4.2 Å.

1https://www.eso.org/sci/software/pipelines/xshooter/

https://www.eso.org/sci/software/pipelines/xshooter/
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Figure 5.2: Second night transmission spectrum of GJ 1214 b after subtraction of the continuum, centered around
the He I 10,830 Å line. The Gaussian profile fitted to the excess absorption is shown in blue and the equivalent
profile with the intrinsic line width of 0.75 Å is shown in orange. It is clear that the scatter in the data dominates the
photon noise in the individual data points.

5.3 Results and Discussion
The best fitting helium lines have equivalent widths of 29 ± 3 mÅ (statistical) ± 24 mÅ (system-
atic) and 4 ± 4 mÅ ±11 mÅ for the first and second nights respectively. The statistical error has
been calculated according to equation 6’ in Cayrel (1988):

< δW2 >1/2= 1.5 ·
√

FWHM · δλ · ε (5.2)

Here < δW2 >1/2 is the statistical error of the calculated equivalent width. FWHM is the
full-width-half-maximum of the line, which is determined by the instrument and for our set-up
is equal to 4 Å at the wavelength of the He I line. δλ is the wavelength resolution of the detector,
0.06 Å, and ε is the photometric accuracy of the reduced spectrum, which is determined by the
photon noise. The systematic error is the standard deviation of the depth across 40 evenly-
spaced locations in the analysed subsection of the spectrum and is the dominant noise source in
our result.

We assume an intrinsic width of the He I line of 0.75 Å, following Crossfield et al. (2019).
There is some uncertainty in this value, considering Spake et al. (2018) find that the line-width
should not exceed 0.4 Å for K-dwarf stars, according to both theoretical and observational con-
straints. This is corroborated by later measurements of F-K stars, which find intrinsic line widths
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of 0.3-0.4 Å (Nortmann et al., 2018; Alonso-Floriano et al., 2019; Guilluy et al., 2020; Gaidos
et al., 2020). However, Allart et al. (2019) state that the typical width of the helium feature is
about 1 Å and both Allart et al. (2019) and dos Santos et al. (2020) use a bandwidth of 0.75 Å to
measure the helium absorption of planets transiting a K and a G star respectively. Additionally,
Palle et al. (2020) find that thermal and turbulent line broadening alone would already cause a
line width of roughly 0.6 Å in the M-dwarf GJ 436, with their actual measurement being 1 Å due
to the presence of winds. GJ 1214 is also an M-dwarf and thus likely to have a broader intrinsic
absorption line width. A value of 0.75 Å is a medium between the intrinsic widths from Spake
et al. (2018) and Allart et al. (2019) and allows us to follow Crossfield et al. (2019) more closely.
This then corresponds to an excess depth of 0.38%±0.44%.

The atmospheric scale height of helium is then given by:

HHe =

√
D + EHe

D
(5.3)

where HHe is the scale height of the helium atmosphere in units of planetary radii, D the
average depth of the transit across the spectrum and EHe the excess depth in the He I line. Since
this includes the planet, the subtraction of one planet radius needs to be applied to find the extent
of the helium beyond the rest of the planets atmosphere. The resulting extended scale height after
the data of the two nights is combined is 0.14±0.15 Rp (68% confidence interval, or 1σ error).
The upper limit of the 95% confidence interval (2σ error range) is then < 0.43 Rp equivalent
absorbing atmosphere.

This non-detection is consistent with the Crossfield et al. (2019) result of 1.0±0.6Rp and
constrains the extended helium atmosphere better than their upper limit of < 2.1Rp. The accu-
racy is improved by more than a factor of four, which is expected when taking into account the
differences in the observing set-ups and integration times.

5.4 Conclusions
We have found and reduced archival X-Shooter data of three transits of the super-Earth GJ 1214
b. While one night had to be discarded due to weather conditions, the other two were suitable
for transmission spectroscopy. We compared the in-transit and out-of-transit spectra of each
night and fitted and removed large-scale continuum variations to find the excess depth in the
10,830 Å He I absorption line. We found an extended scale height for the helium atmosphere
of 0.14±0.15 Rp, with an upper limit to the 95% confidence interval of < 0.43 Rp equivalent
absorbing atmosphere. This is an improvement over previous limits by a factor of four, consistent
with the differences in the observations.

Of the seven that have so far been discovered to have helium, three are gas giants and four
are Earth to Neptune size range. These limits show that all three gas giants and one of the super
Neptunes have signals that would be detectable with X-SHOOTER (WASP-69 b, HAT-P-11 b,
HD 209458 b and HD 189733 b; Nortmann et al., 2018; Allart et al., 2018; Alonso-Floriano
et al., 2019; Guilluy et al., 2020). The excess absorption ranges from more than 3% to slightly
under 1%, but even the smallest signal of 0.91 % excess absorption in HD 209458 b would result
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in a significant detection. X-SHOOTER is therefore a suitable instrument to detect extended
helium atmospheres in close-in gas giants. Additionally, observations of GJ 1214 b and other
similar sized planets could be obtained with instruments such as CRIRES+, FORS2 and KMOS,
which also cover the He I wavelengths and have similar or better spectral resolving power.
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Abstract: Transmission spectroscopy offers valuable insight into the composition of exo-
planet atmospheres. The FORS2 instrument has been very successful at such observations, but
between 2010 and 2014 instrumentally induced correlated noise in the data made analysis diffi-
cult. We use Gaussian Process modeling to remove the correlated noise from 2012 data of the
transit of hot Jupiter WASP-15 b and obtain transit parameters and the first transmission spectrum
of this planets atmosphere. We find a white light radius of 1.299 ± 0.085 RJup (8000-10400 Å),
consistent with previous observations in this wavelength range. We also find a more accurate
ephemeris for the planets orbit. We obtain a 100 Å resolution transmission spectrum, with er-
rors within a factor of two of the photon noise, but the scatter around 9100 Å means the data
are consistent with cloudy, hazy and clear atmospheres and further observations are required to
distinguish between different atmospheric models.

6.1 Introduction
Transiting planets offer a unique opportunity to constrain the composition and structure of atmo-
spheres of exoplanets through transmission spectroscopy. Depending on the atomic and molec-
ular species present in an exoplanet atmosphere, the apparent radius of the planet changes with
wavelength, as the gas is transparent in some wavelengths and opaque in others. This has lead to
the first detection of an exoplanet atmosphere by Charbonneau et al. (2002) through an increase
in transit depth in the sodium line and the detection of many atmospheres and species since (e.g.
Vidal-Madjar et al., 2003; Lecavelier des Etangs et al., 2008; Spake et al., 2018; Nikolov et al.,
2018; Keles et al., 2019; Hoeijmakers et al., 2020).
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Chemical species from exoplanet atmospheres can give us many insights into the make-up
and thermal structure of the planets, which in turn can tell us about their formation history and
evolution. Determining the C/O ratio can show how and where in the disk the planet was formed
and what its migration history is (Madhusudhan, 2019). The detection of large extended en-
velopes of hydrogen and helium gas indicates the evaporation of the atmosphere from stellar
irradiation, an important phase in the evolution of small close-in planets (Owen, 2019). Other
identifiable phenomena include the identification of winds through spectral line broadening and
the presence or absence of clouds and hazes, which are important in determining the atmospheric
chemistry (e.g. Brogi et al., 2016; Spake et al., 2018; Hoeijmakers et al., 2020).

Since the size of the absorption feature of a given atom or molecule in the transmission
spectrum depends on the relative size of the planet compared to the star and the scale height of
the atmosphere, low-mass, high-radius planets on close orbits, such as hot Jupiters, are particu-
larly favorable targets for transmission spectroscopy. In such systems, the high stellar irradiation
causes the atmosphere to expand, increasing the predicted feature size. Hot Jupiters are also
highly unlikely to have formed in-situ, making identifying their formation locations and migra-
tion history import factors of their evolution (D’Angelo and Lissauer, 2018).

The FOcal Reducer and low dispersion Spectrograph 2 (FORS2; Appenzeller et al., 1998)
has been shown to be an excellent instrument for such observations and can be used even for
small exoplanets, such as Super-Earths and Sub-Neptunes as demonstrated by Bean et al. (2010)
in their observations of the Super-Earth GJ 1214 b. However, due to degradation of the surface
coating of the linear atmospheric dispersion corrector (LADC), unexpectedly high systematics
are present in light curve data from about 2011 until November 2014, causing further attempts at
transit studies in this period to fail (Boffin et al., 2015). The degradation caused surface features
across the field of view that affected the throughput and sensitivity. The LADC rotates rela-
tive to the sky, causing stars to drift across the surface features during the night and introducing
systematics that are unique to the different targets, depending on their location in the field of
view and the corresponding path across the LADC surface (Moehler et al., 2010; Berta et al.,
2011). The systematics could therefore not be removed by using comparison stars. The issue
was solved in 2014 by replacing the LADC prisms with their counterparts from the decomis-
sioned FORS1 instrument (Boffin et al., 2015). The coating had been removed from the FORS1
parts before their installation into FORS2, almost entirely eliminating the systematics. This was
demonstrated by Sedaghati et al. (2015), who used FORS2 to create a transmission spectrum of
the gas giant WASP-19 b. However, there are several data sets of exoplanet transits in the ESO
Science Archive that were taken when the peeling LADC coating was still in place that have not
yet been analysed in detail.

Gaussian Processes (GPs) are used commonly in machine learning applications for classifi-
cation and regression (e.g. Kapoor et al., 2010; Kim and Lee, 2007). They have also been used
in various areas of astronomy, including for tasks such as photometric redshift prediction (Way
and Srivastava, 2006) and transient classification (Mahabal et al., 2008). In particular, Gaus-
sian Process regression has been used to model correlated noise systematics in data, including
in FORS2 transmission spectroscopy data taken after the replacement of the LADC prism (e.g.
Gibson, 2014; Gibson et al., 2017). In this work we demonstrate the use of GP modelling to
remove the systematics in an archival data set of WASP-15 b, taken in 2011. This planet is a hot
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Parameter Value Reference
Spectral type F7 West et al. (2009)
Mass [M�] 1.305 ± 0.051 Southworth et al. (2013)
Radius [R�] 1.522 ± 0.044 Southworth et al. (2013)
Luminosity [L�] 3.09 ± 0.34 West et al. (2009)
Age [Gyr] 2.4 ± 0.6 Southworth et al. (2013)
Teff [K] 6300 ± 100 West et al. (2009)
Metallicity [Fe/H] -0.17 ± 0.11 West et al. (2009)

Table 6.1: Stellar parameters of WASP-15.

Jupiter at a distance of 286.6±1.5 pc (West et al., 2009; Gaia Collaboration et al., 2020b) and its
large radius (1.4 RJup) and low mass (0.5 MJup) make it an excellent candidate for atmospheric
characterisation.

The data and the basic reduction are presented in section 6.2, as well as background on GPs.
The the modelling and results of both the white light curve and the transmission spectrum are
shown and discussed in section 6.3, along with possible transit timing variations. Section 6.4
contains the conclusions.

6.2 Observations and data analysis

Archival observations of the WASP-15 b system taken with the FOcal Reducer and low disper-
sion Spectrograph 2 (FORS2; Appenzeller et al., 1998) were retrieved from the ESO archive1.

The data were taken in the spectroscopic mask (MXU) mode, in which a custom mask is
inserted into focal plane of the instrument, allowing for the simultaneous observation of the
science target WASP-15 and several reference stars, in this case six. The slit width was 12′′,
which minimises slit losses of flux, but results in a lower spectral resolution than the use of
narrower slits. The grism 600z was used in combination with the order separation filter OG590.
This setup has a maximum wavelength range of 737-1070 nm, but the positions of the stars on
the detector can cause part of the spectrum to fall off the chip. Our effective wavelength range
was therefore reduced to 796-1042 nm. The observations consist of a total of 428 spectra with
integration times of 16 s each, taken between 23:00 and 6:00 on the night of 24 April 2011. 180
of the spectra are baseline out-of-transit observations. Further systematics were introduced into
the data by increased airmass and bad seeing conditions at the beginning and end of the observing
sequence.

The data are first reduced using the publicly available Esoreflex 2.11.0 pipeline for FORS2,
version 5.5.6 (Izzo et al., 2010). The pipeline applies bias subtraction, flat-fielding and wave-
length calibration. A sky model is made local to each slit and subtracted. The flux can be cal-
ibrated using reference observations of a spectro-photometric standard star, but this option was

1http://archive.eso.org
2https://www.eso.org/sci/software/pipelines/fors/fors-pipe-recipes.html

http://archive.eso.org
https://www.eso.org/sci/software/pipelines/fors/fors-pipe-recipes.html
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Table 6.2: Overview of the observations of WASP-15

Observing conditions
Right Ascension 13:55:42.71
Declination -32:09:34.62
Observation start 22:58 24-05-2011
Observation end 05:48 25-05-2011
Airmass 1.01-1.45
Seeing 0.77′′-3.05′′

Number of exposures 428
Exposure time 16s

not applied, as it did not improve the light curve and reduced the available wavelength range.
For the extraction of the spectrum a larger window with an extraction radius of 20 pixels (com-
pared to the default 12) was selected due to the brightness of WASP-15. This value was obtained
by varying the extraction radius in a range of 15 to 40 pixels, at 5 pixel intervals. A radius of
20 pixels resulted in the least noise in the white light curve and in the wavelength binned light
curves.

After the pipeline reduction the most suitable reference stars were selected. The spectra of
WASP-15 and the three best references are clipped to wavelengths for which data is available in
all four stars and outliers due to missed cosmic rays or hot pixels are replaced by the median value
of the star at that wavelength across the observation period, scaled to the rest of the spectrum. A
reference telluric spectrum was created from the reference stars for each observation and divided
out to remove the impact of absorption by the Earth’s atmosphere. Light curves were created
for each star by summing over the wavelength range and the curves of the reference stars are
then combined to make a model of the seeing-induced variations in the light curve. Figure 6.1
shows the light curve after this noise has been removed and the flux has been normalised, along
with a model transit based on the best-fit planet parameters from West et al. (2009). The shape
of a transit is visible, particularly the egress at Julian Date (JD) 2455706.64, but there are clear
systematics of nearly the same amplitude as the transit depth. Even after removing the seeing-
induced variations obtained from the reference stars, there is still scatter in the data points at the
beginning and end of the observation period. In the middle of the transit the seeing was good
and as a result the scatter in the data is very small and we see instead the smooth correlated noise
from the variable transmission caused by the non-homogeneous coating of the LADC.

In order to obtain the transit parameters and transmission spectrum, a model of the system-
atic noise is required. Gaussian process (GP) regression is used to obtain this model, as it is
a non-parameteric way of modelling systematic, correlated noise (Gibson et al., 2012; Gibson,
2014). A Gaussian process is a collection of random variables, where any combination of those
variables has a multivariate normal distribution, making it a distribution of possible functions
containing those variables (Mackay, 2003). This means that rather than assuming a deterministic
noise model based on instrument parameters, GPs allow us to marginalise over a distribution
of possible noise models to find the most appropriate. The data can be seen as a realisation of
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Figure 6.1: Light curve of WASP-15 after correction for seeing. A model of the transit based on parameters from
West et al. (2009) is plotted in black over the data (blue). The general shape of the transit is visible in the data, but
there are clearly very large systematics that make interpretation of the light curve in this form impossible. The large
scatter in the data at the beginning and end of the observations are due to the poorer seeing at these times.

a distribution of possible models which has a mean function and a covariance function. In our
case, the mean function is the expected planet transit and the covariance function is the correlated
noise from the LADC. Marginalising over the systematics models then allows us to extract the
underlying mean function in the data.

The model can be described as follows:

y(~t) ∼ GP
(
T (~t, ~φ), ~Σ(~t, ~θ)

)
, (6.1)

where y(~t) is the model of the observed light curve (~y) as a function of the time at which the
observations are done, GP indicates the GP with a mean and a covariance function. The mean
function, T (~t, ~φ), is the transit model which has the time t as it’s input and parameters φ, such as
the transit depth and the period. ~Σ(~t, ~θ) is the covariance function with parameters θ. Both φ and
θ are referred to as hyperparameters of the GP.

The covariance function is also called a kernel and expresses the correlation between different
data points depending on their separations. The hyperparameters of the kernel are typically the
maximum amplitude of the noise and the length scale of the correlation, which we write as σ and
ρ respectively, so that ~θ = {σ, ρ}. We used an approximate Matérn-3/2 kernel (Rasmussen and



96 6. Atmospheric characterisation of the hot Jupiter WASP-15 b with GPs

Williams, 2006; Stein, 1999), the elements of which we show in Equation 6.2. This kernel is less
smooth than other, simpler kernles, making it a better representation of physical processes. The
elements kmn of the matrix Σ that describes the kernel are dependant on the distance between tm

and tn.

kmn(tm, tn) = σ2

1 +

√
3(tm − tn)
ρ

 exp
− √3(tm − tn)

ρ

 (6.2)

Since we are using GPs, the joint probability of the observations is by definition a multivariate
Gaussian distribution with the same mean and covariance functions as Equation 6.1. The log
marginal likelihood is then expressed as a function of the residual vector and the kernel.

lnp(y|~t, ~θ, ~φ) = −
1
2

(
Nln2π + ln|~Σ| + ~rT~Σ−1~r

)
(6.3)

Where the residual vector, ~r, is the difference between the data, y, and the mean function,
T (~t, ~φ). Posterior probabilities can be computed after the addition of prior distributions for the
hyperparameters, from which posterior distributions for each hyperparameter can be found by
marginalising over the other hyperparameters.

The Juliet python package (Espinoza et al., 2019) combines previously developed packages to
do simultaneous transit and GP fitting (Foreman-Mackey et al., 2017; Kreidberg, 2015; Speagle,
2020). It adds a couple of terms to the basic GP described in the previous section. The mean
function is not just a transit function, but includes a photometric dilution factor in case the light
curve is diluted by flux from nearby stars and an offset for the out-of-transit flux, resulting in
Equation 6.4.

M(~t) =
T (~t, ~φ)D + 1 − D

1 + DM
(6.4)

Here M(~t) is the mean function used in the GP, T (~t, ~φ) is still the transit model, D is the
photometric dilution factor, and M is an offset in the out-of-transit light curve. Additionally, the
white noise term in the kernel is actually split into two parts, one for the formal uncertainty in
the data point, and one for jitter in the instrument, so that the covariance is given by Equation
6.5.

~Σmn = k(tm, tn) + δmn(σ2
ym

+ σ2
w) (6.5)

Here δmn is the Kronecker delta, σym is the uncertainty in data point ym, and σw is jitter in
the instrument. This means there is an additional hyperparameter in the noise model and we get
~θ = {ρ, σ, σw}.

Juliet allows the user to confine the fitting of the limb-darkening parameters to the physically
plausible values (those resulting in only positive intensities and decreasing gradients towards the
limb of the star) by using a parametrisation from Kipping (2013). Both parameters, referred to
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as q1 and q2, are defined as being between 0 and 1 and for the quadratic law, which we use in this
work, are given by Equation 6.6, where u1 and u2 are the limb darkening parameters.

q1 = (u1 + u2)2

q2 =
u1

2(u1 + u2)
(6.6)

6.3 Results and discussion

6.3.1 White light curve
We simultaneously fit the transit model and the noise model to the white light curve. For the
transit model, the free parameters are the transit midpoint, T0, the size of the planet relative
to the star as a measure of transit depth, p =

Rp

R∗
, and the semi-major axis, a. Since we only

have one transit the orbital parameters (period, eccentricity and argument of periastron) are fixed
to the literature values from West et al. (2009) and Southworth et al. (2013), which have the
strongest constraints on the system architecture thanks to their inclusion of radial velocity data.
The same is done for the impact factor b and inclination i, as they are degenerate with the GP
noise and do not converge in the fit. We fix strict priors on the free parameters based on the
same literature. Since the limb darkening parameters are also very degenerate with the GP noise
and do not converge during the fit, they are fixed to theoretical values calculated with the Python
Limb Darkening Toolkit (Parviainen and Aigrain, 2015) based on the PHOENIX stellar spectrum
models (Husser et al., 2013). We fix the dilution parameter to 1 (no dilution), because we do not
expect any other sources to be in the slit with WASP-15, but leave the out-of-transit offset free.
the jitter and the GP hyperparameters are left free with wide priors.

We perform two short ”burn-in” runs to narrow down the parameter space and improve the
priors for the final fit. The resulting values for all the free parameters in the white light fit are
presented the rightmost column of Table 6.3, with the final radius ratio corresponding to a planet
radius of 1.299±0.085 RJup. The resulting transit midpoint and transit depth are consistent within
2σ with previous observations in the optical, the near infrared and the mid infrared.

6.3.2 Transit timing
We also combine our transit midpoint measurement from the white light curve with previous
literature, and amateur observations to obtain a new, more precise linear ephemeris for the transit
midpoint:

T0(BJDT DB) = 3.7520982(6) · N + 2454584.6985(3). (6.7)

Here T0 is given as the Barycentric Julian Date (BJD) in the Barycentric Dynamical Time
(TDB) standard. This is done for consistency with previous measurements and to correct for
leap seconds, clock offsets and the influence of the motion of the Earth around the sun on the
measured time (Eastman et al., 2010). N is the number of orbits since the reference epoch,
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Parameter Prior Posterior value
Period (days) 3.752099 -
Transit midpoint (JDUTC) N(2455706.5701, 0.008) 2455706.5694±0.0004
Planet radius (Rp/R∗) N(0.096, 0.078) 0.0935±0.0039
Impact parameter 0.570 -
Semi-major axis (AU) N(0.0499, 0.018) 0.04902± 0.00027
Inclination (◦) 85.5 -
Eccentricity 0 -
Argument of periastron (degrees) 90 -
q1 0.218 -
q2 0.360 -
Dilution 1 -
Flux offset N(0, 0.1) -0.0019±0.0020
Instrument jitter Lognormal(0.1,1000) 552±15
GP parameter σ Lognormal(1e-6,1e6) 0.0053±0.0020
GP parameter ρ Lognormal(1e-3,1e3) 0.074±0.022

Table 6.3: Priors for the different fit parameters used in the simultaneous transit and GP fitting. Orbital parameters
are held fixed (Period, eccentricity, argument of periastron), while planet parameters are based on previous literature
(transit midpoint, impact parameter, semi-major axis, inclination), with the exception of the radius. Noise and stellar
parameters are left free, with only the dilution being fixed at 1, since we do not expect interference from other stars.

Figure 6.2: Residuals of observations compared to the ephemeris shown in Equation 6.7. The 1σ errorbars of the
ephemeris are indicated by gray, dashed lines. Midpoint time values from previous literature are marked in filled
circles, values from amateur observations from the ETD that included a full transit are marked in empty circles and
the new value from the FORS2 observations is marked in blue.
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which we have taken to be the midpoint of the original discovery transit by West et al. (2009).
The numbers in brackets show the uncertainty in the preceding digits. For the amateur transit
midpoints, the values were retrieved from the Exoplanet Transit Database (ETD; Poddaný et al.,
2010) for observations that included a full transit. All transit midpoint values that were not
already in the Barycentric Dynamical Time standard have been converted to it for consistency.
The residuals of the observations from this ephemeris are shown in Figure 6.2.

The large uncertainties on the points in the points at 427 periods are because they are based
on the timings of secondary transits in the mid-infrared by Kilpatrick et al. (2017). There is a
significant tension between the original West et al. (2009) discovery data and the ephemeris and
our data of 3.4σ. This increases to 4.5σ if the errorbars from the Triaud et al. (2010) analysis of
the same data are used. Additionally, the points between 200 and 500 orbits are mostly below
the line, while the points around 1000 orbits tend to be above it, which could be an indication of
possible transit timing variations due to an unseen planet. The fit is marginally improved and the
tension removed by adding a sinusoidal signal with an amplitude of 55 s and a period of 534 days,
but due to the addition of extra parameters in the fit this difference is not significant and rather
is overfitting the data. Further observations are required to determine whether such a variation is
indeed present.

We use our new period for the rest of the analysis, although since we only have one transit
the change in the assumed period is not expected to significantly affect the results.

6.3.3 Transmission spectrum
To construct a transmission spectrum, the data was divided into wavelength bins. The size of the
bins was determined by analysing the noise at different wavelengths as a function of bin size. The
smallest bin with the lowest noise depends on wavelength. At short wavelengths there is more
flux, so smaller bin sizes of ∼50 Å are possible. However, at larger wavelengths where there is
significantly less flux, the increase in noise means that the optimal bin size becomes 100 Å. For
consistency we divide the data in equal sized bins of 100 Å.

A light curve is constructed for each bin and detrended with the white light noise model.
Another fit of the transit model and GP is then applied, this time with the mid-transit time, impact
parameter, semi-minor axis, and inclination values fixed to those of the white light curve, as these
are not expected to change with wavelength. The limb-darkening parameters are wavelength
dependant and recalculated for each bin. The only free transit parameter is the transit depth.
The noise parameters now fit the wavelength dependent component of the noise. Due to the low
signal at long wavelengths, the transmission spectrum is cut off at 10300 Å.

The corrected light curves are shown in Figure 6.3. The grey curve in the upper left is the
white light curve. The light curves of the wavelength binned data are offset, but plotted at the
same scale. Almost all of the correlated noise is removed from the light curves, although some
residuals remain, especially in the redder curves. The varying gaps in the different curves are a
result of the sigma clipping process to remove excess scatter from outliers.

The resulting spectrum is shown in Figure 6.4, with the radii from the binned data marked
in blue and the radius based on the white light curve in cyan, offset to the side for clarity. The
white light curve is 1σ separated from the Southworth et al. (2013) photometric value in a similar
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Figure 6.3: Light curves after removal of correlated noise. The white light curve is indicated in gray in the upper
left of the figure. Curves for the different wavelength bins are offset by 0.02 from each other for clarity. The colour
of the wavelength binned light curves indicates the central wavelength of the bin. Each bin has a width of 100 Å.
Errors of varying degrees are introduced into the light curves by the subtraction of the GP models, depending on the
goodness of the fit. Bins beyond 10300 Å are omitted due to lack of signal.
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Figure 6.4: Transmission spectrum of WASP-15 b with a wavelength resolution of 100 Å. The planet radius mea-
sured in the white light curve is marked in cyan at 7400 Å to clearly separate it from the radii of the binned data,
which are marked in blue. The black point is a photometric measurement by Southworth et al. (2013) that covers
a similar wavelength range and is included for comparison at the same location as the white light radius. A clear,
low-metallicity model at the expected temperature of WASP-15 b (black) is also included for comparison. With the
exception of the points between 8900 Å and 9300 Å, most of the points are within 3σ of the model spectrum. Given
that these points coincide with a major water absorption band, their errors may be underestimated.

wavelength range. The smaller errorbars around 9000 Å are caused by the noise at these wave-
lengths being closest to that of the white light curve due to their position in the middle of the
spectrum. The larger errorbars in the reddest part of the spectrum are a consequence of the low
signal and the corresponding increased noise at these wavelengths. The data are consistent with
a featureless spectrum. Closer investigation of the areas around possible sodium (∼ 8200 Å),
potassium (∼ 8250 Å) and calcium (∼ 8500 Å) features in the blue part of the spectrum with
smaller wavelength bins of 40 Å show no indications of increased absorption.

The errors on the transit depth are consistent with the residuals after fitting and with the
photon noise of the light curves in the middle range of the spectrum (8200-9500 Å), with values
of 600-1200 parts per million (ppm) depending on the wavelength. The photon noise of the light
curves is itself determined by the reference stars, which are fainter than WASP-15. While the
photon noise at long wavelength increases significantly, it does not entirely explain the larger
errorbars beyond 9500 Å indicating that even after correction, residuals from the correlated noise
are still a limiting factor at the extreme ends of the spectrum, although the effect is much more
pronounced at long wavelengths. However, the scatter in the radii is larger than expected from
the individual errorbars and occurs particularly between 8700 and 9700 Å. This coincides with
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two major telluric water absorption bands, and is possibly a consequence of the bad seeing during
the observations. However, a smaller absorption band at 8200 Å does not seem to have had such
an effect. The points in this are are also sensitive to changes in the choice of continuum when
removing the telluric contribution from the stellar spectra.

6.3.4 Atmospheric models
To interpret the spectrum we compare it to a generic grid of forward model transmission spectra
computed by Goyal et al. (2019). This grid is based on the ATMO 1D-2D radiative-convective
equilibrium model for planetary atmospheres (Amundsen et al., 2014; Tremblin et al., 2015,
2016b, 2017; Drummond et al., 2016; Goyal et al., 2018) and is computed for two treatments of
condensation over a range of 22 planetary equilibrium temperatures (400K-2600K), four plane-
tary surface gravities (5-50 m/s2), five atmospheric metallicities (1-200x solar), four carbon-to-
oxygen ratios (0.35-1), four scattering haze parameters (1-1100x Rayleigh scattering), and four
uniform cloud parameters (0-1). Since we can calculate the surface gravity from the fit and the
literature as 6.5 m/s2, we take the grid with the smallest value and rescale it to the exact value
using the relation given in Goyal et al. (2019). We then further scale the spectra to have the same
mean amplitude as the data. Due to our use of GP noise models we can not rely on the absolute
value of the model, but rather compare the relative size of the features.

In general, flat spectra are considered to indicate cloudy/hazy atmospheres, but the observed
transmission spectrum has a standard deviation around the mean of 0.005, larger than any of the
models (<0.002), so no such constraints can be determined. For comparison, a model spectrum
of a planet with a temperature of 1500K, based on Spitzer measurements by Kilpatrick et al.
(2017), low metallicity and a clear atmosphere, so with larger features, has been included in
Figure 6.4. The variation in the data is clearly significantly larger than that in the model.

The scatter in the data, not the errorbars on the individual points are prohibiting the interpre-
tation of the results, so observations that are more stable around 9000 Å are required in the future
to constrain the atmosphere of WASP-15 b. Identifying the presence or absence of major features
such as those of Na and K should be possible with the current FORS2 instrument in better seeing
conditions. Lendl et al. (2016) for example use a similar precision of 600-800 ppm in the same
wavelength range to determine the presence of a cloud deck on WASP-49 b, a hot Saturn with
a similar transit depth and host star brightness as WASP-15 b. For targets with fainter host stars
or available references or with smaller transit depths, the observation of additional transits will
likely be required.

6.4 Conclusion
We have obtained archival data of the hot Jupiter WASP-15 b that was observed with the FORS2
instrument at 7400-11000 Å. We have reduced the data and have used GP modelling to remove
wavelength dependant correlated noise from the peeling LADC coating. In the middle of the
spectral range the noise was reduced to 600-1200 ppm, on the order of the photon noise, which is
dominated by the faintness of the reference stars. Some residuals of correlated noise remained at
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the extreme ends of the spectrum, particularly the red end. Since the reference stars are the limit-
ing factor in our noise, any observations where the target and the references as bright or brighter
than our faintest reference (1.4 magnitudes fainter than WASP-15 in the measured wavelength
range) can be expected to result in similar precision in the middle range of the spectrum, al-
though the fact that there are less residuals from the correlated noise at the blue end indicates
that a better signal results in a better removal of correlated noise, favouring bright targets and
short wavelength observations for GP modelling.

We were able to obtain a white light transit curve and model the noise and transit parameters.
The midpoint and transit depth are consistent within 1σ with previous literature and we calculate
a new, more precise ephemeris for the planets orbit. Tension between this ephemeris and the
discovery data is significant, but could not be explained through the presence of possible other
companions in the system. We further obtain the first transmission spectrum of WASP-15 b by
dividing the data into wavelength bins, de-trending them with the white light noise and fitting
transit and GP models. The resulting transmission spectrum has significant scatter around 8900-
9300 Å, which is likely the result of underestimation of the errors due to telluric water absorption.
It has no other significant features of more than 3σ and is consistent with hazy, cloudy and clear
models, as the model variation is smaller than that in the data.

Future observations with better seeing are required to constrain the atmosphere of WASP-15
b and distinguish between hazy, cloudy and clear atmospheres, preferably at shorter wavelengths
without major telluric absorption bands. The current analysis can also be extended to other
unpublished archival data sets from this period, such as 2012 data of WASP-31, another bright
star with a hot Jupiter around it. This data covers a larger wavelength range where telluric water
absorption should be less of a problem and includes wavelengths where no other high resolution
spectra are available.
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Chapter 7

Conclusions

In the first part of this thesis we examined the potential of mid-infrared direct imaging of wide
separation planets. These targets are important to understand planet formation mechanisms and
the mid-infrared offers a number of advantages compared to the commonly used near infrared,
but so far no planets have been detected at this wavelength.

In Chapter 2 we used the J8.9 filter in the imaging mode of VISIR to obtain the first mid-
infrared direct imaging observations the HR 8799 planetary system at 8.9 μm. We achieved
background limited 5σ upper flux limits of 0.7 mJy for any further companions between 40 and
330 AU, corresponding to a mass limit of 30 MJup for a given age of 60 Myr. These constitute the
most stringent limits at the furthest distances so far for this system. While this was not sufficient
to observe the known companions, these sensitivities showed that it would be possible to image
at least four other planets within 50 pc in 10 hours or less with VISIR, and predicted that at least
another eleven planets could be observed in the same time with the upgraded version of VISIR,
NEAR.

In Chapter 3, we used data of four nearby systems taken at 11.25 μm with the upgraded
NEAR instrument, which has the addition of a coronagraph and adaptive optics. Both the ε Indi
A and ε Eri systems have a gas giant that was expected to be observable with NEAR. While
detecting these planets was ultimately unsuccessful, 5σ upper limits very close to the planet
masses were found for companions in both systems. The limit obtained for ε Eri was 2-4 MJup

beyond 1′′ for an age range of 0.4-1 Gyr, compared to a planet mass of around 0.8 MJup. For
the somewhat older (0.7-4 Gyr) ε Indi we achieved the most sensitive mass limits to date at 3.3-
10 MJup beyond 1′′. Considering the fact that the mass of the known companion is 3.25 MJup, the
non-detection confirmed an age at the older side of the range for this system, as a younger planet
would have been observable. The τ Ceti system has a number of known Earth-sized planets,
but no confirmed gas giants and the Sirius system has no known planets. In both cases the
most sensitive mass limits to date were achieved at small separations, 15-30 MJup at 1 − 2′′ for
an age of 3-10 Gyr for τ Ceti and 0.5-4.5 MJup at 0.5-1.5′′ for an age range of 200-300 Myr for
Sirius A. For companions to Sirius B we achieved limits of 1.5-3.6 MJup at the same age as Sirius
A, depending on the amount of data available on different sides of the star and comparable to
previous observations. Except for the extremely bright Sirius A, all observations were close to
background limited.
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In Chapter 4, we looked at six young stellar objects that still have circumstellar disks around
them. We used a combination of VISIR J8.9 data and NEAR data in four other filters for HD
100546 and NEAR data taken in the PAH1 and NEAR filters for the other targets. We were able
to resolve three of the disks and measure their projected position angle and inclination and their
size. For the other three targets we calculated upper limits to their sizes, improving constraints
on the mid-IR emitting regions of both HD 163296 and HD 36112 by a factor of 3 and 10
respectively. All measurements were consistent with the DIANA ProDiMo disk models, with
the mid-IR emission originating from the central, highly irradiated unresolved inner disks and in
some cases from the inner rims of the outer disks. We were able to improve the global SED fit of
the DIANA ProDiMo model of HD 100546 by expanding the inner edge of the outer disk from
19.3 to 22.3 AU. Additionally, after modelling a planet with a circumplanetary disk, we obtained
upper limits of 0.5-30 mJy for the 8-12 μm flux of possible companions beyond 1′′ in the different
disks, which allowed us to rule out planetary mass companions with luminosities of > 0.0028 L�
beyond 180 AU around HD 100546 and with luminosities of 10−2 L� at large separations around
HD 163296, HD 169142, TW Hydra and HD 36112. This meant we could exclude the presence
of young planets in runaway accretion phases beyond 1′′ in all but one of the systems, leading to
an upper limit on the occurrence rate of wide orbit giant planets with CPDs of 6.2% with 68%
confidence.

In all three chapters background limited imaging was achieved. Combined with mass limits
of the order of a few Jupiter masses in the best cases, this shows the potential for direct imaging
at mid-IR wavelengths. Even with the current version of NEAR, 11 planets that have been
previously imaged in the near IR can be detected in less than 10 hours and the nearby giant
planets around ε Indi A and ε Eri can be imaged in 50 and 70 hours respectively. Upcoming
instruments with mid-IR imaging capabilities will be able to access far more planets. The ELT
mid-infrared imager METIS will be more than ten times more sensitive than NEAR currently is
(see Fig. 7.1; Brandl et al., 2018) and thanks to the ELTs 39 m diameter it will also have a five
times better spatial resolution. This means that of the 102 planets detected through near IR direct
imaging that have known temperatures, at least 80 will be detectable with METIS in less than
two hours, including the HR 8799 planets. Both ε Indi A b and ε Eri b would be detectable in
only a few minutes of observation time, which would allow for the direct measurement of both
the masses and luminosities of these planets. The detection of Earth-like planets in the habitable
zones of nearby stars, such as τ Ceti e and f, would be possible in only a few hours. MIRI on
the JWST (Rieke et al., 2015; Glasse et al., 2015) is expected to be another 40 or so times more
sensitive, further increasing the number of characterisable planets, although its smaller diameter
means that the inner working angle will be larger and ground based instruments are likely to stay
competitive in the inner few arcseconds.

In the second part we use transmission spectroscopy to examine the atmospheres of two
close-in planets. Transmission spectroscopy has been used to identify the presence of various
atoms and molecules in transiting planets and can be used to identify atmospheric processes like
evaporation or the presence of winds.

In Chapter 5 we searched the ESO Archival Database for X-SHOOTER data of transiting
planets and reduced two nights of observations of the super-Earth GJ 1214 b. We compared the
in-transit and out-of-transit spectra of each night and measured the excess depth of the 10,830 Å
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Figure 7.1: Point source sensitivities of for a 10σ detection in one hour (including overheads) for various mid-IR
instruments. Image credit: Brandl et al. (2014).

absorption line of meta-stable helium. We were able to put an upper limit of 0.14±0.15 Rp on
the extended helium atmosphere. This was an improvement of a factor of four over the previous
limit, which was expected given the instrumental and observational differences. These limits
showed that of the seven planets where helium has so far been detected in the atmosphere, four
have large enough signals to be detectable with X-SHOOTER in the same amount of integra-
tion time, making it a suitable instrument to detect helium in the atmospheres of large, close-in
planets. To detect helium in GJ 1214 b other instruments that cover the He I line with similar
or better resolving power are required, such as CRIRES+, FORS2 or KMOS (Dorn et al., 2014;
Appenzeller et al., 1998; Sharples et al., 2013).

In Chapter 6 we reduced archival data of the hot Jupiter WASP-15 b taken with FORS2 in
2011. Due to the placement of the reference stars on the CCD the wavelength range was limited
to 8000-10400 Å. Since the coating of the LADC was peeling at the time, data from between
2010 and 2014 have significant correlated noise in them, making this data difficult to work with.
We used GP modelling to remove this correlated noise and measure the transit in the white light
curve. The calculated midpoint and depth of the transit were consistent within 1σwith previous
data taken around the same wavelength range. We used our measured midpoint and previous
data to find a new, more precise ephemeris for the orbit of WASP-15 b. We also obtained the first
transmission spectrum of the planet by dividing the data into 100 Å bins, from which the white
light noise model was subtracted. GP modeling of the binned data removed the wavelength de-
pendant part of the correlated noise entirely in the middle of the spectral range, reducing the
noise to 600-1200 ppm, but residuals remained at the extremes of the spectrum, particularly the
red side. We found that scatter in the center of the spectrum coincided with large telluric water
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absorption bands and no features of 3σ or larger were visible in the rest of the spectrum. Com-
parison to model spectra revealed that the data are consistent with hazy, cloudy and clear models,
as the variation in the data is larger than that in any of the models. Especially around 9100 Å it
is likely that we are still dominated by residual noise that is larger than the expected atmospheric
features. Future observations will have to have a lower photon noise to better constrain the planet
radius, and should preferably be done in the visible wavelength range, where there is less telluric
absorption. The current version of FORS2 that has no coating on the LADC should be capable
of constraining the haziness or cloudiness of the atmosphere, particularly if more than one transit
can be obtained. This would improve the signal to noise ratio and reduce the photon noise, as
well as mitigate noise from atmospheric conditions.

With the many instruments available for transmission spectroscopy more and more planet
atmospheres are being characterised. Ongoing surveys like CARMENES (Quirrenbach et al.,
2014) are adding to the available data even further, allowing a more population based approach to
characterising close-in planets and their evolution under heavy stellar irradiation. Future instru-
ments on 40m class telescopes will also allow for the observation of biosignatures in Earth-like
planets in the habitable zones of nearby stars (e.g. Serindag and Snellen, 2019). Combined with
the prospects for direct imaging discussed in the first section of this chapter, we can expect full
characterisation of these kinds of systems and their atmospheres in the near future.
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D., Brahm, R., and Cuadra, J. (2016). Resolving the planetesimal belt of hr 8799 with alma.
Monthly Notices of the Royal Astronomical Society: Letters, 460(1):L10–L14.

Borucki, W. J., Koch, D. G., Batalha, N., Bryson, S. T., Rowe, J., Fressin, F., Torres, G., Cald-
well, D. A., Christensen-Dalsgaard, J., Cochran, W. D., DeVore, E., Gautier, T. N., Geary,
J. C., Gilliland, R., Gould, A., Howell, S. B., Jenkins, J. M., Latham, D. W., Lissauer, J. J.,
Marcy, G. W., Sasselov, D., Boss, A., Charbonneau, D., Ciardi, D., Kaltenegger, L., Doyle,
L., Dupree, A. K., Ford, E. B., Fortney, J., Holman, M. J., Steffen, J. H., Mullally, F., Still, M.,
Tarter, J., Ballard, S., Buchhave, L. A., Carter, J., Christiansen, J. L., Demory, B.-O., Désert,
J.-M., Dressing, C., Endl, M., Fabrycky, D., Fischer, D., Haas, M. R., Henze, C., Horch, E.,
Howard, A. W., Isaacson, H., Kjeldsen, H., Johnson, J. A., Klaus, T., Kolodziejczak, J., Bar-
clay, T., Li, J., Meibom, S., Prsa, A., Quinn, S. N., Quintana, E. V., Robertson, P., Sherry, W.,
Shporer, A., Tenenbaum, P., Thompson, S. E., Twicken, J. D., Van Cleve, J., Welsh, W. F.,
Basu, S., Chaplin, W., Miglio, A., Kawaler, S. D., Arentoft, T., Stello, D., Metcalfe, T. S.,
Verner, G. A., Karoff, C., Lundkvist, M., Lund, M. N., Handberg, R., Elsworth, Y., Hekker,
S., Huber, D., Bedding, T. R., and Rapin, W. (2012). Kepler-22b: A 2.4 Earth-radius Planet in
the Habitable Zone of a Sun-like Star. The Astrophysical Journal, 745(2):120.

Boss, A. P. (1997). Giant planet formation by gravitational instability. Science, 276:1836–1839.

Boss, A. P. (2001). Formation of planetary-mass objects by protostellar collapse and fragmenta-
tion. The Astrophysical Journal, 551(2):L167–L170.

Boss, A. P. (2011). Formation of Giant Planets by Disk Instability on Wide Orbits Around
Protostars with Varied Masses. The Astrophysical Journal, 731(1):74.



114 BIBLIOGRAPHY

Bouwman, J., de Koter, A., Dominik, C., and Waters, L. B. F. M. (2003). The origin of crys-
talline silicates in the Herbig Be star HD 100546 and in comet Hale-Bopp. Astronomy &
Astrophysics, 401:577–592.

Bowler, B. P. (2016). Imaging Extrasolar Giant Planets. Publications of the Astronomical Society
of the Pacific, 128(968):102001.
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madja, T. L., Thompson, M. A., and Anglada-Escudé, G. (2018). Dynamical Masses of ∈ Indi
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J., Sakon, I., Shibai, H., Takita, S., Tanabé, T., Uemizu, K., Ueno, M., Usui, F., Wada, T.,
Watarai, H., Yamamura, I., and Yamauchi, C. (2010). The AKARI/IRC mid-infrared all-sky
survey. Astronomy & Astrophysics, 514:A1.

Izidoro, A. and Raymond, S. N. (2018). Formation of Terrestrial Planets, page 142.

Izzo, C., de Bilbao, L., Larsen, J., Bagnulo, S., Freudling, W., Moehler, S., and Ballester, P.
(2010). The new FORS pipeline. In Silva, D. R., Peck, A. B., and Soifer, B. T., editors,
Observatory Operations: Strategies, Processes, and Systems III, volume 7737, pages 584 –
591. International Society for Optics and Photonics, SPIE.
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penhäger, K., Kitzmann, D., Nascimbeni, V., Turner, J. D., and Strassmeier, K. G. (2019).
The potassium absorption on HD189733b and HD209458b. Monthly Notices of the Royal
Astronomical Society: Letters, 489(1):L37–L41.



130 BIBLIOGRAPHY

Kenworthy, M., Quanz, S., Meyer, M., Kasper, M., Girard, J., Lenzen, R., Codona, J., and
Hinz, P. (2010a). A New Coronagraph for NAOS-CONICA – the Apodising Phase Plate. The
Messenger, 141:2–4.

Kenworthy, M. A., Quanz, S. P., Meyer, M. R., Kasper, M. E., Lenzen, R., Codona, J. L., Gi-
rard, J. H., and Hinz, P. M. (2010b). An apodizing phase plate coronagraph for VLT/NACO.
In McLean, I. S., Ramsay, S. K., and Takami, H., editors, Ground-based and Airborne
Instrumentation for Astronomy III, volume 7735 of Society of Photo-Optical Instrumentation
Engineers (SPIE) Conference Series, page 773532.

Keppler, M., Benisty, M., Müller, A., Henning, T., van Boekel, R., Cantalloube, F., Ginski, C.,
van Holstein, R. G., Maire, A. L., Pohl, A., Samland , M., Avenhaus, H., Baudino, J. L.,
Boccaletti, A., de Boer, J., Bonnefoy, M., Chauvin, G., Desidera, S., Langlois, M., Lazzoni,
C., Marleau, G. D., Mordasini, C., Pawellek, N., Stolker, T., Vigan, A., Zurlo, A., Birnstiel, T.,
Brandner, W., Feldt, M., Flock, M., Girard, J., Gratton, R., Hagelberg, J., Isella, A., Janson,
M., Juhasz, A., Kemmer, J., Kral, Q., Lagrange, A. M., Launhardt, R., Matter, A., Ménard,
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Stecklum, B., van den Ancker, M. E., von der Lühe, O., and Weigelt, G. (2004). Mid-infrared
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