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Abstract

The search for exoplanets, i.e., planets orbiting other stars than the Sun, is a relatively new research field, but has already
established itself as one of the most prolific and intriguing areas of astronomy. By now we are in a situation where the focus
is not only on finding companions to stars, but also on characterising their atmospheres and physical properties, which
overall allows us to put our Solar System into context. In the near future, these efforts could potentially lead to the first
confirmation of a life-bearing planet besides the Earth.
The great majority of these exoplanet studies have been carried out indirectly, where the presence and characterisation
of the companions are inferred solely from the observation of the host star. In the last decade, however, high-contrast direct
imaging has been continuously developed to get rid of the starlight and reveal the existence of low-mass companions.
Although this technique is currently limited to giant planets orbiting at large separations, it is able to directly detect the
light emitted or scattered off the planet’s atmosphere at high signal to noise, which makes it the most promising planethunting method to characterise new worlds. Moreover, its capability to image faint objects close to the parent star allows
for not only the detection of planetary-mass companions, but also low-mass stars, brown dwarfs, and circumstellar disks
where planet formation takes place. This opens up a broad range of science cases where direct observations can be used to
understand planet formation, atmospheric physics and stellar evolution.
In this PhD thesis I provide an up-to-date introduction to the basis of the direct imaging technique, and explain the star
and planet formation mechanisms. Three publications are attached to this introduction, each of them dealing with distinct
science cases that can be assessed with high-contrast observations. In Paper I we resolve and model the aftermath of star
formation, the so-called debris disk phase analogue to the asteroid and Kuiper belts in our Solar System, around the HD
32297 star with Subaru/HiCIAO. We reveal an edge-on disk and find the first indications of a double-ring scenario. We
also present the first polarimetric study of this system, constraining the properties of the dust around the star. In Paper
II we focus on the planetary-mass regime, and conduct the first direct imaging survey searching for circumbinary planets
orbiting tight binary systems (SPOTS: Search for Planets Orbiting Two Stars). We present the results of the observations
of 62 targets with VLT/NaCo and VLT/SPHERE, and perform a statistical analysis on the findings, placing constraints
on the population of giant planets and brown dwarfs on wide orbits. Finally, in Paper III we resolve a triple stellar system
with the newly-commissioned SCExAO/CHARIS integral field spectrograph. Taking advantage of the coeval nature of
the system and the different range of masses involved, we use the data to reaffirm a previously suggested isochronal age
discrepancy between the low- and the intermediate-mass population of stars.
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Sammanfattning

Sökandet efter exoplaneter, dvs planeter i bana kring andra stjärnor än solen, är
ett relativt nytt forskningsfält, men har redan etablerats som ett av de mest produktiva och fascinerande områdena inom astronomin. I nuläget befinner vi oss
i en situation där fokus inte bara ligger på att hitta nya kompanjoner till stjärnor, utan också på att karakterisera deras atmosfärer och fysiska egenskaper,
vilket i sin tur hjälper oss att placera vårt eget solsystem i ett större perspektiv.
I en nära framtid kan dessa insatser potentiellt leda till de första bekräftelserna
av livsuppehållande planeter utöver jorden.
En överväldigande majoritet av dessa exoplanet-studier har bedrivits indirekt, där en kompanjons existens och egenskaper härleds enbart från observationer av värdstjärnan i systemet. Under det senaste decenniet har dock en
kontinuerlig utveckling skett av direkt avbildning med hög kontrast, vilket går
ut på att filtrera bort stjärnljus och därmed upptäcka lågmassiva kompanjoner.
Fastän denna teknik i dagsläget är begränsad till jätteplaneter på stora avstånd
från stjärnan, har den möjliggjort att direkt upptäcka ljus som skickats ut eller
reflekterats ur planetens atmosfär, vilket gör den till den mest lovande metoden
för att karakterisera nya världar. Dessutom innebär kapaciteten att upptäcka
ljussvaga objekt jämte värdstjärnan inte bara att det blir möjligt att upptäcka
planeter, utan också lågmassiva stjärnor, bruna dvärgar och cirkumstellära skivor där planetbilding äger rum. Detta öppnar upp en lång rad av vetenskapliga
riktningar där direkta observationer can användas för att förstå planetbildning,
atmosfärsfysik, och stjärnevolution.
I den här avhandlingen introducerar jag de fundamentala aspekterna av
direkta avbildningstekniker, och diskuterar mekanismer för stjärn- och planetbildning. Tre publikationer beskriver sedan min forskning inom ämnet, som
var och en utgör en särskild vetenskaplig gren av högkontrast-avbildning. I
artikel "I" upplöser vi och modellerar kvarlevor av stjärnbildnings-processen
som i vårt solsystem representeras av asteroidbältet och Kuiper-bältet - en så
kallad debris-skiva i systemet HD 32297, som studerats med Subaru/HiCiao.
Våra observationer påvisar en disk med hög inklination, och ger de första indikationerna på en dubbel ringstruktur. Vi presenterar också den första polarimetriska mätningen av systemet, vilket hjälper oss att karakterisera egenskaperna hos stoftet i skivan. I artikel "II" fokuserar vi på planeter, genom
den första dedikerade storskaliga avbildnings-studien av cirkumbinära planeter

(SPOTS: Search for Planets Orbiting Two Stars). Vi presenterar resultaten från
observationer av 62 system med VLT/NaCo och VLT/SPHERE, och genomför
en statistisk analys av utfallet, vilket avgränsar populationsegenskaperna hos
jätteplaneter och bruna dvärgar i avlägsna banor kring binärerna. I artikel "III"
upplöser vi slutligen ett trippelt stjärnsystem med den nyligen installerade integralfältsspektrografen SCExAO/CHARIS. Vi drar nytta av den evolutionära
homogeniteten hos multipla system och de olika stjärnmassorna i trippelsystemet för att bekräfta en tidigare uppmärksammad diskrepans i isokronåldrar
mellan låg- och medelmassiva populationer av stjärnor.
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1. Introduction

The Solar System started to form about 4.6 Gyr ago from the collapse of a cold
molecular cloud of hydrogen under its own gravity, and since then it has endured several physical processes and catastrophic events that have shaped it as
it is today. The Sun is a G-type main-sequence (MS) star, a gigantic sphere
of plasma that is half-way of fusing the hydrogen in its core. It concentrates
almost all the mass of the system, while the angular momentum is retained in
eight planets in nearly planar and circular orbits that revolve around it. Jupiter
is by far the dominant object in the planetary system and, together with Saturn,
present a gaseous envelope made of hydrogen and helium. Uranus and Neptune contain astrophysical ices and rocks with a low-mass hydrogen and helium atmosphere. These four large planets are referred to as giant planets, and
are located at about 5.2, 9.6, 19.2 and 30.1 AU from the Sun, respectively. Although less important in terms of mass and angular momenta, Mercury, Venus,
Earth and Mars, at 0.4, 0.7, 1.0 and 1.5 AU, respectively, make up the smaller
terrestrial planets. These planets are interesting in terms of their geology,
atmospheric composition or even biologically, as, besides Mercury, they are
located at distances where water might be preserved in liquid form.
Apart from the Sun, the planets and their corresponding satellites, the Solar System contains innumerable smaller bodies, from dust grains to gravitydominated planetesimals of radius ∼1000 km, residuals from the planet formation phase. All these bodies form a debris disk around the Sun, and most
of them are concentrated in stable orbits between Mars and Jupiter, the asteroid belt, or beyond Neptune, the Kuiper belt. Asteroids are rocky debris
that populate the regions interior to Jupiter’s orbit and show a large variety of
sizes, with the smaller grains being more numerous but the mass concentrated
in the biggest bodies. Similarly, the more massive Kuiper belt objects (KBOs)
are composed of a combination of ices and rocks. Giant planet perturbations
cause KBOs to spiral inwards and become short-period comets, while longperiod comets are thought to be originated in the Oort cloud, a very distant
>104 AU cloud of icy planetesimals.
The Solar System planetary system and its debris disk are interesting not
only because the Earth (and life) resides within it. This system is the only
one that can be directly examined, and for which the full structure is known
to a high degree. For instance, the large inventory of meteorites coming from
9

the asteroid belt retains information about the planetesimals that populated
the early Solar System, its chemistry and evolution timescales (Pfalzner et al.
2015). Also, the record of lunar rocks confirms that there was an epoch of a
huge influx of comets or asteroids in the inner Solar System ∼800 Myr after
its formation. This is evidence for a dynamical excitation of bodies in the
asteroid and Kuiper belts, thought to be caused by a resonance crossing of the
early orbits of Jupiter and Saturn (Gomes et al. 2005).
To understand the current status of the Solar System, its components and
how star and planet formation takes place, it is important to compare the Solar System architecture with a bigger sample, i.e., in the context of extrasolar
systems. With more than 4000 extrasolar planets discovered so far, the Solar
System does not appear to stand out as the only archetype for star and planet
formation, but plenty of morphological and peculiar features have been seen
to enrich the amalgam of known circumstellar systems. Complementing the
in-situ studies, the very early formation of the Solar System can be inferred
from the observation of young stars that are currently undergoing planet formation. It seems that along with the collapse of the cloud material into a
central hot protostar, a disk-like structure begins to form around it, both embedded in an envelope of gas and dust. Eventually the envelope disappears,
and the central star emerges surrounded by a disk of gas and dust where planets are forming. After planet formation has finished and the primordial gas
has been dissipated, Kuiper-like debris disks shaped by their interaction with
planetary-mass objects can be discriminated from the parent star and analysed.
Thus, observational studies of extrasolar systems in different stages of their
evolution provide a time-development of the processes and mechanisms that
take a stellar system to develop from the formation phase to the present Solar
System scenario.
The presence of circumstellar material was already inferred in 1984 from
the excess infrared emission in the spectral energy distribution (SED) of Vega
(Aumann et al. 1984). Although unresolved observations are still carried out
and are valuable to characterise and find new circumstellar disk candidates,
resolving the system in thermal emission or scattered light is critical for complementing unresolved infrared excesses. In this way, Figure 1.1 shows the
first image of a debris disk, taken also in the same year, resolving the circumstellar environment of the bright A-type star β Pictoris with optical coronagraphy (Smith & Terrile 1984). Even with this very primitive observation, the
orientation and extension of the disk and the orbits of the embedded dust were
revealed. This image was essential in proving that nearby stars presenting an
infrared excess are surrounded by a circumstellar disk of dust.
In recent times, with the development of new observing strategies, noise
reduction procedures and the advent of dedicated telescopes and instruments,
10

direct imaging of faint companions has opened up a new research window
in the field of circumstellar disks and exoplanetary exploration. Besides revealing a new large star-companion separation space inaccessible to indirect
techniques, its ability to distinguish the light emitted by (or scattered off) these
objects from that of the host star makes direct imaging the most promising tool
for present and future characterisation of faint circumstellar material. For instance, both protoplanetary disks, where planet formation is ongoing, and the
gas-poor debris disks retain plenty of information about the physics of planetary formation, such as grain size and composition (e.g., Wyatt 2008). Moreover, if a planet is detected, direct imaging permits to follow its movement
with time along its orbit around the star (e.g., Millar-Blanchaer et al. 2015),
constraining its orbital evolution. In the case of β Pic, this has been achieved
with a sufficient precision to, e.g., rule out a transit event (Wang et al. 2016)
and to detect it in two distinct parts of the orbit, before and after conjunction
(Lagrange et al. 2018). Direct high-resolution spectroscopy of exoplanetary
atmospheres also reveals fundamental parameters such as atmospheric composition or temperature (e.g., Bonnefoy et al. 2016), and even the planet’s spin
(Snellen et al. 2014). In the case of a non-detection, the presence of planets
can also be inferred from the gravitational perturbations caused on the circumstellar disk, such as warps or offsets (e.g., Golimowski et al. 2006).
Here, we discuss the direct imaging technique and its ability to characterise stellar systems and planet formation. In Chapter 2 we outline the high
contrast technique and how it is achieved. Chapter 3 treats the first stages of
star and planet formation and Chapter 4 discusses the debris disk stage in the
context of high-contrast direct imaging, from the physics governing the movement of the grains to their observation. Finally, Chapter 5 focuses on low-mass
companions and current statistics as derived by direct imaging.

Contribution from the Licentiate thesis
This PhD thesis is largely built on my Licentiate thesis High-contrast imaging of faint substellar companions and debris disks, defended in May 2017. In
that Licentiate I presented Paper I, and to that aim I described the high-contrast
imaging technique and the star and planet formation scenario leading to the debris disk phase (Chapters 1–4 in this PhD thesis).
During these less than two years since the Licentiate defense, the theory of debris disks and the high-contrast imaging technique has obviously not
changed much. I thus have mostly corrected typos and updated some sections
with very recent results and references, but the theoretical part has mostly been
left as it was written for the Licentiate degree. Chapter 5 is however completely
new, and presents the observational results that are key to understand and put
into context Paper II and III.
11

Figure 1.1: Discovery optical image of the first resolved debris disk, seen
edge-on arond the β Pictoris star. - The coronagraphic observation was carried
out at Las Campanas observatory in Chile with the du Pont 2.5-m telescope by
Smith & Terrile (1984). North is up, east to the left.
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2. High-contrast imaging

The primary challenge when dealing with direct imaging data is the detection
of very faint companions over a much brighter background. That is, a successful removal of the stellar point spread function (PSF) is essential to achieve
high-contrast flux ratios. Therefore, telescopes with large apertures help to
collect more photons and unveil closer distances to the host stars, but without
an efficient eradication of the stellar flux, these favourable conditions will not
be profitable. The efforts in this field are thus concentrated on attaining high
resolutions and removing all the stellar photons efficiently, while leaving those
coming from the faint companions unaffected.
To get a better perception of the problem at hand, the H-band contrast between a very young and massive planet (10 Myr, 10 MJup ) around a solar-type
star is of the order of ∼10−3 –10−4 (8.5 mag difference) considering the bestcase scenario of hot-start models (Baraffe et al. 2003), whereas the same system at 1 Gyr will exhibit a contrast ratio of ∼10−7 –10−8 (19 mag difference),
as planets cool down with time. For an Earth-like planet the required contrast
goes up to 10−10 (25 mag difference) in reflected light. Disks also have contrasts in the range 10−4 –10−9 per resolution element (Schneider 2014). The
goal then is to achieve these contrasts at tiny separations, at least within a fraction of arcsecond from the host star.

2.1 Adaptive optics
Sensitivity at small projected distances is commonly achieved with adaptive
optics (AO) that correct the stellar wavefront errors caused by the atmosphere
and approach to the limit of obtaining nearly diffraction-limited images. The
PSF of a telescope with circular aperture is an Airy pattern with an angular
resolution α = 1.22 λ /D and the corresponding Full Width Half Maximum
(FWHM) = 0.9 α, where λ is the wavelength of observation and D the diameter
of the primary mirror of the telescope. Thus, under ideal conditions the angular
resolution of a telescope (i.e., the minimum distance at which another point
source can be discerned) would increase with aperture size.
In practice, however, ground-based observatories suffer from atmospheric
aberrations. Changes in air temperature and density create atmospheric clumps,
13

each with different refractive indices. Different parts of a wavefront coming
from a distant star will pass through these clumps, varying their velocity and
creating bumps in diverse sections of the otherwise planar wavefront. This
corrugation causes distinct coherent sections in the wavefront to be imaged in
almost imperceptibly different focal plane positions, each of them constituting
an independent diffraction-limited Airy disk. The combination of these images
forms a cloud in the final image creating a noise pattern called speckle noise.
Furthermore, turbulence moves these clumps very rapidly with the wind speed,
which in turn continuously causes the speckle noise to reform into a new pattern (e.g., Chromey 2010).
Under typical exposure times, different speckle patterns caused by atmospheric turbulence are added and averaged out. The cost in resolution that this
noise provokes is the so-called astronomical seeing, which is measured as the
FWHM of the image of a point source and characterised by the Fried Parameter r0 . The latter represents the typical length in the wavefront that can be
treated as a plane wave, and is proportional to λ 6/5 . The total FWHM will be
the combination of the diffraction-limited image and the seeing disk:
q
FW HM ∝ (λ /D)2 + (λ /r0 )2
(2.1)
This is, seeing-limited images (r0  D) obtained under a turbulent atmosphere characterised by r0 will have the same resolution as a telescope of
primary diameter r0 (Quirrenbach 2003).
To overcome the aforementioned wavefront aberrations and the subsequently resolution loss, AO systems have been developed along with highcontrast imaging instruments. The basic structure of an AO system is composed of:
• Wavefront sensor (WFS): measures the distortion in different locations
of the wavefront. There are many different implementations, the most
common being the Shack-Hartmann (SH), Pyramid (P) and Curvature
(C) sensors. The two first quantify the distortion by estimating the local
slope of the wavefront, while the latter measures its curvature.
• These measurements are sent to a computer, which reads the distortions
and sends the commands to a small Deformable Mirror (DM). The DM
includes thousands of actuators in the back (Madec 2012) that shape the
mirror in such a way that counteracts the wavefront deformations and
make it flat again.
The corrections have to be performed as fast as possible. The Greenwood
time establishes the timescale at which the wavefront has to be corrected before
14

it loses its coherence, and so it depends on r0 and the weighted average velocity
of the turbulence along the line of sight of the telescope, vturb :
τ = 0.314 r0 /vturb

(2.2)

For a typical τ value of the order of milliseconds, the DM will have to
refresh the actuators shape at a rate of 1/τ, about a few hundred times every
second.
A parameter that evaluates how well the AO system behaves is the Strehl
ratio (SR). For a detected point source, the SR is defined as the peak count
of the observed PSF to the peak count of its perfect diffraction-limited Airy
pattern given by the Fourier Transform of the pupil, and it therefore ranges
from 0 to 1 (perfect correction). This implies that AO brings light that had
been spread all around the seeing halo back inside the diffracted PSF core.
High SRs are especially difficult to achieve when seeing conditions are poor,
when observing in short wavelengths (due to the dependence of r0 with λ ) and
when the natural guide star (NGS) used to calculate the wavefront aberrations
is too faint that the lack of photons degrades the A0 performance. In the near
IR, typical SR values are in the range of 0.2–0.6 for the first generation of AO
systems, while SRs of ∼0.9 or higher are reached in the second generation (see
section 2.5). A rough estimation of the level of contrast reached after AO in
the corrected area is given by Serabyn et al. (2007) :
C=

1 − SR
Nact

(2.3)

where Nact is the total number of actuators in the DM. This equation indicates that the fraction of the light not corrected by the AO system and thus
spread outside the PSF core, (1 - SR), materialise in a pixel spatial area Nact .
For the top-notch Spectro-Polarimetric High-Contrast Exoplanet Research instrument (SPHERE) equipped with a Nact = 41×41 DM, an almost perfect 0.9
SR gives an approximate contrast of ∼5×10−5 relative to the central star.

2.2 Coronagraphy
Even after a satisfactory AO correction, the Airy pattern still reaches intensity values of ∼10−4 times the peak of the host star. This would in principle
be good enough to detect the very young and massive tail of planetary objects, but their recovery would require a lot of observing time to increase the
signal to noise ratio (S/N). Apart from this diffracted starlight coming from
the telescope pupil, speckles originating in the non-corrected wavefront errors
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due to the effect of the atmosphere and the telescope optics degrade the detection. These two sources of residual light may interfere coherently and thus
amplify to form the so-called pinned speckles, which are speckles pinned on
the diffraction rings of the Airy disk (Aime & Soummer 2004). Therefore, the
employment of AO without any other high-contrast technique is not adequate.
The coherent and static diffraction pattern can be removed with a coronagraph. This device attenuates the on-axis starlight and leaves the off-axis companion’s light (point or extended sources) to pass through. Although wavefront
errors are not removed in this manner, the suppression of the diffraction pattern has several advantages. First, the central star does not saturate, and so the
limited dynamic range of the detector should not be a problem anymore. Moreover, it diminishes the stellar photon noise and the amplified pinned speckles.
Finally, scattering and reflections are also better controlled (Boffin et al. 2016).
There are many types of coronagraphs, but they can essentially be categorised depending on how (phase or amplitude) and where (focal plane or
pupil plane) the light is suppressed, although combination of these also exist
(Trauger et al. 2010). Lyot coronagraphs and its variants are probably the most
common implementation. To get an Inner Working Angle (IWA1 ) below 4
resolution elements, focal plane phase masks (see Guyon et al. (1999)), such
as the four-quadrant phase mask (4QPM) and the Vortex coronagraphs, are
starting to be put into practice (Mawet et al. 2012) .

2.3 Differential imaging
Ultimately, the level of attained contrast will be dependent on different noise
sources: photon Poisson noise, background noise, readout noise, dark current,
etc. Yet, the fundamental contributor tends to be the speckle noise, born as a
consequence of the non-corrected distortion of the incident wavefront. These
speckles vary with time, unlike the diffraction pattern hopefully removed by
the coronagraph. The speckle intensity probability density function (PDF) in a
raw image has been found to follow a modified Rician (MR) function, which
varies with the local time-averaged PSF intensity and random speckle noise
intensity (e.g., Fitzgerald & Graham 2006).
Under regular exposure times, the short-lived atmospheric speckle noise
would in principle be constituted by many independent random realisations
of the noise. Hence, this uncorrelated noise would tend towards a Gaussian
distribution via the central limit theorem (CLT), and so simply with longer
integrations the noise would average out and the S/N would increase as the
1 IWA: the smallest angle at which the desired contrast is achieved and the coronagraph
transmits >50% of the companion’s signal
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square root of the integration time (e.g., Marois et al. 2006). Indeed, neither the
noise sources listed above nor the atmospheric speckle pattern would degrade
the detection thresholds in a significant way, as they are all Gaussian.
However, it was promptly realised (e.g., Marois et al. 2003b, 2004; Soummer et al. 2007) that the major limiting factor in high-contrast direct and coronagraphic images comes from quasi-static speckles originating from the imperfect telescope and instrument optics, mechanical movements and temperature
changes, very similar to the noise pattern affecting space-based observations
(e.g., Bordé & Traub 2007). The typical temporal evolution of these lowevolving speckles ranges from seconds to several minutes (Hinkley et al. 2007;
Milli et al. 2016), which means that this noise is correlated under typical exposures and impedes to reach fainter magnitudes with longer integrations. Certainly, for long exposures the noise converges to a quasi-static pattern which
prevents longer integrations from significantly improving the S/N.
The direct result of this quasi-static noise following a MR distribution is
the loss in confidence level (CL) on the detections compared to the Gaussian
scenario, i.e., a MR function produces more false positive events. To reach the
same CL as in Gaussian statistics the detection threshold should be increased
up to 3 times if correlated speckle noise is present. This is directly translated to
a clear contrast degradation (Marois et al. 2008). This issue has been typically
solved by several differential approaches that have been developed to remove
the correlated component of the speckle noise. In most of these differential
methods only the science target needs to be observed and a parameter serves
to discriminate between the star and the companion.

2.3.1 Angular differential imaging
Angular Differential Imaging (ADI, Marois et al. 2006) is widely used to
whiten the noise and achieve high contrast ratios. The main peculiarity of this
observing technique is that the telescope pupil is maintained fixed as the field
of view (FOV) rotates. This strategy exploits the fact that the slow-evolving
wavefront corrugations are linked to the pupil frame of the telescope. In the
ideal case, a stable quasi-static PSF noise is obtained while the faint companion rotates along the FOV, i.e., the speckles and the companion are decoupled
(see Figure 2.1). To that end, a derotator should be employed (Nasmyth focus,
SPHERE/VLT), or otherwise the rotator has to be turned off (Cassegrain focus,
GPI/Gemini).
Subsequently, a reference PSF built from a combination of the other images is subtracted from each individual integration, which hopefully removes
the correlated noise and allows other white noise sources to dominate. Finally,
the subtracted images are de-rotated to a common sky position and collapsed
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together into a single final image. This geometric rotation combines different
physical pixels in the detector, which further removes correlated noise and flatfield structure. The different ways of constructing this reference PSF have lead
to a constant development of several algorithms to increase the ADI performance: classical ADI (Marois et al. 2006) was followed by the Locally Optimised Combination of Images (LOCI, Lafrenière et al. 2007b) and algorithms
based on Principal Component Analysis (PCA), such as KLIP (Soummer et al.
2012) and Pynpoint (Amara & Quanz 2012).
Classical ADI simply takes the median of all the science images and hopes
that only a negligible signal of the companion is included in the reference.
There are several variations of this method, mainly differing in the way the
frames used to build the reference image are selected (see for instance Lagrange et al. 2012). On the other hand, LOCI constructs the reference frame for
a particular image as a linear combination of the others, i.e., the combination
that results from a least-squares minimisation. It also divides the image into
subsections, so the optimisation is done separately for each of those regions.
The so-called optimisation zones (larger region with a particular geometry that
encompasses the subsection) are used to minimise the noise within each subsection. LOCI can be tuned with the selection of certain parameters that induce
the algorithm to act differently for a given target. Finally, PCA creates an orthonormal basis of eigenimages from the library of PSFs. Each image is then
projected onto the different modes of the set of eigenimages and subtracted.
The higher the number of subtracted modes, the more aggressive the noise removal is. An important advantage of PCA over other ADI techniques is that
the set of eigenimages can be saved and used to reduce a model image in the
same way as the science target was reduced, i.e., it allows forward modelling
in a straightforward manner. Successive progress has focused on maximising
the S/N of point sources (e.g., damped LOCI (Pueyo et al. 2012) , A-LOCI
(Currie et al. 2013), TLOCI (Marois et al. 2014) and MLOCI (Wahhaj et al.
2015)).
The main drawback of the ADI observing strategy is the flux loss that occurs when some signal is infiltrated in the reference image, causing the companion to be self-subtracted. The self-subtraction is a function of projected
distance, as the displacement of the companion for a given rotation angle gets
smaller at closer distances from the star. This makes it basically impossible
to construct a reference image that does not include any astrophysical signal. High rotation angles are thus always preferred. Self-subtraction affects
above all extended sources such as circumstellar disks, with flux losses of up
to ∼50% for inclined disks and a complete removal of face-on disks. Furthermore, self-subtraction alter the disk morphological features. Therefore, this
technique is only suited for point sources and low or medium inclined disks
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(Milli et al. 2012).

Figure 2.1: Classical Angular Differential Imaging technique. The reference
image is just the median of all the science frames, and is subsequently subtracted
from them. The companion is revealed in the final image, constructed from derotating the subtracted images to a common sky position and taking the median.
Credit: Christian Thalmann.

2.3.2

Spectral deconvolution

Spectral Deconvolution (e.g., Peters-Limbach et al. 2013; Sparks & Ford 2002)
relies on the fact that speckles scale radially with wavelength as ∼λ /D while
the planet does not move, so multi-wavelength observations can separate the
two contributions. An Integral Field Spectrograph (IFS) is used to obtain simultaneous images of the full FOV at different wavelengths. This technique
also suffers from self-subtraction but delivers the spectrum of the found candidates in the observing band, which makes it suitable for characterisation. It
can be implemented together with ADI (e.g., Wagner et al. 2016).

2.3.3

Spectral and polarised differential imaging

Peculiar spectral features can also be used to simultaneously take two different
images to further enhance the contrast, for instance observing on and off an
infrared methane absorption line in gas giants, and then subtracting one image
from the other (Marois et al. 2003a). This is the Spectral Differential Imaging
technique (SDI), first proposed by Smith (1987).
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Polarised Differential Imaging (PDI, e.g., Hinkley et al. 2009; Perrin et al.
2008) is based on the fact that the light scattered off circumstellar disks will be
partially polarised, while the thermal emission coming from the star will not.
Measuring the linear polarisation degree of the light thus carries important
information about the dust particles, especially their composition and size. It
can also help to study the disk morphology, particularly in face-on systems.
The state of polarisation of the light is described by the Stokes vector (I, Q,
U, V ). These parameters define the polarisation ellipse: I is the total intensity
of the light (unpolarised plus polarised components), Q and U account for the
degree of linear polarisation, and V specifies the degree of ellipticity of the
ellipse.
In PDI, a Wollaston prism splits the incoming light into two separated
beams with orthogonal linear polarisation, which are obtained simultaneously
and imaged in different halves of the detector. The Stokes parameter Q is then
obtained by taking the difference between the left and right channels, removing the speckle halo that is unpolarised and common to both images. To get
rid of aberrations that are not common to both channels, a half-wave plate is
introduced to swap the polarisation direction in the channels, whose subtraction provides the negative Stokes parameter -Q. Subtracting -Q from Q and
dividing by two, the non-common aberrations are ideally removed and only
astrophysical signal in the final Q image remains. The U parameter can be
obtained in the same way, and so the observation is normally comprised of
several cycles of four different half-wave plate angles, acquiring the Stokes
parameters Q, -Q, U and -U, respectively for each plate position.
Finally, I is obtained with
p a total flux image, and thus the linear polarisation degree is given by P= (Q2 +U 2 )/I . However, this formalism contains
a large halo of errors due to the addition in quadrature of the U and Q images.
For this reason, the Stokes Cartesian coordinate system (Q, U) may be transformed into Polar coordinates (Qφ , Uφ ), where φ is the polar angle or azimuth.
In this convention map, positive Qφ polarisation is represented as azimuthal
with respect to the star. In the case of an optically thin disk under a singlescattering assumption, only linear azimuthally polarised light is expected, and
so the scattering polarisation should appear as a positive signal in Qφ , while
Uφ would contain no astrophysical signal and may be used as a noise estimate
for the Qφ image (e.g., Benisty et al. 2015).
These techniques can also be used together with ADI.

2.3.4

Reference star differential imaging

To avoid self-subtraction and improve the sensitivity at small separations, the
subtraction of a reference star (Reference Star Differential Imaging, RSDI)
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similar and nearby to the science target might be a solution. However, it is
difficult to find a perfect reference star with the same SED as the science target,
and the aberrations caused by the atmosphere and telescope will be different
when observing the reference and the science target, as they vary with time.
Another option is to optimise a reference star from a broad library of PSFs
observed during large surveys. This has been implemented in archival Hubble
Space Telescope (HST) images due to the high stability of the space-based
telescope (see, e.g., the ALICE program Hagan et al. 2018), and is also being
attempted by extreme AO (ExAO) surveys from the ground (e.g., Gerard &
Marois 2016).

2.4 Signal detection
Once the correlated noise has been removed, the underlying noise is Gaussian.
ADI is a powerful tool for whitening the noise (Marois et al. 2006), but in
the unlikely scenario of still having correlated noise, the detection threshold
(T) has to be raised (Marois et al. 2008) or otherwise more data needs to be
gathered to further whiten the noise.
Assuming then a normal underlying distribution, the problem is how to
set a confidence level (CL) on the detections. The great majority of surveys
and high-contrast imaging studies adopt a T = 5σ detection level (see, e.g.,
Bonavita et al. 2016), where σ is the standard deviation of the Gaussian noise
in concentric annuli around the star. This is translated into a false positive rate
(FPR, fraction of detections that are regarded as astrophysical signal but turn
out to be noise) of 3 × 10−7 and CL = 1- FPR (Marois et al. 2008). However,
this threshold has to be taken with caution up to the first ∼3 resolution elements
from the star, as small number statistics increase the false alarm probability
considerably. To maintain the same 5 σ CL, T has to be a factor of 10 and
2 higher at 1 and 2 resolution elements from the centre, respectively (Mawet
et al. 2014).
Finally, some exoplanetary surveys might prefer to maximise the True Positive Rate (TPR, fraction of detections that turn out to be real astrophysical
signal), also called sensitivity or completeness (e.g., Biller et al. 2013; Wahhaj
et al. 2013), to extract relevant statistical information from the non-detections.
That is, a 95% TPR for a given T assures that 95% of the real companions with
signal S (∼1.65 σ above T, (Mawet et al. 2014)) will be recovered.
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2.5 High-contrast instruments
The first telescope used to find faint companions in a large scale was the HST
(e.g., Sartoretti et al. 1998). Sometimes the PSF was not subtracted at all and
algorithms for detecting brightness anomalies around the host were employed
(Schroeder & Golimowski 1996), or otherwise the subtraction was performed
with roll self-subtraction or RSDI, leading to the discovery of substellar-mass
companions (e.g., Lowrance et al. 2005).
Subsequently, ground-based fully-dedicated high-contrast imaging instruments equipped with AO systems were developed (see Table 2.1). The first
generation was characterised by a development in AO instrumentation, reaching SRs of ∼0.5, and an optimisation of the PSF subtraction. ADI became
the standard subtraction technique and algorithms like LOCI and KLIP were
created. Large surveys started to prosper and succeed (e.g., Biller et al. 2007;
Chauvin et al. 2010; Lafrenière et al. 2007a).
Recently, a second generation of instruments with ExAO have been put
into operation. This generation features a larger number of actuators in the DM
and faster and more precise WFSs to better correct the atmospheric speckles.
These instruments have also benefited from developments in coronagraphs and
a better sensitivity to IWAs. Furthermore, they come with better optics and
are more stable, which overall allow them to reach SRs of ∼0.9 and higher
contrasts of the order of 10−6 –10−7 (Bowler 2016).
In the future, the next generation of large telescopes that are currently under construction like the European Extreme Large Telescope (ELT), the Thirty
Meter Telescope (TMT) and the Giant Magellan Telescope (GMT) are expected to image and characterise planets similar to those in our Solar System.
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FIRST GENERATION
COME-ON/ADONIS
NACO
Lyot Project
NIRI
NIRC2
AO188/HICIAO
NICI
SECOND GENERATION
P1640-PALM3000
LMIRCam
VisAO/Clio2-MagAO
GPI
SPHERE
SCExAO/CHARIS

Instrument
1.1–5
1.1–5
0.8–2.5
1.1–2.5
0.9–5.3
0.85–2.5
1.1–2.5
1.1–2.4
3–5
0.6–5
0.9–2.4
0.5–2.4
0.85–2.5

Hale (5.1m)
LBT (8.4m)
Clay (6.5m)
Gemini South (8.1m)
VLT-UT3 (8.2m)
Subaru (8.2m)

λ (µm)

ESO La Silla (3.6m)
VLT-UT4 (8.2m)
AEOS (3.67m)
Gemini North (8.1m)
Keck (10m)
Subaru (8.2m)
Gemini South (8.1m)

Telescope (D)

54–97
52–87
23–193
28–75
15–74
28–77

70–350
31–150
55–170
34–77
23–133
26–77
34–78

α (mas)

SH / 0.6–0.9
P / 0.8–0.9
P / 0.1–0.9
SH / 0.6–0.9
SH / 0.5–0.9
C & P / 0.4–0.9

SH / 0.2–0.4
SH / 0.3–0.5
SH / 0.25–0.6
SH / 0.1–0.5
SH / 0.4–0.6
C / 0.2–0.5
C / 0.3–0.5

AO (DM / SR)

2009–now
2012–now
2012–now
2013–now
2014–now
2016–now

1996–2000
2002–now
2003–2007
2003–now
2004–now
2009–2016
2009–now

Activity

[8]
[9]
[10]
[11]
[12]
[13]

[1]
[2]
[3]
[4]
[5]
[6]
[7]

Ref.

Table 2.1: List of notable instruments equipped with AO systems and capable of high-contrast imaging. References: [1] Beuzit
et al. (1996), [2] Lenzen et al. (2003), [3] Oppenheimer (2014), [4] Christou et al. (2010), [5] Liu (2004), [6] Hodapp et al. (2008), [7]
Artigau et al. (2008), [8] Dekany et al. (2013),[9] Wilson et al. (2008)[10] Morzinski et al. (2014), [11] Macintosh et al. (2014), [12]
Beuzit et al. (2010) , [13] Jovanovic et al. (2016)
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3. Star and planet formation

3.1 A new star is born
The stellar systems that we see today (single and multiple) are formed in
groups from the dynamic and violent gravitational collapse of a dense and
heterogeneous molecular cloud. These clouds consist mostly of H2 and He,
together with traces of many other molecules, while their sizes vary considerably, from giant systems (∼106 M ) to small cores (∼0.1–10 M ) that can be
embedded into bigger structures. These clouds are also found to be cold (∼10–
50 K) and dense in comparison with the interstellar medium (ISM), with nH2
∼102 and 104 cm−3 for giant clouds and dense cores, respectively.
The fundamental cohesive force in a molecular cloud is its own gravity,
which is opposed by the pressure related to disordered magnetic fields and the
random movement of internal clumps. Thermal gas pressure can be considered
negligible in this matter. However, the small and more dense cores, which
eventually lead to the direct formation of stellar systems, do not have rapid
internal motions, and so they are supported by magnetic fields and thermal
pressure until the collapse is triggered (Stahler & Palla 2004).
Protostellar collapse occurs when self-gravity overcomes all the other supporting forces. In the case of an ideal spherical, isothermal clump sustained by
thermal pressure only (i.e., a Bonnor-Ebert sphere), the maximum mass that
can be reached without collapsing is the Bonnor-Erbert (or Jeans) mass:

MJ = 1.0 M

T
10 K

3/2 

nH2 −1/2
104 cm−3

(3.1)

For typical clump parameters of nH2 = 103 and T = 10 K, MJ ∼3 M ,
which is lower than their actual masses. However, the collapse does not take
place generally, as this oversimplified model does not take into account other
internal supporting forces. Still, it is interesting for understanding the evolution of the collapse, which accelerates cloud shells inwards until they reach the
centre on a time comparable to the free-fall timescale:

tf f =

3π
32GnH2

1/2
(3.2)
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which defines the extremely simplified timescale of a molecular cloud contracting under its own gravity alone, and is of the order of 1 Myr. The collapse
in the cloud must be triggered before ∼10 Myr, after which strong winds and
radiative heating associated with embedded massive stars wipe it out.
The collapse of the initially slowly-rotating cloud under its own gravity
results in a compression of ∼7 orders of magnitude, which assuming conservation of angular momentum, is followed by an increase of 14 orders of magnitude in angular velocity. This fast rotation impedes some material to reach
the centre of the system, ending up in orbit around it, which results in the formation of a rotationally-supported disk around the central object. However,
even in a slowly-rotating cloud, the angular momentum is orders of magnitude
larger than the angular momentum in the formed stellar system, otherwise the
central protostar would spin up to break-up speeds. This is the angular momentum problem, and implies that angular momentum must be removed in the
star formation process, for instance in the form of accretion-driven outflows or
the formation of binary or multiple systems (Larson 2010).
As the collapse goes on, the gravitational energy is converted into kinetic
energy and the temperature increases. The thermal energy is radiated away
until the density is so high that the core becomes opaque to the infrared radiation, increasing more the temperature and dissociating the H2 . Eventually the
internal pressure counteracts gravity and hydrostatic equilibrium is reached. A
central accreting protostar surrounded by a disk-like structure is formed, both
embedded within an envelope of gas and dust. From an observational point of
view, this system is regarded as Class O Young Stellar Object (YSO) (Andre
et al. 1993), which SED peaks in the far-IR or mm, and shorter wavelengths are
absorbed by the envelope. The embedded phase ends with the Class I objects
(Lada 1987), which SED begins to rise in the mid-IR as the envelope undergoes the final stage of accretion, finally dispersing after ∼0.7 Myr the protostar
formed (Evans et al. 2009).

3.2 Protoplanetary disks
The central star has now acquired nearly all of its mass from the consumed
envelope, and the extinction is low enough to finally discern the central star
in the optical or near-IR (Class II YSO) if the disk is not edge on, although
significant IR excess is still present. The revealed star can then be placed in
the Hertzsprung-Russell (HR) diagram and regarded as a pre-main sequence
star (PMS). PMSs accrete material from the protoplanetary disk while gravitationally contracting towards the main sequence (MS), and can be separated
according to their mass into T-Tauri (M ≤ 2 M ) and Herbig Ae/Be stars (2 M
≤ M ≤ 8 M ). Moreover, very recent studies of young moving groups and as26

sociations have confirmed that the star formation mechanism extends down to
planetary-mass objects in the range 5–10 MJup . Their young ages imply that
they still retain the formation heat, making them brighter than similar mass
objects in the field, and thus detectable. Free-floating planetary-mass objects
have been found, for instance, in the β Pic moving group (Liu et al. 2013) or
in the TW Hya association (Schneider et al. 2016).
The optically thick protoplanetary disks surrounding PMS stars are the
birth places of the Solar System analogues: extrasolar planets and circumstellar material. To study the conditions from which such planets emerge, their
building-blocks (i.e., gas and dust present in protoplanetary disks), need to be
studied. Initially, the disk composition is similar to that of the ISM, with a gasto-dust ratio of 100. The dust is composed mainly of silicates of size ≤ 0.1 µm,
coated with an icy mantle originated from gas molecules frozen out. Despite
its small contribution in mass, dust dominates the opacitiy of the disk and is
relatively easy to detect. On the other hand, gas emits at specific wavelengths
only, resulting in a more complicated detection.
As protoplanetary disks emit mainly at long wavelengths, the observations
are focused on these spectral bands, where the emission is generally optically
thin. The Atacama Large Millimeter Array (ALMA) has been particularly successful at imaging gaseous protoplanetary disks in radio wavelengths, tracing
mm-sized particles down to spatial resolutions of only ∼30 mas. Two representative T-Tauri stars that have been imaged with ALMA are HL Tau (ALMA
Partnership et al. 2015) and TW Hya (Andrews et al. 2016; Nomura et al.
2016). Furthermore, AO-assisted scattered light images, although optically
thick, reveal the disk surface layer at optical and near-IR wavelengths. The
observed scattering profile can also be studied to extract information about
the properties of the dust residing on the disk surface in this early epoch, either
through total intensity or polarimetric observations (Stolker et al. 2016). In this
way, the second generation of high-contrast imagers reveal complex arrangements in the disk, such as gaps or spiral arms that might pinpoint the existence
of planets in the system (e.g., Benisty et al. 2015; Rapson et al. 2015; Wagner
et al. 2015).

3.2.1

Evolution of a protoplanetary disk

The gas-rich protoplanetary disks eventually lose their gaseous component and
form planetary embryos from the dust. The evolution of the gas is mainly
driven by angular momentum exchange within the disk (also called viscous
transport) and photoevaporation by very energetic stellar radiation. The former mechanism explains the accretion of gas onto the star from the losing of
angular momentum, caused by a disk with viscosity ν. It was noted that turbu27

Figure 3.1: Protoplanetary disk around the TW Hydrae star. This young
(∼10 Myr) solar-type star hosts the closest protoplanetary disk to Earth (∼54 pc).
Left: ALMA 870 µm continuum emission from Andrews et al. (2016). The
zoom-in image shows the central 10 AU. Right: SPHERE polarised intensity
image in H-band from van Boekel et al. (2016).

lence can be the cause of the viscosity, and subsequently the so-called α-disks
models were introduced to study the evolution of the protoplanetary disk under
such circumstances (Shakura & Sunyaev 1973). In these simple but successful
models, a "turbulent" viscosity is proportional to a dimensionless constant α
that calibrates the efficiency of the turbulence in creating angular momentum
transport.
The physical reason for the turbulence appears to be well explained by the
magnetorotational instability theory (MRI, see Balbus & Hawley 1998). The
equations of motion of disk fluid in the presence of a magnetic field are identical to two mass points connected by a spring in a differentially rotating system.
That is, considering two masses united by a spring in an inner and outer Keplerian orbits around a star, the spring will slow down the former body, as it is orbiting more rapidly than the outer one, losing angular momentum and decaying
inwards. The outer mass will, on the other hand, gain angular momentum and
move to an outer orbit. Thus, this process exemplifies how angular momentum
is transported outwards while creates a flow of mass inwards (Armitage 2007).
For MRIs to occur, the angular velocity must decrease at higher radii, as in
a Keplerian orbit. However, for a disk extending all the way down to the stellar
surface, there should be a maximum angular velocity close to the star that then
decreases to match the smaller stellar angular velocity. Therefore, there is a
turn-over radius inside which the angular velocity does not present a Keplerian
behaviour. This radius determines the inner boundary of the protoplanetary
disk, in which the viscous angular momentum transport does not apply anymore. Consequently, at short distances of ∼0.1 AU the magnetospheric accre28

tion mechanism takes over (see, e.g., Bouvier et al. 2007). In this scenario the
inner edge of the circumstellar disk is truncated by the star’s magnetosphere,
allowing for angular momentum exchange, and the material is magnetically
channeled onto the stellar photosphere, hitting the surface and creating a hot
spot where the gas is heated, which is then translated into emission ranging
from X-rays to IR wavelengths (Lima et al. 2010). This mechanism is used
to explain the observed emission features in T-Tauri stars (e.g., Koenigl 1991).
In this way, several hydrogen recombination lines (Hα, Hβ , Hγ, Paβ , Paγ,
Brγ...) have proven to be very useful indicators of the accretion of material
from the inner disk onto young stars, given the found empirical correlations of
the luminosity of these lines with accretion rates (e.g., Mohanty et al. 2005;
Muzerolle et al. 1998).
Photoevaporation is the other main process with which protoplanetary disks
lose mass and dissipate. X-ray, extreme-ultraviolet (EUV) and far-ultraviolet
(FUV) photons reach the disk surface and ionise and heat the circumstellar
gas. Beyond a critical gravitational radius rg , the thermal velocity exceeds its
escape velocity, blowing out the gas and clearing the disk (Hollenbach et al.
2000):

rg =

GM∗ µ
kT

(3.3)

where M∗ is the mass of the star and µ the average mass of the gas particles.
The critical radius for a solar-type star is found to be ∼10 AU (Williams &
Cieza 2011).
During the first phases of protoplanetary disk evolution, viscous accretion
dominates over photoevaporation. However, after a few Myr the disk accretion
rate drops and allows photoevaporation to open up a gap near rg . This makes
the outer disk incapable of resupplying the inner disk via angular momentum
transport, and in less than a Myr the inner disk completely drains. At this
point, the inner rim interior of the remaining disk gets completely exposed to
the high energetic radiation, photoevaporating the disk from the inside out.
This whole gas-dissipation process appears to take longer for low-mass
stars than for their massive counterparts (Ribas et al. 2015). For instance, for
K-type stars in the entire Sco-Cen association the mean protoplanetary disk
e-folding timescale is found to be of ∼4.7 Myr, larger than for higher-mass
stars in this same region (Pecaut & Mamajek 2016). In general, most of the
protoplanetary disks are about ∼1–3 Myr, and systems older than 10 Myr are
rarely found (Li & Xiao 2016).
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Figure 3.2: Evolution of a protoplanetary disk Dust is shown in red and gas in
blue. a) In the initial stage, the mass loss is driven by viscous accretion onto the
star, with some FUV photoevaporation of the outer disk. b) Meanwhile, the dust
agglomerates and settles into the midplane. c) When the accretion rate drops,
photoevaporation becomes important, opening a gap in the disk. This impedes
the resupply of material from the outer disk to the inner regions, and so the inner
disk drains in less than a Myr. The accretion onto the star terminates and the rest
of the disk is photoevaporated from the inside out. d) Once the primordial gas is
gone, the dust has grown to large grains and planetary-mass objects. The smallest
grains are expelled out of the system by radiation pressure, or either accreted via
Poynting-Robertson drag. This is the debris disk phase discussed in Chapter 4
Williams & Cieza (2011).

3.2.2

Planet formation

Although direct imaging has proven that very massive planets can form freely
by gravitational collapse, the great majority of the found exoplanets are less
massive and orbit around a host star. These planets are thought to form during
the protoplanetary phase, where the primordial 0.1 µm dust grows more than
13 orders of magnitude in size to create them. Such a complicated process
involves several different stages, sometimes not entirely understood, imposing
demanding theoretical models and observational constraints.
Initially, the dust is coupled to the gas and collides with other particles,
sticking and growing while they are dragged with the gas and gravitationally
settle to the disk midplane. By the time the dust particles reach the midplane,
they have agglomerated and become ∼mm-sized particles. Now, the way this
30

dust interacts with gas in protoplanetary disks has serious implications for the
planet formation scenario. As the amount of gas decreases with the distance
to the star, there is a pressure gradient pointing outwards that forces the gas to
move at sub-Keplerian speeds. The dust, however, follows the regular Keplerian velocity and thus feels a gas headwind opposing its movement, spiralling
inwards toward the pressure maximum (Whipple 1972). This process, known
as radial drift, is extremely efficient and can engulf the dust located at 1 AU
onto the star in ∼100 yr (Armitage 2007), which is evidently shorter than the
lifetime of the disk.
The formation of planetesimals (≥10 km, decoupled from the gas) is yet to
be understood, the radial drift being one of the major obstacles. Nonetheless,
there are different hypotheses to bypass this problem. From one side, coagulation might continue uninterrupted to km-sized structures. From laboratory
experiments it appears that for typical collision velocities this is rather difficult, but particles in a certain subset of collision speeds might grow (Garaud
et al. 2013). For this to happen, coagulation has to be extremely rapid to allow
it to work before the dust is gone.
On the other hand, some mechanisms can act on disk regions to stop or
slow down the radial drift, enhancing the dust content until these patches become so dense that they may gravitationally collapse into planetesimals. Solids
concentration can be attained if local pressure maxima are created within the
disk, as dust will be trapped in this region of maximum pressure. In a more
active way, streaming instabilities (Simon et al. 2016; Yang et al. 2016; Youdin
& Goodman 2005) relies upon the gas being accelerated as a consequence of
the action-reaction process when the dust moving at Keplerian speeds is halted
by the gas. This fact reduces the headwind, which allows small concentrations
of particles to slow down the radial drift. As more dust is accumulated, the
radial drift becomes less important, and so initial small particle concentrations
can eventually lead to the solids actively gathering themselves in high-density
regions. There is evidence for these dust concentrations, for instance the different sizes of the disk observed in gas and dust or even in dust of different
sizes (e.g., de Gregorio-Monsalvo et al. 2013).
Once planetesimals have reached several km, gravity takes over and the
bodies will collide with each other. The relative collision velocity and the
planetesimal material influence the outcome of the impact, i.e., whether the
impactor is accreted and produce a net growth, or the target is destroyed (shattered or dispersed). The more massive a planetesimal is, the quicker it grows,
and so only a few accreting objects will go through a phase of runaway growth
aided by the gravitational focusing process (collision cross-section increase in
the presence of gravity). Thus, these objects become large very rapidly, after which a subsequent slower-growth phase called oligarchic growth contin31

ues until the material in its gravity-dominant region, or Hill Sphere, has been
cleared along the orbit. At this point the planetesimal acquires the so-called
isolation mass, which at the position of the Earth and Jupiter is of the order
of ∼0.1 and 9 MEarth , respectively. Terrestrial planets are thought to follow
this evolution, finally concluded with the accretion of these formed planetary
embryos, which can last for several tens of Myr (Armitage 2007).
Gas giant formation can be formed via core accretion or disk instability.
The former follows the terrestrial planet formation mechanism until the core
becomes so massive that it accretes a gas envelope in large quantities, and so
giant planet formation via core accretion must take place before the gas dissipates (≤10 Myr). To fulfil this requirement is complicated at large distances,
where the accretion rate of planetesimals is slower. On the other hand, the disk
instability model considers that a massive and cold gravitationally unstable
protoplanetary disk can break up into giant planets. Overall, the instability and
fragmentation criteria appear to be satisfied at several tens of AU and beyond,
having difficulties in producing lower-mass giants close to the star (Rafikov
2007). Thus, the giant planet formation scenario appears to be based on the
core accretion mechanism for close-in planets and disk instability in the outer
disk.
Finally, direct imaging observations can help to determine the nature of
these processes, their timescales and their applicability as a function of separation from the host star. For instance, the imprint of these mechanisms and
the initial conditions of planet formation may be seen in the resolved images
of protoplanetary disks. As shown in Figure 3.3, the detection of substructures
at high resolution can point towards particle traps, such as rings, warps and
asymmetries. Indeed, if enough observations are available, one could even develop a theoretical framework linking substructures with the very early stages
of planet formation, and constrain their presence and properties through interactions with the dust (see the ALMA DSHARP project, Andrews et al. 2018).
Moreover, the statistical properties of the detected extrasolar planets provide
another source of planet formation constrain. The great majority of planet detection techniques are more sensitive to close separations where core accretion
performs more efficiently. However, direct imaging can probe larger orbital
radii where a second giant planet population formed via disk instability can
reside. As reviewed in Section 5, the main conclusion from high-contrast direct imaging surveys is that giant planets in wide orbits are extremely rare.
A recent statistical analysis covering 384 stars with masses between 0.1 and
3 M observed in the main direct imaging surveys to date, has found that the
occurrence rate of giant planetary mass companions in the range 5–13 MJup
at distances of 30–300 AU is 0.6+0.7
−0.5 % (Bowler 2016). Even if all the found
companions in these surveys were formed by the disk instability process, this
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result strongly supports the fact that disk instability cannot be the dominant
planet formation mechanism, although it does not mean that it does not occur.
Direct imaging is also able to reveal very massive planets and brown dwarfs
located at ≥100 AU, which might form through the direct fragmentation of
the molecular cloud, via the same process of the host star (Font-Ribera et al.
2009).

Figure 3.3: Gallery of protoplanetary disks observed by the Disk Substructures at High Angular Resolution Project (DSHARP) with ALMA. Observations are conducted in the 1.25 mm continuum emission and at very high angular
resolution (∼ 0.035 00 or 5 AU). The scalebars show a projected distance of 10 AU
(Andrews et al. 2018).
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3.3 Transition disks
As recently discussed, protoplanetary disks dissipate from the inside out via
accretion and photoevaporation mechanisms. Transitional disks represent an
intermediate dissipation state in which the gas disk has begun to clear but has
not disappeared yet. Observationally, they can be regarded as being transiting
from Class II to III YSOs. However, detecting this circumstellar phase is not
easy, as only ∼10% of the stars presenting disks are found to fall into the
transition category (e.g., Currie & Kenyon 2009). This fact puts constrains
on the duration of the transition phase, which is found to be of ∼1 Myr (e.g.,
Alexander et al. 2014). That is, dust and gas are removed on a timescale of
∼1 Myr after a median disk lifetime of ∼3 Myr.
These transitional disks present an inner gap or cavity, which is thought to
be produced by the physical mechanisms that remove the primordial components or by planet-disk interaction (e.g., Mawet et al. 2017). Therefore, these
circumstellar disks constitute essential systems where to study planet formation theories and disk evolution.
Transition disks are identified from the lack of near or mid-IR flux excess
with respect to the median SED of T-Tauri stars, as there is no close enough
dust to be heated at such high temperatures. This is later confirmed by resolved multi-wavelength observations, sometimes displaying peculiar dust arrangements around the cavity, indicative of the presence of giant planets (e.g.,
Casassus et al. 2013), or even directly-imaged planets orbiting the gap in between an inner and outer ring (Thalmann et al. 2016).
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4. Debris disks and the exoplanet
connection

Debris disks represent the stage of old, cold and evolved circumstellar disks,
with typically no or very little amount of gas. These structures are generally
optically thin and are composed of dust continually replenished by collisions
between planetesimals, asteroids or comets, leftovers from the star and planet
formation phase. In this way, they can be thought of analogues of the Kuiper
belt (cold disks, ∼20–100 K) or the asteroid belt and zodiacal dust (warm disks
and exo-zodis, up to ∼2000 K) in the Solar System, but are essentially anything
around a MS star that is not a planet.
Due to their older age, debris disks do not have to be associated with starforming regions, contrary to protoplanetary disks, and thus they may be found
essentially anywhere. This makes debris disks around close stars easier to
detect and image. Identifications have been carried out through the detection
of infrared or mm photometric excesses in the stellar SED, coming from the
circumstellar dust being heated up by the stellar radiation, which is then reemitted at longer wavelengths (Class III YSO). From IR-excess surveys, about
25% of stars are seen to host a debris disk, and appear to be more common
around A-type stars (see, for instance, results from Spitzer, Trilling et al. 2008).
In fact, the number of stars hosting debris disks is likely to be higher, as our
instruments are not able to detect tiny excesses from very cold dust belts (e.g.,
Matthews et al. 2014).
Debris disks were detected for the first time by the IRAS mission (Aumann
1985), a space-based all-sky IR survey with a very poor resolution of ∼ 60 00
well suited for the detection of cold dust in circumstellar disks. This mission
permitted the detection of the brightest mid to far-IR sources in the sky, which
allowed to start examinating the evolution and classification of YSOs according to their SED excesses, and became the benchmark for high-contrast imaging follow-ups in early times with the HST. Four very bright and well studied
debris disks around A-type stars, called the Fab Four (Vega, Formalhaut, ε
Eridani and β Pictoris), can be counted among the IRAS discoveries.
For those stars that are nearby with a bright enough disk, their surrounding
debris disks can be resolved with direct imaging. So far, ∼ 90 systems have
been resolved (Kral 2016), showing that most debris disks that are not seen
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edge on look quite similar, possessing an inner hole surrounded by a belt of
dust, inside which planets might reside. This is much like our Kuiper belt that
extends beyond the planets in the Solar System at about ∼50 AU (Sheppard
et al. 2016). Moreover, some systems present peculiar structures such as spiral
arms, warps or gaps, as seen for protoplanetary disks, that might provide evidence for the presence of unseen planets. To understand the state in which the
debris disk is observed and how these structures formed, sophisticated models
are created and compared to the observations to extract physical information
from the dust.

4.1 Physics of debris disks
The simplest view of a debris disk is a ring of planetesimals orbiting around the
star in a Keplerian orbit, left alone unaffected until they collide with another
planetesimal. The aftermath of the collision can be inferred from the specific
energy of the impact:
m v2col
(4.1)
2M
where m and M are the mass of the impactor and the target planetesimals,
respectively, and vcol is the velocity at which the impact occurs. A catastrophic
collision is defined to occur when the specific energy of the impact is greater
than the dispersal threshold, i.e., Q > Q∗ D , which is defined such that the
largest fragment of the impact after reaccumulation has half the mass of that
of the original planetesimal. For small objects the material strength dominates
Q∗ D , while self-gravity takes over for larger objects. These two regimes add
up to give an expression for the dispersal threshold:
Q=

Q∗D = Qs (D [m])−s + Qg (D [km])g

(4.2)

where D is the size of the planetesimal, Qs and Qg are constant coefficients and s and g are positive and stand for the strength and gravity-dominated
regimes. Depending on the assumed values for these parameters, taken from
lab experiments for the smallest objects and numerical simulations for the
largest, the transition between the two regimes is found to be in the 0.1–1 km
range, and the weakest planetesimals also have a size of this order of magnitude (e.g., Löhne et al. 2008). For the dispersal condition to take place,
collisions have to occur at high enough velocities (≥1–10 m/s) so that they become catastrophic (Kenyon & Bromley 2008). As in protoplanetary disks the
lower relative velocities resulted in net accretion, it seems that the disk must
be stirred at some point for the collisions to be dispersive in a debris disk.
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One can simply assume that the disk was stirred from the beginning with the
star formation (pre-stirred debris disk), or otherwise that the stirring process
occurs when the largest planetesimals (in the size range of Pluto) form, disturbing the orbits of the smaller objects that will collide with larger velocities
(the so-called self-stirring mechanism (Kennedy & Wyatt 2010)). For instance,
self-stirring might imply that SED excesses from hot dust would peak at later
times, after the biggest planetesimals are formed and can stir the others, creating the observed dust. This phenomenon has been detected with Spitzer when
looking for IR excesses in several clusters, where candidate debris disks were
found to be more abundant at ∼ 10–15 Myr than at younger ages (see Currie
et al. 2008). Massive planets may also be the cause of the dynamical stirring
of planetesimals (planet stirring), which can be important for understanding
the structures seen in high-contrast imaging of debris disks.
The catastrophic encounter breaks them up into smaller pieces, which
eventually collide again with other rocks. This process goes on through an
infinite collisional cascade of particles with a size distribution of the resulting
fragments predicted to follow n(D) ∝ D−3.5 in the steady-state evolution. The
cascade starts with km-sized planetesimals and goes down to µm-sized grains,
which are removed from the system by interaction with the stellar radiation.
This size distribution implies that in a debris disk most of the mass resides in
the biggest objects, but the dominant cross section is provided by the small
dust.
The total mass Mtot (t) of the cascade will evolve as the largest planetesimals collide with each other on collisional timescales, tc (Wyatt 2008):
Mtot =

Mtot (0)
[1 + (t − tstir )/tc ]

(4.3)

where Mtot (0) is the initial disk mass and tstir is the time at which collisions become destructive after the planetesimals have been stirred (Kenyon
& Bromley 2008). It should be noted that for t  tc the mass in the disk is
constant, but for late times where t  tc the mass falls off ∝ t−1 .
The size distribution given by the collisional cascade will be valid as long
as the particles are not affected by other forces. In this way, the equation of
motion of dust of mass m orbiting a central star with a mass M∗ at a radius r
can be given by:
m

d 2~r
GmM∗
= − 2 ~er + ~Frad + ~FPR + ~Fothers
2
dt
r

(4.4)

where the first term on the right side of the equation is the gravitational
force from the star experienced by the grain, and ~F rad , ~F PR and ~F others are the
37

radiation pressure, Poynting-Robertson (PR) drag and other forces that might
affect its dynamics as a result of the disk environment.
First, when getting down to small sizes, the interaction of the dust with
the stellar radiation becomes important, and dictates how the disk evolution
takes place. Grains absorb the radiation field and re-radiate it isotropically in
the particle’s frame of movement. The radial component of the force is called
radiation pressure and opposes the gravitational attraction of the star by transferring momentum from the photons to the grains, truncating the mentioned
collisional cascade. This repulsive force is given by:
Frad =

L∗ σD
Q pr ~er
4πcr2

(4.5)

where L∗ is the luminosity of the star, σ D the grain’s cross section, c the
speed of light and Qpr the dimensionless radiation pressure coefficient, which
is dependent upon the wavelength and the grain’s size, and takes the form Qpr
= Qabs + Qsca (1 - cos(α)) where α is the scattering angle and Qabs and Qsca
the absorption and scattering efficiencies. For a perfect blackbody, Qpr = 1,
although Qpr is typically <1 for dust grains found around debris disks. As
both the radiation pressure and the graviational force decay as r2 , the effect
of this process is usually expressed as the ratio of those two forces via the dimensionless parameter β = |~Frad /~Fg |, proportional to the grain size as ∝ 1/D.
This means that dust with different sizes will feel a different gravitational attraction, independently from their distance to the star. Including the effect of
the radiation pressure, the effective gravitational attraction will be:
~Fg + ~Frad = − GmM∗ (1 − β ) ~er
r2

(4.6)

So the stellar mass the grain will see gets smaller by a factor (1 - β ).
Clearly, if β > 1 particles are repelled and will leave the system. The maximum size of the particles experiencing this repulsion ranges from ∼ 600 µm
for O-type stars to ∼ 0.05 µm for M dwarfs. For a β > 0.5, the dust is blown
out in a hyperbolic orbit, eventually escaping the gravitational pull. Dust will
be put on eccentric orbits if 0.1 < β < 0.5. Thus, when the collisional cascade
reaches small sizes of D ∼ µm, it is stopped because these grains are expelled
from the system, which generates a flow of mass going outwards. The halo of
dust that is either blown out of the system or weakly bound (i.e., put into an
elliptical orbit), account for much of the dust cross section area, implying that
direct imaging observations will detect a halo of dust extending out beyond the
planetesimal ring position (e.g., Thalmann et al. 2013).
Apart from the radial force exerted by the radiation pressure, there is another mechanism that removes slightly larger dust grains from the collisional
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cascade. It is a tangential component of the radiation field that causes drag,
known as the Point-Robertson drag. In its own reference frame, the particle
reradiates the stellar radiation isotropically, but viewed from the star, the particle will preferentially radiate and lose momentum in the direction along its
movement, as the motion of the particle increment the momenta and frequency
of the photons emitted in the forward direction. This mechanism makes the
bound dust located in the belt (β ≤ 0.5) to be pulled inwards on timescales of
tpr = 400 β −1 (r/a)2 (M∗ /M )−1 years, where a is the terrestrial semi-major axis
(Wyatt 2008). It is evident that up to ∼mm-sized grains would drift inwards
in a timescale much smaller than the stellar age. In addition, the dependency
with the radius points out that it takes longer for more distant grains to decay,
and so the inner disk would be cleared first.
However, in extrasolar debris disks this process is usually not very important, as the rings are dense and collisions between small dust happen so
frequently that they reach small sizes and are blown out by radiation pressure
before they can migrate inwards (Wyatt 2005). If the ring is not dense enough,
though, the dust can get closer to the star and be sublimated. This occurs in the
Solar System with the Zodiacal dust, which is being dragged inwards from the
low-density asteroid belt in a timescale of ∼105 years, passing Earth’s orbit
on its way inward (e.g., Wyatt et al. 2011). Even if the exo-ring is dense and
most of the dust is concentrated in it, the inner region cannot be considered to
be empty, as some dust always makes it in, creating exo-zodiacal dust up to
infrared excess ratios of ∼1%. This can be problematic for the future highcontrast direct imaging of Earth-like planets, as they would be immersed in a
cloud of small dust particles if there exists a wider planetesimal ring (Wyatt
2005).
Other forces influencing the dust grains might be important to interpret
the observations, such as the interaction with ISM material and the effect of
planetary-mass companions affecting the dynamics of the other bodies, discussed in section 4.4.

4.2 Debris disk modelling
To better understand the physics involved in debris disks and how planetesimal
collisions, planets and stellar radiation interact all together, plenty of numerical
models have been developed. These codes assume that planet formation results
in the presence of one or multiple belts of debris with sufficient high velocities
to start a collisional cascade that is then modelled. Collisional codes analyse
grain size distributions and dust production for different initial scenarios to explain the observed IR excess, and can be moved forwards or backwards in time
to study how these parameters evolve. Dynamical codes treat the interaction of
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the dust with planets or other stars, and tries to explain the complex structures
that result from this interplay. Both collisions and dynamics are put together in
the recent Hybrid codes, which can follow the time evolution of the particles
produced in collisions under the gravitational effect of planetary bodies (for
references, see Kral 2016).
On the other hand, accurate radiative transfer models are also developed
to represent the physical properties, location and behaviour of the dust when
interacting with starlight. One of these radiative transfer implementations is
the Grenoble Radiative TransfeR (GRaTeR) code (Augereau et al. 1999). It
is designed to model optically thin debris disks that can be fitted to SED, resolved images and interferometric data, and thus accounts for both continuum
emission and scattered light. GRaTer follows a series of steps:
• Disk geometry: the grain distribution generally either follows a parametric profile or is taken from dynamical simulations. If resolved observations are available, they can be used to constrain the disk profile. From
Augereau et al. (1999), GRaTer assumes an analytical grain distribution
that is parametrised in cylindrical coordinates as:
n(r, θ , z) = n0 R(r, θ ) Z(r, z)

(4.7)

R(r, θ ) and Z(r, z) are the radial and vertical non-dimensional distributions, respectively. The radial profile is represented by two power laws:

R∝

r
rc (θ )

−2αin



r
+
rc (θ )

−2αout !− 12
(4.8)

where α in > 0 and α out < 0, and the reference radius rc is the peak of
the grain distribution, whose ellipse is given in polar coordinates by:
rc (θ ) =

r0 (1 − e2 )
1 + e cos θ

(4.9)

If the orbit is assumed to be circular, e = 0 and the peak of the grain
distribution is equal to the semi-major axis of the ellipse r0 , independent
of θ . The vertical distribution takes on the form:

 
γ 

β
z
r
with H(r) = H0
Z(r, z) = exp −
H(r)
r0 (1 − e2 )
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(4.10)

where γ is the shape parameter of the vertical profile and H(r) is the
vertical scale height depending on β . The disk is cut off at T∼1800 K,
the sublimation temperature of the grains.
• Grain size distribution: this is normally assumed to feature a collisional equilibrium with a single power law n(D) ∝ D−3.5 between the
free parameters Dmin and Dmax , but it can also be extracted from collisional models.
• Grain composition: the grains are assumed to be porous aggregates
made up of a silicate core covered by organic material. If the grain temperature is lower than the ice water sublimation temperature (T∼110–
120 K), then it can fill the vacuum holes caused by the porosity. The
composition of the grains subsequently depend on certain free parameters, such as relative volume fraction abundances of the silicate, organic
and water compounds, and the aggregate porosity.
• Grain optical properties: once the location, size distribution and composition of the particles are set, the theoretical dimensionless absorption/emission and scattering efficiencies Qabs and Qsca (i.e., the ratio of
the absorption and scattering cross-section, respectively, to the geometric cross-section) are computed via the Mie theory (Bohren & Huffman
1983) assuming spherical grains. The resulting efficiencies show that
dust grains are greybodies for which the absorption/emission efficiency
drops drastically at wavelengths larger than their size.
The final step is to perform radiative transfer on the final disk under the
optically thin scenario. From that, models of resolved images and SEDs are retrieved, typically creating a grid of models with different values for the free parameters. This bunch of models can then be fitted to the observations through
a given strategy and the residuals minimised to achieve a best-fit solution (e.g.,
SAnD code (Ertel et al. 2012), Bayesian methods (Lebreton et al. 2012), or
forward-model subtraction (Thalmann et al. 2013)).
Because of the high number of free parameters involved, gathering as many
observational constrains as possible becomes critical to avoid extremely unconstrained or degenerate results. For instance, if there are resolved images of
the system, the parameters controlling the disk geometry can be fixed, and so
they are not treated as free parameters anymore. SED minimisation can then
constrain grain composition and size distribution (e.g., Lebreton et al. 2012).
Moreover, the scattering phase function (SPF) of the disk can also shed light on
the properties of scattering grains. To depict its behaviour, the empirical single
parameter Henyey-Greenstein function is commonly used, which describes the
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anisotropical light scattered off dust particle mixtures (Henyey & Greenstein
1941):
f (φsca , g) =

1 − g2
4π (1 + g2 − 2 g cosφsc )3/2

(4.11)

This function represents the photon angular distribution or the probability
of scattering a photon in a certain direction given by the scattering angle φsca .
The asymmetry parameter g is the mean value of the cosine of the scattering
angle, and is dependent upon Qsca and thus grain properties such as composition, structure, size distribution and wavelength (Augereau & Beust 2006). For
isotropic scattering g = 0, while g = +1 or -1 for full forward (0◦ <|φsca |<90◦ )
and backward (90◦ <|φsca |<180◦ ) scattering, respectively.
Mie theory predicts a decreasing SPF with increasing angle, i.e., that grains
tend to forward-scatter stellar light, where particles smaller than the wavelength of the light have a g close to zero, and grains that are comparable to
or larger than the wavelength, closer to 1. In GRaTer, the Henyey-Greenstein
function is used to simulate scattered light images, and so one single parameter, g, accounts for all the grain properties, leaving only as free parameters
those that describe the disk geometry. Indeed, it seems that the observed SPFs
are difficult to reproduce with the current theory, as scattering observations are
highly dependent on the size and shape of each aggregate constituent, which
is not accounted for by the Mie scattering (Voshchinnikov et al. 2007). Recent
computations of the optical properties of complexly shaped particles via the
discrete dipole approximation (DDA) have shown that the shape of the SPF
depends mostly on the size of the particle as a whole. They also present a flat
or rising backward-scattering SPF with φsca , which is not the case for spherical
particles as predicted by the Mie theory (Min et al. 2016).
The polarisation degree of dust grains also sets constrains on the size, composition and structure of the particles. It is usually accepted that particles much
smaller than the wavelength of the light are more polarised, and that the angle
at which the light is scattered is a fundamental parameter, with the degree of
polarisation peaking at 90◦ . From here, different grain compositions, shapes
and optical properties computations give distinct polarisation degree curves
that have to be compared with the observations (e.g., Perrin et al. 2015). For
more realistic approaches, the polarisation properties of complex shaped aggregates seem to be dictated by the shape of the individual components, and
so caution should be taken when comparing the observations with models assuming spherical grains (Min et al. 2016).
The very bright debris disk around the A-type HR 4796 A star represents an
ideal target for studying the limits of scattered light modelling. Scattered light
total-intensity observations (Figure 4.1, left panel) allow to extract the SPF for
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scattering angles 13.6◦ <φsca <166.6◦ (given its ∼76◦ of inclination and taking
the western side as the one towards the observer). The SPF shows a steep decrease from the smallest scattering angle to ∼40◦ , followed by a smooth linear
increase up to ∼166.6◦ . The higher intensity at small angles is interpreted as
forward scattering, proving that the west side is closer to the Earth, while the
whole SPF is reproduced by a 2-component Henyey-Greenstein function with
g1 = 0.99+0.01
−0.38 and g2 = -0.14 ± 0006, where 83% of the weight is given to
the forward scattering component. Theoretical SPFs computed for different
dust compositions, distributions and sizes via the Mie theory with the radiative
transfer code MCFOST (Milli et al. 2015) could not explain nor reproduce the
entire SPF, which however shows a similar behaviour as the one predicted for
big aggregates with irregular shapes (Min et al. 2016). Mie theory was only
able to reproduce the strong forward scattering component with a population
of ∼20 µm-sized particles, close to the blowout size.
Finally, the polarimetric observations of the same system (Figure 4.1, right
panel) also show a brighter west side, thus confirming that it faces the Earth.
However, combined with the unpolarised data, the polarisation degree seems
to drop from φsca = 13.6◦ to φsca = 90◦ , which is not expected and calls for the
acquisition of future observations combining unpolarised and polarised light.

Figure 4.1: The debris disks around HR 4796 A. Left: SPHERE scatteredlight image combining the H2 and H3 filters and reduced with cADI (Milli et al.
2017b). Right: GPI polarised image (PDI mode) in K band (Perrin et al. 2015).
North is up and east is to the left.
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4.3 Debris disk observations
A key observational feature to keep in mind when observing debris disks is that
their structures will look different at different wavelengths. As a rule of thumb,
in SED studies the grains causing the excess reside at a distance to the star that
scales with the wavelength of observation. Moreover, the particle size that will
most efficiently emit in the wavelength at which the system is studied will be
of the order of that wavelength. That is, sub-mm observations will detect large
mm-grains that are not especially affected by radiation pressure (and thus will
better trace the distribution of the parent planetesimals), mid-IR wavelengths
probe small bound dust, and scattered light in near-IR or optical allow to detect
the very small unbound dust. This fact is the result of the combination of grains
not being efficient emitters of radiation larger than their size and the dust size
distribution, which shows that there are many more small grains than large
grains.
Indications of the presence of a debris disk around a host star usually
emerge from unresolved IR-excesses above the stellar photosphere’s level.
Moreover, in optical and near-IR wavelengths, light scattered off small grains
that govern the disk cross section becomes dominant, and allows to resolve the
disk with high-resolution imaging. Statistics on the presence of these circumstellar structures around different stellar types and ages provide information
about debris disk formation and evolution, and help to place our Solar System
in such a context. Observations of individual objects are also important by
themselves, as they can reveal conspicuous arrangements or the presence of
planetary-mass companions.

4.3.1 Unresolved observations
SED excesses, i.e., disk reprocessed emission on top of the stellar SED, are
characterised by the fractional luminosity f = Ldisk /LStar . The star with luminosity LStar heats up the dust grains, which then reemits the light at longer
wavelengths, Ldisk . This parameter gives a simple way to classify a disk as
an optically thin debris disk if f << 1. From IR excess surveys, the typical
fractional luminosity is found to be about ∼10−3 – 10−6 , decreasing towards
older systems (Matthews et al. 2014). Assuming that the dust grains emit as
a blackbody, a fit of the observed disk emission to a blackbody spectrum provides the mean equilibrium temperature of the grains. These two parameters,
f and temperature, are the two key observational constraints from debris disks
unresolved observations.
Figure 4.2 shows the typical temperatures and the maximum emission
wavelength at which dust in different locations is detected. In this way, the
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wavelength at which the excess peaks indicates the temperature, and thus the
distance from the star, of the circumstellar material. For instance, excess emission at near-IR wavelengths show the presence of very hot material close to the
star, while mm-excesses imply a distant belt. The presence of multiple components at different temperatures (as in Figure 4.2) may be fit with different
blackbody curves.

Figure 4.2: Typical temperatures and peak wavelengths at which the dust
emission is detected. The sketch shows the Solar System architecture as an
example. From Matthews et al. (2014).

Typically not all the ring components exist or are detectable, and so normally a Kuiper-like belt dominates the emission. Far-IR or mm wavelengths
reveal the excess emission from these cold Kuiper-like belt systems located
at distances of 10s or 100s of AU. After IRAS, these systems have been detected by more sensitive far-IR surveys, like for instance the Spitzer Space
Telescope, an IR higher-sensitivity multi-purpose follow-up to IRAS launched
in 2003 and still in operation. It surveyed debris disks occurrences around Atype stars (Rieke et al. 2005) and solar-type stars (Meyer et al. 2006) down to
f ∼10−5 . Apart from the discovery of debris disks candidates, Spitzer is also
able to study the presence of very wide planetary candidates via high-contrast
imaging (e.g., Durkan et al. 2016; Janson et al. 2015). On the other hand, the
Herschel Space Observatory telescope, with a primary mirror of 3.5 m, was
the largest IR telescope (2009–2013) ever launched. It achieved better sensitivities to faint disks than Spitzer (of f ∼10−6 ) and was useful to examine the
far-IR features of the dust (e.g., Eiroa & Dunes Consortium 2013; Vican et al.
2016) and also to detect gas in debris disks systems (Brandeker et al. 2016).
These far-IR surveys have studied detection rates for debris disks around A to
M-type stars, resulting in ∼ 25 % for A-type stars and ∼ 15 % for solar-type
(FGK) stars, although this decrease is seen by some authors as an age effect
(Matthews et al. 2014). M-type stars present lower detection rates, probably
due to the lack of sensitivity. Finally, sub-mm observations have mostly focused on already discovered debris disks, which is essential for understanding
the disk SED and thus deriving temperatures and other parameters like the
mass (Panić et al. 2013).
Mid and near-IR excesses are more difficult to detect, since the star is
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very bright at these wavelengths. This extrasolar dust is located near the star,
from warm dust at about the position of the asteroid belt down to very hot
dust (∼1500 K) interior to the habitable zone. Thus, this mid-IR wavelength
range also covers dust in the region where terrestrial planets might reside,
i.e., exo-zodiacal light. Besides Spitzer, the Wide Field Infrared Survey Explorer (WISE Wright et al. 2010) was another all-sky IR 40 cm space telescope
(2009–2011) with a better sensitivity than IRAS that provided exceptional faint
mid-IR excesses, and has allowed to find numerous new debris disks detections, also around young M-dwarfs (e.g., Binks & Jeffries 2016; Patel et al.
2017). This excess might not come only from the dust particles being P-R
dragged from an outer belt, but might also be the result of the presence of
an inner asteroid-like belt. Although this is a fairly good explanation for the
presence of hot dust in young stars, the close proximity to the star would in
principle force this inner disk to collisionally evolve very fast. Therefore, the
mass loss will be fast and so the disk becomes fainter, which for a ring located
at ∼1 AU translates to a brightness below detection in ∼100 Myr, no matter
how much mass it had to start with (Wyatt et al. 2007). This means that at late
times other sources of dust must populate the inner regions, and are probably
linked to the outer disk. Apart from the mentioned P-R drag, the dust might
come from the sublimation of comets in the outer belt scattered in by planets
1 or from giant Moon-forming impacts, whose debris would be detectable for
10–15 Myr (Jackson & Wyatt 2012).

4.3.2

Resolved imaging: thermal emission and scattered light

Resolving circumstellar disks has proven to be of vital importance for understanding the true characteristics of the disk, providing observables of the dust
that complement and improve SED observations. Indeed, the calculated radii
from SED fits to blackbodies are found to underestimate their real positions
unrevealed by high-contrast direct imaging. This is because dust grains are
in reality greybodies, and so do not emit radiation efficiently, only being good
emitters for wavelengths smaller than their physical size. The consequence is a
higher heating of the dust compared to their expected equilibrium temperature.
To take this into account, debris disks models that account for the optical properties of the particles via the Mie theory are created (see section 4.2). However,
SED modelling is also degenerate, for instance the same temperature can be fit
with two rings of different grain sizes at different locations, which enormously
difficults the extraction of information about the size and composition of the
1 The

Solar System’s zodiacal light has been proposed to have a contribution from comets,
although the amount of dust mass coming from this population remains under debate (Nesvorný
et al. 2010)
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dust.
To break these degeneracies and give more insights into the disk nature,
plenty of instruments and surveys have conducted debris disk imaging in both
thermal emission and scattered light. Resolving the disk in different bands
from the thermal-IR to radio wavelengths reveals grains of different sizes and
allows to put constraints on the radial structure, temperature and composition
of the disk. On the other hand, the biggest advantage of scattered light imaging
in the optical and near-IR is the great spatial resolution that can be achieved at
these short wavelengths. These observations also serve to study the smallest
dust and infer the properties of the building blocks of exoplanets that cannot
be observed directly. However, the brightness of the star in these bands makes
it necessary to remove the starlight in order to attain high contrasts and discern
close-in circumstellar material.
Space-based observations with especially the HST in scattered light (e.g.,
Schneider 2014), but also with Spitzer in the mid and far-IR (e.g., Su et al.
2009) and Herschel in the far-IR (e.g., Booth et al. 2013) have been successful
in resolving debris disks. Meanwhile, ground-based facilities have also produced many high-resolution images, especially benefiting from AO systems
coupled to telescopes with big primary mirrors (see Table 2.1). Besides observing protoplanetary disks, the very cold circumstellar dust around debris
disks is also targeted by ALMA, an array of 12-m radioantennas with baselines up to 16 km, forming an interferometer with an angular resolution power
of 4–37 mas (at 675–110 GHz) for the most extended configuration. Figure 4.3
shows ALMA 1.3 mm observations of the Fomalhaut debris disk, tracing the
distribution of large ∼ mm-sized grains in the outer belt, with a semi-major
axis of about 139 AU. The ring is found to be eccentric e = 0.12 ± 0.03, which
might be related to the presence of an inner planetary-mass object (White et al.
2016).
Resolved imaging can also probe how planets interact with the planetesimal disk, which certainly has an effect in the disk features that are subsequently
observed. In this way, sub-stellar or low-mass companions have been detected
in some systems previously known to host a debris disk, such as HR 8799, β
Pictoris or HD 206893 (Milli et al. 2017a). Both the planetary system and the
disk need to be observationally well characterised to understand their complex
interactions.

4.4 Disk-planet interactions
Gravity is the dominant force in a stellar system, at least for particle sizes
that are not small enough to be significantly affected by the stellar radiation.
Indeed, the presence of planets will modify the gravitational potential of the
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Figure 4.3: The debris disk around Fomalhaut as seen by ALMA. The
1.3 mm observations provide an angular resolution of 0.28 arcsec (2.1 AU). North
is up and East is to the left White et al. (2016).

system, and thus it will also interfere with the motion of a dust grain in a debris
disk, causing perturbations that can be classified into three main groups:
• Secular perturbations: These are long-term effects caused by the presence of the planet along its orbit. Basically, the introduction of a planetarymass companion makes the dust align with its orbital plane. An inclined
planetary orbit causes a warp to propagate through the disk, as the material close to the planet will align faster than the more distant material that
still conserves its original orbital plane. As an example, the presence of
a planet was inferred from the detection of a warp in the β Pic disk, later
resolved by direct imaging with NACO (Lagrange et al. 2010). Meanwhile, eccentric planets provoke clumps of planetesimals. Collisions in
the clump will be very frequent, which eventually leads to the accumulation of large quantities of µm-size particles. Scattered light images
of this system will likely display a spiral structure, developed when the
small dust is put onto hyperbolic or eccentric orbits by the radiation pressure. The planetary eccentricity will then cause the disk to be eccentric
on long timescales, and thus exhibit an offset of the disk centre from the
position of the star that might also produce a brightness asymmetry from
one side being closer to the star than the other (Matthews et al. 2014).
For instance, a yet unseen planet in the Formalhaut debris disk might be
the cause of the observed ring’s eccentricity (e.g., Kalas et al. 2005).
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• Resonances: Resonances are locations where the number of times that
the planetesimal orbits the star for every planet orbit is the ratio of two
integers. That is, resonances will occur where the dust orbits the star
p times for every (p + q) planet orbits, the strongest being the firstorder resonances q = ± 1 (Matthews et al. 2014). This means that at
certain longitudes relative to the planet, planetesimals will spend more
time, getting periodic kicks that can over-populate (trans-Neptunian objects in the Kuiper belt in resonance with Neptune) or under-populate
(Kirkwood gaps in the asteroid belt by Jupiter’s interior resonances) that
region.
• Scattering: Scattering of planetesimals are caused by a close encounter
with a massive planet that puts them into a trajectory that escapes the
planet’s gravitational pull, while the planet exhibits a minor change in
its orbit. In the Solar System, comets in the Kuiper belt are scattered in
by the outer planets, contributing to the Zodiacal dust. The Oort cloud is
however thought to have formed from comets scattered out during giant
planet formation (e.g., Morbidelli 2005). The evolution and direction
of the scattered planetesimals depends on the planetary system that is
doing the scattering.
Although the gravitational pull of planets is the most common and natural
way of explaining debris disks structures, these systems can also be shaped
without the presence of a planetesimal companion. An important effect is
that of the interaction with a clump of ISM material, which impacts the longscale structure (> 400 AU) of the disk (see Artymowicz & Clampin 1997). For
instance, the hydrogen gas in the ISM makes up 99% of the cloud mass, and so
it imposes secular morphological perturbations that modify the dynamics of the
disk grains, creating structures such as warps and brightness asymmetries (e.g.,
Debes et al. 2009; Hines et al. 2007). Small ISM grains are also blown out by
radiation pressure, which might create a detectable bow shock-like structure
(Gáspár et al. 2008).
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5. Direct imaging of low-mass
companions

Out of the almost 4000 confirmed exoplanets to date in 2900 different systems,
the vast majority have been found via indirect methods1 . The transit technique,
i.e., the dimming observed in the star’s light as a planet passes in front of it,
has been particularly fruitful in this regard, accounting for about 80 % of the
discoveries. The first exoplanet detected around a main-sequence star, however, was found in 1995 using the radial velocity (RV) technique (Mayor &
Queloz 1995). A periodic shift in the star’s RV was used to infer the presence
of a Jupiter-mass planet orbiting the 51 Peg solar-type star in a 4-day orbit.
The discovery of this so-called hot Jupiter revolutionized planet migration theory (e.g., Lin et al. 1996) and initiated the large-scale search for exoplanetary
systems. Figure 5.1 shows the demographics of confirmed exoplanets, with its
mass estimated, as of December 2018. The found planets span more than six
orders of magnitude in separation from the host star, and almost five in mass.
There is also a very clear cut off in the separation space related to the different
discovery methods; indirect methods, mainly transits and RV, clearly dominate
the search for planets on orbits < 10 AU, but further out they are not sensitive
and direct imaging takes over, resolving giant planets (> 1 MJup ) and brown
dwarfs (BDs).
The enormous yield of planets at small separations that the indirect methods have provided represents invaluable information about the exoplanetary
system architecture, putting our own Solar System into a broader context of
miscellaneous planetary configurations. The Kepler space telescope (and its
extended K2 mission) has been the most productive exoplanet telescope. Using the transit method, it has found thousands of planetary-mass companions, with masses ranging from Earth-like to Jupiter-like, in orbital periods
of ≤ 400 days. Most of the knowledge on planetary demography that we have
collected comes from these observations. For instance, the frequency of Earthlike planets around Sun-like stars seems to be of about ∼ 25 % (Barbato et al.
2018; Petigura et al. 2013). The frequency of planets within the sensitivity
range of Kepler (Kepler-like planets) around sun-like stars is about 30 %,
1 From

NASA’s exoplanet archive, as November 2018
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with an average multiplicity of 3 Kepler-like planets per star Zhu et al. (2018).
This means that there are as many Kepler-like planets as Sun-like stars, i.e.,
Kepler has shown that planets are extraordinarily abundant. Another interesting result is the presence of a gap in the radius distribution of short-orbits
planets (< 100 days), caused by the photo-evaporation of the atmosphere of
these close-in low-mass exoplanets. This causes a photo-evaporation valley
that separates two peaks at 1.3 and 2.6 Earth radii (Fulton et al. 2017; Owen &
Wu 2017). Even the first indication of the existence of an exomoon has been
claimed around a Kepler planet (Teachey & Kipping 2018). Yet, during its
almost 10-year mission, Kepler has not only been used to find exoplanets, but
has also delivered critical information about stellar physics, such as asteroseismology (Yu et al. 2018), magnetic activity connected to flares and starspots
(Roettenbacher & Vida 2018), and eclipsing binaries (Prša et al. 2011).
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Figure 5.1: Demographics of substellar companions. The discovered objects
are color-coded according to the discovery method. Data taken from exoplanets.eu (Schneider 2011) as December 2018.

Precise RV measurements also allow to infer the presence of planets from
the observed orbit of the star around the center of mass of the star-planet system. If the period and the amplitude of the RV shifts are measured, one can
constrain the minimum mass of the companion. In this regard, the mass of the
planet carries the strongest effect on the RV variations, and so more massive
planets are easier to detect (Wright 2017). For comparison, Jupiter induces a
12 m/s RV motion on the Sun, while that of the Earth is about 9 cm/s, undetectable for past Doppler instruments. However, the new ESPRESSO spectro52

graph at the VLT is expected to reach this level and find rocky Earth-like exoplanets around G- to M-type stars (González Hernández et al. 2017). Comprehensive, long-period RVs surveys have been conducted with the HIRES/Keck
spectrograph (Cumming et al. 2008) and HARPS at the ESO La Silla 3.6 m
telescope (Mayor et al. 2011). They find that giant planets in short periods
of a few years are present around ∼ 10 % of Sun-like stars. The so-called hot
Jupiters in periods of 1–10 days (as 51 Peg b) are very rare, found only in
a frequency of 1 %. Solar System-like planets have demonstrated to be undetectable so far, as the rocky planets are too small and the giants have long
periods. Only planets comparable to Jupiter have been discovered, with an occurrence rate of ∼ 6% for masses up to 13 MJup (Winn 2018; Wittenmyer et al.
2016). There are also trends regarding the presence of planets around different
types of stars; One of clearest is that the occurrence of close giant planets increases with the mass of the host stars, from M-type to A-type primaries (the
latter studied in the post-main sequence) (Johnson et al. 2010; Udry & Santos
2007). However, a planet orbiting a star more massive than 3 Msun is yet to be
detected, which might imply that planet formation does not occur in this mass
regime, or perhaps that planets do not migrate close enough to be detected by
RV surveys (Reffert et al. 2015).
In the near future indirect methods will still provide us with many more and
varied exoplanets. The ESA Gaia mission (Gaia Collaboration et al. 2016) is
expected to find several thousands of giant planets on orbits of a few years
through the astrometric motion of the host star orbiting the common center
of mass (Perryman et al. 2014). The Transiting Exoplanet Survey (TESS,
Ricker et al. 2014) is currently looking for small transiting planets around
bright nearby stars, which will be amenable for mass measurements through
RVs follow-ups, and atmospheric characterisation with the future James Webb
Space Telescope (JWST) via transmission spectroscopy. TESS will find thousands of exoplanets, a few hundred with radii below two Earth radii (Barclay
et al. 2018).
In the rest of the chapter we will focus on the direct imaging technique in
the context of extrasolar planets and low-mass companions, treating the constraints and scientific information it provides.

5.1 Giant planet occurrence around single stars
The high-contrast direct imaging technique outlined in Section 2 has been continuously developed since the 2000s. It has uncovered several giant planets and
BDs at separations of >10 AU, thus complementing the discoveries made by
the indirect methods in a different mass-separation space. These separations
probe the regions where the core accretion planet formation theory is not effi53

cient, and other formation paths may be more effective, such as disk instability,
cloud fragmentation or scattering processes. This in turn sheds light on the distinction between giant planetary-mass objects and low-mass BDs; comprehensive statistical results from direct imaging surveys can probe whether they are
two distinct populations coming from different formation paths, or that the two
populations are just a continuous regime that extends both below and above the
deuterium-burning limit at ∼ 13 MJup . The direct detection of exoplanets also
permits to extract a spectrum and study atmospheric parameters, while also
using the photometry to calibrate theoretical models of low-mass objects. In
any case, all these constraints that direct imaging can provide are conditional
to finding and surveying hundreds or thousands of stars, getting a good sample
of statistical results from which scientific conclusions can be extracted.

5.1.1

Target selection

The type of objects that high-contrast imaging is able to reveal is limited
mostly by two basic principles, the contrast and the projected separation between the star and the planet. Planets have two peaks in their spectra, one at
short wavelengths resulting from stellar light reflected by the planetary atmosphere, and a second one at infrared wavelengths caused by the planet thermal
emission (e.g., Seager & Deming 2010). Because of this, observations in the
near-infrared are usually preferred, as it offers a good compromise in terms
of contrast (planets are bright and the stellar spectral energy distribution starts
to decrease) and angular resolution (better than at longer wavelengths). For
this reason, young systems close to the Earth are targeted by direct imaging
studies.
After the formation phase, planets release energy, gravitationally contracting and cooling down with time. For instance, using evolutionary models, the
flux contrast in H band between a Jupiter-mass planet around a solar-mass star
in a young system of 5 Myr is on the order of 10−6 , while for an older system
of 500 Myr, the contrast is of 10−11 (Baraffe et al. 2003, 2015). The latter is
unreachable for current instruments. In this sense, going down to contrasts
amenable for planetary discoveries is a complex challenge. Within the BD
regime a change in mass produces little change in luminosity, and so even a
small improvement in the contrast that the instrument is able to reach affects
critically the detectable masses. In the planetary regime, however, the luminosity varies greatly for a small change in mass. This means that a substantial
improvement in contrast is required to reach low-mass planets (Bowler 2016).
The distance to the system we want to image is crucial to resolve companions as close as possible to their host star (eventually reaching the habitable
zone). A telescope with a primary mirror of 8 m such as the VLT will have
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Figure 5.2: Position in the sky of the nearest known 27 young associations.
- Candidate members uncovered by GAIA-DR2 are shown as unfilled circles.
The galactic disk ± 15 ◦ in latitude is represented as a gray shaded area (Gagné &
Faherty 2018).

an angular resolution of ∼ 50 mas in H band, assuming perfect atmospheric
correction, i.e., diffraction limited. This translates to projected distances of
∼ 2.5 AU for a star located at 50 pc, or ∼ 10 AU at 200 pc. In practice, however, the correction of quasi-static speckles is more complicated closer to the
star, and the effect of self-subtraction hampers the achieved contrast. Current high-contrast instruments like SPHERE are able to go down to contrasts
of 10−5 at 0.25 ", with better contrast, and thus lower detectable masses, outwards.
Figure 5.2 shows a map of the nearest young associations to Earth, which
comprise targets amenable for direct imaging searches, including candidate
members from the astrometric data provided by the very recent second Gaia
Data Release (GAIA-DR2, Gaia Collaboration et al. 2018). The availability
of trigonometric parallaxes down to the substellar mass regime allows, on one
hand, to detect objects in the spectral type range where the IMF peaks (∼ M3)
and, on the other, to avoid contamination, especially in the galactic plane. We
see that the southern hemisphere is clearly more rich in terms of visible young
associations. Within these, it is common to distinguish between young moving
groups (YMGs) and star-forming regions (SFRs). YMGs are coeval groups
of objects that kinematically move together at distances of typically below
100 pc. Besides being very close to the Earth, they are still young enough
(∼ 10–200 Myr) to provide a good star-planet contrast. Many of the directlyimaged planets have been found around stellar members of these YMGs (e.g.,
Lagrange et al. 2009; Macintosh et al. 2015; Marois et al. 2008). The AB
55

Doradus (∼ 149 Myr), the β Pic (∼ 45 Myr) and TW Hya (∼ 22 Myr) associations are examples of YMGs located at distances below 60 pc (Bell et al. 2015;
Gagné & Faherty 2018). On the other hand, star-forming regions are younger
(< 15 Myr), but are located at further distances of ∼100–150 pc. Taurus in the
north and the Scorpius-Centarus region in the south, form star-forming regions
in which the very early phases of planetary formation theory have been tested
(e.g., Bacciotti et al. 2018; Clarke et al. 2018; Ribas et al. 2015).
As an example of planet formation in star-forming regions, Figure 5.3
shows a planetary-mass companion resolved inside the gap of a transition disk
around the pre-main sequence star PDS 70 (Müller et al. 2018). This star is a
5-Myr old K7-type object member of the Upper Centaurus Lupus subregion.
The SED of PDS 70 b is reproduced well by cloudy models, Teff between
1000–1600 K and low gravities. However, the large distance at which these
star-forming regions are located and the gaseous environment in which the
stars are situated, usually complicates the interpretation of the detected objects.
For instance, the photometric observations have to be corrected for interstellar
extinction. The presence of accretion or the existence of protoplanetary disks
substructures also gives rise to inaccurate claims, confounding candidates with
environmental residuals. This is well exemplified in the LkCa 15 system, a ∼
3 Myr-old stellar member of Taurus that host a transitional disk cleared inward of 60 AU, and an inner ring extending up to ∼ 30 AU (Thalmann et al.
2015). Three candidate companions have been claimed at about 15 AU, one
of them displaying Hα emission (candidate "b"), sign of an accreting protoplanet (Kraus & Ireland 2012), and the other two detected with sparse-aperture
masking (Sallum et al. 2015). However, Thalmann et al. (2016) indicates that
the positions of the candidates coincide with the rim of the inner disk, which
could indicate that the scattered light from the disk is contaminating part or all
the signal attributed to the planets. Moreover, the detection of Hα emission for
candidate "b" seems to be a strong evidence for a real protoplanet, although it
might also be caused by variable disk wind (Mendigutía et al. 2018), and its
existence is still under debate.

5.1.2

From observations to statistics

About 50 objects have now been detected with inferred masses below or close
to the deuterium-burning limit (∼ 13 MJup ) at separations of > 10 AU (see Figure 5.1). These objects have been uncovered by planet-searching campaigns
conducted in the last decade with the help of first- and second-generation
high-contrast imagers, as outlined in Section 2.5. For an in-depth review of
these surveys see Bowler (2016). Hundreds of single stars with spectral types
ranging from B-type to M-type have been targeted, mostly with ages below
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Figure 5.3: SPHERE/IRDIS K1K2 image of the PDS 70 system - A planetarymass companion is resolved at a distance of 22 AU from the PDS 70 pre main
sequence star (∼ 5-Myr), inside the gap of the transition disk (Keppler et al. 2018;
Müller et al. 2018).

300 Myr and at distances of not more than ∼ 100 pc.
To statistically assess the occurrence of giant planets on wide orbits, the
candidate companions have to be confirmed as comoving with the host star
first. To do this, the observations have to be checked for astrometric common
proper motion during two or more epochs (usually separated by a time span
of at least a year, depending on the proper motion of the host star). Once
the revealed candidates have been confirmed or rejected, contrast curves are
constructed for projected separations spanning from the inner working angle,
usually limited by the diameter of the coronagraph, out to the field of view of
the detector. Once an age for the system has been estimated together with the
luminosity of the host star, these sensitivity limits in magnitudes are converted
to mass using evolutionary models. It is common practice to use the so-called
hot-start models, which adopt a simplified and idealized approach where no
energy losses occur during planet formation. They provide the most luminous
scenario, and thus lowest inferred masses. In the context of substellar objects,
the COND-based (Baraffe et al. 2003) and BT-Settl-based (Baraffe et al. 2015)
evolutionary models are by far the most common models adopted by the community. It is then clear that uncertainties on the models, the estimated age of
the host star, or in the computed planet luminosity will result in large error
bars on the derived planetary masses. This means that sometimes the nature of
the object is not clear, especially when the uncertainties in mass straddle the
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deuterium-burning limit (e.g., Currie et al. 2018).
The contrast curves in mass are then converted to detectability maps, i.e.,
the probability of detecting a potential companion of a given mass at a given
projected separation. This is done via Monte Carlo (e.g., Multi-purpose Exoplanet Simulation System (MESS), Bonavita et al. 2012) or grid-based approaches (e.g., Quick-MESS, Bonavita et al. 2013). To derive the detectability
maps, these tools use the contrast curves plus an exoplanet distribution function. As so far the detections of giant planets on wide orbits have been sparse,
it is common to use different assumptions on the underlying and unconstrained
exoplanet distribution function. It is normally taken as a separable function dependent on the mass Mp , semi-major axis ap and eccentricity ep of the planet,
plus typically a minimum and maximum truncation value for each paramedN
ter. Power laws for both mass and semi-major axis of the form dM
= Mpα
p
dN
and da
= a p are adopted by QMESS, with an uniform grid of Mp and ap valp
ues. For instance, one can follow RVs mass distributions at close separations
(Cumming et al. 2008), or simply linear-flat dependencies. An eccentricity
distribution has to be assumed too, for instance a Gaussian function centred
on 0 and standard deviation 0.3, set to zero outside 0 < e < 1. This is adopted
following the orbital monitoring of the detected directly-imaged planets seem
to point towards very small eccentricities (Bowler & Nielsen 2018), although
the expected fraction of planets depends weakly on this choice.
Once the detectability maps are computed, from the data one can estimate
the fraction of stars hosting at least one companion. This can be done with
a Bayesian treatment of a Bernouilli binomial distribution for each observed
target (boolean True or False planet detection) (e.g., Lafrenière et al. 2007a).
One can also integrate different distribution functions and compare the expected number of detections to the observed value. In this way it is possible to
estimate the best-fit distribution as a function of α and β (Brandt et al. 2014).
These constraints on the mass and semi-major axis distribution functions
that the large-scale observations provide are crucial to understand planet formation on wide orbits and its connection to the low-mass end of the BD regime.
Whether these objects formed via core accretion (e.g., Ercolano & Clarke
2010), disk instability (e.g., Forgan et al. 2015), cloud fragmentation (e.g.,
Bate 2012), or are a consequence of scattering or migration processes, this information should be engraved in the distribution function and the number of
detections revealed by comprehensive direct imaging surveys.
β

5.1.3 Current results and trends
Figure 5.4 shows the occurrence rate of giant planets on wide orbits revealed
by these surveys (Bowler & Nielsen 2018). It seems evident that the presence
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of giant planets on wide orbits is rare. Some of those works have merged published archival data of previous surveys and, although usually composed of an
heterogeneous target selection, they collect and merge hundreds of observations to statistically test their results. For instance, two very recent compilations of published data of host stars spanning the B- to M-type spectral types
by Galicher et al. (2016) and Bowler (2016), with about 300 targets each, yield
very similar results, with a giant planet frequency of ∼ 1 % at projected distances of ∼ 20–300 AU. If we consider only solar-type stars, Vigan et al. (2017)
combined the VLT/NaCo large program with the results of 12 past surveys to
collect a total of 199 FGK stars, deriving a best-fit fraction of planetary-mass
companions below 2 %, and a total substellar population between 0.75–5.70 %
at the 68 % confidence level within 20–300 AU. They also find that disk instability proves to work better than core accretion at reproducing the observed
substellar population.
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Figure 5.4: Planet occurrence rate on wide orbits. - Collection of published
statistical results from past surveys (Bowler & Nielsen 2018).

Indirect methods have revealed that the occurrence rate of giant planets
scales with the host mass (Johnson et al. 2010), at least up to ∼ 2–3 M . This
is most likely related to the fact that the protoplanetary dust mass has a positive correlation with the mass of the host star (Pascucci et al. 2016). Given
that a decent number of stars are starting to be targeted by direct imaging
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surveys, it is natural to pose the question of whether the same trend holds
at large separations. An interesting hint is that most of the imaged exoplanets around single stars are found to be orbiting more massive stars than the
Sun (see, e.g., Bowler 2016). Theoretical predictions of disk instability also
point to more massive protoplanets being created around high-mass stars (Boss
2011). Cloud fragmentation, on the other hand, seems capable of forming low
mass ratio systems of separations spanning between 30–2000 AU for all stellar
masses (Bate 2009). Thus, a potential observed correlation of giant planets on
wide orbits with the host mass would certainly constrain planet formation theories. The MASSIVE survey addressed this problem, and observed 58 M-type
stars in L0 with VLT/NaCo (also shown in Figure 5.4), they found some evidence that the frequency of giant planets around low-mass stars is lower than
around the high-mass population. However, the works by Galicher et al. (2016)
and Bowler (2016) find no clear statistical evidence for a positive correlation,
although the results seem to indicate so.
The general conclusion of all these surveys is that larger samples and better detection limits are needed to better constrain giant planet formation on
wide orbits. The current results seem to imply a frequency of about 1 % at
separations beyond 20 AU integrated over all spectral types. In the very near
future the results of the large surveys (more than 500 stars) carried out by
the extreme AO instruments SPHERE (Sphere INfrared survey of Exoplanets,
SHINE, (Chauvin et al. 2017)) and GPI (Gemini Planet Imager Exoplanet Survey, GPIES, (Macintosh et al. 2015)) will be decisive at constraining the giant
planet and BD distribution function. Moreover, surveys targeting a specific
stellar mass range are ongoing. For instance, Ngo et al. (2018) are carrying
a survey targeting 200 nearby M-type stars with Keck/NIRC2 L band vortex
coronagraph. The Planets around Low-mass Stars (PALMS) is also targeting
about 500 M-type stars (Bowler et al. 2017), and the BEAST survey (PI: M.
Janson) is in the process of observing 83 B-type stars with SPHERE. These
surveys will certainly shed light on statistical correlations of planet formation
around stars of different masses.

5.2 The search for circumbinary planets (CBPs)
5.2.1

The case for CBPs

Binary systems have historically been neglected in direct imaging planet-searching
campaigns. From one side, close binary systems harm the AO correction, as
the wavefront sensors are optimized for single PSFs. Moreover, if the binary
is resolved, it will most likely saturate outside the coronagraphic mask. ADI
post-processing techniques will also make projected separations close to the
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stellar companion unusable for planet-hunting purposes. Theoretically, it is
well established that stellar multiplicity can have a detrimental effect on planet
formation and stability, creating unstable regions were planets are unable to
reside (Holman & Wiegert 1999). Also, protoplanetary disk observations of
close binaries seem to show a reduced presence of dust (Cieza et al. 2009),
which has been linked to a lower probability of gas giant formation around
stars with another stellar companion at < 100 AU.
There are however reasons to believe that planets around binaries can also
be abundant. To start with, binarity is very common in the galaxy, with about
half of the sun-like stars being in a multiple system (Duchêne & Kraus 2013).
The well-established behavior for field stars is a monotonic increase in the
multiplicity fraction from M- (∼ 20 %) to O-type stars (∼ 80 %). Recent results seem to suggest that in star-forming regions and YMGs the multiplicity
frequency follows this trend for stars more massive than the Sun, and that the
multiplicity fraction is even higher than in the field (GRAVITY collaboration
et al. 2018). In the low-mass regime it takes a flat distribution, being constant
at ∼ 35 % in the 0.4–1 M range, which is also in excess to the field. Moreover,
there is no indication of varying multiplicity fraction among YMGs with different ages, integrated over M- to F-type primaries, suggesting that not much
evolution occurs from 10–200 Myr (Shan et al. 2017). Triple or higher-order
systems seem to be rare, in the order of ∼ 2–3%, both in the field and YMGs
(Daemgen et al. 2015; Raghavan et al. 2010).
Figure 5.5 shows the orbital configuration in which planets around binary
stars have been found. They can be either orbiting around one of the stars in
the pair (circumstellar planet, or s-type configuration), or being in an orbit with
a semi-major axis that is larger than that of the binary (circumbinary planet or
p-type configuration). However, not all planetary orbits are allowed. The longterm stability region of a planet under the presence of a gravitational well created by two stars is classically estimated with the work by Holman & Wiegert
(1999). They performed numerical N-body simulations for different binary
parameters and planet configurations, whose results can be approximated by
a least-squares fit with a second order polynomial. Circumstellar planets are
affected by the presence of an outer stellar companion, which inhibits stability
on wide orbits. In this way, the largest stable orbit that a circumstellar planet
can take, the so-called circumstellar critical radius, can be estimated in units
of the binary separation as
acs = (0.464 ± 0.006) + (−0.380 ± 0.010) µ
+ (−0.631 ± 0.034) eb + (0.586 ± 0.061) µ eb
+ (0.150 ± 0.041) e2b + (−0.198 ± 0.074) µ e2.
b

(5.1)
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2
where eb is the eccentricity and µ = M1M+M
the mass ratio of the binary.
2
acs takes a value that is usually < 0.5 × abin , where abin is the semi-major axis
of the stellar binary. In a circumbinary orbit, on the other hand, the planet
begins to be stable beyond the circumbinary critical radius given by

acb = (1.60 ± 0.04) + (5.10 ± 0.05) eb + (−2.2 ± 0.11) e2b +
(4.12 ± 0.09) µ + (−4.27 ± 0.17) eb µ+
(−5.09 ± 0.11) µ 2 + (4.61 ± 0.36) e2b µ 2

(5.2)

with acb of the order of 2–3 × abin . This is, circumbinary planets will be
stable on orbits larger than 2 or 3 times the semi-major axis of the central
binary. Shorter orbits become unstable and thus impractical for planet formation or migration. A more complicated formalism would include the presence
of resonances and inclined orbits, which create islands of instability (or stability) interior and exterior to acs and acb (Doolin & Blundell 2011). In any
case, these equations are a good approximation, as proven recently by neural
networks (Lam & Kipping 2018).

Figure 5.5: Cartoon showing the different configurations of potential stable
planetary-mass companions around a binary star. - The binary semi-major
axis is taken as 1 AU, and the circumprimary and circumsecondary circumstellar planets are located at distances of 0.3 and 0.2 AU from the primary and the
secondary star, respectively. The circumbinary planet orbits the inner binary
with a semi-major axis of 2.5 AU. Created with the REBOUND code for Python
http://github.com/hannorein/rebound.
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These instability regions affect greatly the planet-searching methods that
one would use to discover the potential companions. Indirect methods, which
are strongly biased towards close separations, seem a good approach to tackle
circumstellar planets as long as the binary is resolved or the secondary is very
faint, but would have a hard time finding CBPs on wide orbits. High-contrast
direct imaging, on the other hand, is suitable for finding CBPs around very
tight binary systems that do not affect the observation. As long as the binary
is tight enough that the wavefront sensor can treat it as a single point source,
there should be no drawbacks. Moreover, it is well established that circumbinary protoplanetary disks exist, thus providing the building blocks for planet
formation (Andrews et al. 2014; Boehler et al. 2017; Janson et al. 2016). Scattering with the secondary star of planets close to the stability region can also
increase the population of planets on wide orbits (e.g., Pierens & Nelson 2008).
Also, binary stars will provide more dust mass in the protoplanetary disk to
create massive planets. This in turn will favor the contrast in direct imaging
observations, as a couple of solar-type stars have the same planet-forming material than a single A-type, but their total flux is fainter, and thus may render
better contrast than in the single-star scenario (e.g., Johnson et al. 2010).

5.2.2 Current results of planets around binaries
Figure 5.6 shows an overview of the recent situation of planet-finding searches
around binary stars. Circumstellar planets (those in semi-major axes interior to
the circumstellar stability limit) have been found in larger numbers than CBPs
(wider orbits than the circumbinary stability limit). As expected, the discovery
of circumstellar planets has been dominated by the RV and transit methods,
finding them below 10 AU. As reviewed by Martin (2018), follow-up AO studies of Kepler Objects of Interests (KOI) stellar hosts have revealed a paucity
of circumstellar planets in tight binaries (semi-major axis < 50 AU), with a frequency up to three times lower than that of field stars (see Kraus et al. 2016).
Wider binaries, on the other hand, do not seem to influence planet formation,
with a multiplicity fraction of host stars similar to that of field stars (Horch
et al. 2014). The Visual Binary Exoplanet survey with SPHERE (VIBES, PI
Sebastian Daemgen) is currently observing 33 young, nearby and well separated visual binaries. The goal is to constrain giant circumstellar planet abundance, both around the primary and the secondary star.
The circumbinary population has been much less explored, in grand part
because of the technological difficulties that the indirect methods face when
observing a close binary. As of today, less than 1 % of the discovered exoplanets are found to be orbiting two stars, and the great majority of them have
been detected via transits. Most of the CBPs have been found very close to the
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Planet semi-major axis (AU)

circumbinary stability limit, if we do not consider the unreliable eclipse timing
variation candidates. Moreover, the RV method has not been able to confirm
a single CBP due to the effect of two overlapping stellar spectra, which hinders the detection, although surveys have been conducted (see TATOOINE,
Konacki et al. 2009). Current efforts are focused on targeting single-lined binaries, as the ongoing BEBOP program with HARPS.
Thus, the only sample that is large enough for preliminary population studies and that has reliable discoveries is Kepler data. Currently there are 10
confirmed CBPs, some within the Habitable zone (e.g., Moorman et al. 2018;
Zuluaga et al. 2016). They have radii between 3 REarth and a RJup , and masses
that go up to 1.5 MJup . They are also found on the large separation tail of planets detectable by Kepler, with orbital periods between 50–1100 days (Hamers
et al. 2018). Thus, these CBPs are essentially found as far out as possible for
detection with Kepler, and are massive compared to the population of planets
orbiting single stars.
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Figure 5.6: Current status of the search for planets around binary stars. Circumstellar planets are depicted as squares, and circumbinary planets as diamonds. Both of them are color-coded according to the detection method (Martin
2018).

CBP frequency studies on Kepler data range from 3–10 % (Armstrong
et al. 2014; Welsh et al. 2012), with a decreasing frequency for higher-mass
planets. As discussed before, these values seem compatible with the frequency
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of Neptune- or Jupiter-size planets seen on Kepler long orbits around single
stars (e.g., Mayor et al. 2011), although constraints on the CBP population
are still preliminary given the very low number of detections. Among the
Kepler CBPs discoveries, there are two interesting behaviors underlying in
the data. First, there seems to be a paucity of CPBs orbiting binaries with
orbital periods of less than 7 days. Kepler eclipsing binaries have a median
period of 2.8 days, and so if planets were to form independently of the binary
period, results seem to suggest that the number of found companions should
be twice the observed one (see Martin 2018). On the other hand, Welsh et al.
(2014) suggested a planetary pile-up at the circumbinary stability radius, given
that essentially all the CBPs tend to lie very close to it (see Figure 5.6), perhaps
as the result of migration from outer orbits, which is halted around the point
where the stability is compromised. However, it is becoming apparent that
this property is more an observing bias towards low separations inherent to the
transit technique. For instance, Quarles et al. (2018) numerically showed that
in 55 % of the Kepler CBPs, an additional planet with the same mass and in a
more interior orbit than the one detected may exist.

The search for CBPs is thus in a very initial stage. In particular, the population on wide orbits has been very scarcely studied, which might sound
surprising giving that CBPs are expected to be stable beyond 2–3 times the
semi-major axis of the binary. Very few circumbinary companions have been
found by direct imaging, which have mostly been observed because the central
stellar system was not known to be a binary before the observation. In any
case, all of them are very massive and straddle the deuterium burning limit
and are found on extremely wide orbits of hundreds or even thousands of AU.
Figure 5.7 shows a sample of this imaged population. Their large projected
separations and very low mass ratios are hardly explained from formation in
a circumbinary protoplanetary disk, and are more likely the result of cloud
fragmentation. For instance, the circumbinary companion SR12 C is orbiting around a binary with a solar-type primary, but at a distance of 1100 AU
(Kuzuhara et al. 2011), which is a similar situation as the planetary-mass companion around HD 106906(AB) (Lagrange et al. 2016). If these systems were
formed in a circumbinary disk, one has to explain how they got to that orbital
separation, which has proven not to be trivial (Rodet et al. 2017). On the other
hand, companions that might be close enough to be formed within a disk, as
2M0103(AB) b (Delorme et al. 2013), are very massive objects orbiting very
low-mass stars, which favors the cloud fragmentation interpretation.
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Figure 5.7: Examples of imaged circumbinary substellar companions - These
objects straddle the deuterium-burning limit. From left to right and up to down:
Currie et al. (2014, ROXs 42B b, 10 ± 4 MJup , 140 AU), Kuzuhara et al. (2011,
SR12(AB) C, 13 ± 2 MJup , 1100 AU), Kraus et al. (2014, FW Tau b, 10-100 MJup ,
330 AU), Lagrange et al. (2016, HD 106906(AB) b, 11 ± 2 MJup , 650 AU), Delorme et al. (2013, 2M0103(AB) b, 15-20 MJup , 85 AU), Dupuy et al. (2018,
2M0249(AB) c, 11 ± 1 MJup , 1100 AU).

5.3

Characterisation of directly-imaged companions

The ultimate, albeit most complicated, goal of the search for companions is the
detailed characterisation of their atmospheres and the study of their physical
parameters. Even though no directly-imaged planets have been detected residing in the habitable zone of their host star yet, atmospheric characterisation
is the only way to assess whether a planet is capable of hosting life. When a
companion has been detected through direct imaging, information can be collected from two different sources: the host star and the photons coming from
the companion itself.

5.3.1

Stellar information

Even for direct imaging observations where the stellar photons are removed,
to accurately constrain the companion it is vital to characterize the star around
which it is orbiting. The most basic parameter that can be drawn from the star is
the distance to the system. This is done via astrometric parallax measurements,
first with Hipparcos (van Leeuwen 2007) and now with Gaia (Lindegren et al.
2018), which currently includes the position, parallax and proper motion of
1332 millions of sources down to magnitude G = 21. The uncertainty on this
measurement is very small, with the fainter targets having an error of 0.7 mas,
and only 0.04 mas for the brightest tail. Distance is thus not a major source of
complication, as it is well constrained with the presence of Gaia.
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Another crucial but more complicated parameter that can be constrained
from the host star is the age. The problem of deriving stellar ages is complex,
and age-dating methods can be classified into different levels of quality, depending on how well we know the physics involved in the detection of the age
indicator and how simple it is to go from that indicator to a final age estimate
(Soderblom 2010; Soderblom et al. 2014). Usually, the best approach to date
a star is to kinematically link it to a young stellar association with well constrained ages. In this way, if a stellar association has been dated with methods
such as the Lithium depletion boundary (e.g., Binks & Jeffries 2014), kinematic traceback analysis (e.g., Song et al. 2003) or isochrone fitting (Bell et al.
2015), this age is usually adopted as the age of the stellar system member of
this association.
Even in the case of young association membership, where the use of a
good sample of objects smooths the individual uncertainities, there still exist
complications that can affect the adopted age of the companion. One problem
is that evolutionary models derived by different groups show discrepancies,
especially at lower masses and ages (Hillenbrand et al. 2008). From the observational point of view, a scatter in luminosities and temperature is clearly
seen for PMS stars, which mainly comes from uncertainties in extinction corrections, excess flux caused by accretion or circumstellar disk emission, and
unaccounted multiplicity (e.g., Argiroffi et al. 2016). Moreover, there seems
to be an age-mass trend in several young associations, such as Sco-Cen or TW
Hya, where isochronal fits to a wide range of stars of different masses in the
same region yields younger ages for cooler low-mass stars (see Herczeg & Hillenbrand 2015). This trend might be explained as a result of several factors;
for instance intrinsic age spreads within the given region (Fang et al. 2017),
or the effect of magnetic fields in the early evolution of low-mass stars, which
is not well reproduced by the models (Feiden 2016; Somers & Stassun 2017).
If the star cannot be connected to a certain association, some quantities that
have been seen to evolve with age can be used as rough indicators, although
the underlying physics is not totally understood. Examples of such indicators
include activity rates, rotation periods, surface gravities or lithium abundances
(Soderblom et al. 2014).
Finally, for very young ages the difference in the formation time of the host
star and the companion might be important. Those companions found by cloud
fragmentation or disk instability are most likely coeval with the host star (e.g.,
Bate 2012), but giant planets formed via core accretion can build up mass over
the first ∼ 10 Myr, before the gas dissipates (Armitage 2007).
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5.3.2

Empirical analysis of the companion

As substellar objects cool down with time, their luminosity for a certain age
will depend on the mass. Once the age and distance to the system are estimated, the mass of the companion can be computed with the aid of stellar
evolution models. The major uncertainty usually lies in the age of the system
and the accuracy of the model, which also yields different results depending
on whether a hot or cold initial conditions are assumed (e.g., Spiegel & Burrows 2012). Another possibility is to follow the companion along its orbit, and
complement it with radial velocity or absolute astrometry of the host star to
derive dynamical masses. However, the long orbital periods at which planets
have been found through direct imaging usually impedes the direct measurement of a planetary mass, with the exception of β Pic b (Snellen & Brown
2018). For higher-mass companions, this direct mass measurement has been
successfully conducted, either with resolved orbital motion of pairs of tight
binaries orbiting a more massive star (Calissendorff et al. 2017), or through
accurate astrometric measurements (Brandt et al. 2018).
Other physical and atmospheric parameters of the companions can also be
constrained by direct imaging. Low-mass objects are classified according to
their temperature in different spectral types. As they cool down with time, substellar objects typically start off as M-type stars and eventually transition with
time to L, T and even the very cool Y spectral types, with an evolutionary track
that depends on their mass. Each phase is characterized not only by a temperature range, but also by certain observed atmospheric features. For instance,
L type objects are seen as red in the near-IR and possess thick clouds, while
T objects are bluer, cloud-free objects that present methane absorption (Biller
& Bonnefoy 2018). Normally, if the young and bright companion is resolved,
that implies that multi-photometric points or a spectrum in the near-IR (1–
2.5 µm) and/or mid-IR (3–5 µm) are available. The very early results of these
characterisations showed that young exoplanets have redder colors than their
old substellar counterpart with similar temperatures, implying a connection of
atmospheric colors with low gravities (e.g., Filippazzo et al. 2015).
As there is this degeneracy between the spectral type, age and mass of the
object, the observed flux values can be compared to libraries of known empirical objects or templates built off past observations. This enables to constrain
the spectral type and the rough physical parameters of the found companion,
such as low/high gravity, old/young object, mass and luminosity (e.g., Currie
et al. 2018). If the resolution is high enough, or if there is a very good coverage in wavelength range, the spectro-photometric data is usually also fitted
to synthetic atmospheric spectra to derive temperatures, gravities, metallicities
and radii (e.g., Bonnefoy et al. 2018). Several atmospheric models exist in the
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literature, each with different assumptions about compositions, opacities, particle sizes and cloud treatment (e.g., Baraffe et al. 2015; Baudino et al. 2015;
Charnay et al. 2018; Madhusudhan et al. 2011). When fitting spectral data, the
usual approach is to try a few of these models and compare their best-fitting
parameters and their success at reproducing the SED of the companion.
An example of this is represented in Figure 5.8, which shows a fit of the
Exo-REM models (Baudino et al. 2015) to the spectro-photometric data of the
four HR 8799 planets. With an age of 40 Myr and masses between ∼ 5–7 MJup
(Bell et al. 2015; Marois et al. 2008), these objects are probably the most likely
directly-imaged planets to have formed in a circumstellar disk. The spectra of
d and e resemble empirical low-gravity late L-type BDs. Using the synthetic
Exo-REM models, the entire wavelength range for these two planets is well fit
with thick clouds, super-solar metallicity and low gravities. However, there are
also complications, such as degeneracies between cloud properties and the fitted parameters. It is not always the case that one can find a synthetic spectrum
in the literature that fits well the entire spectrum, such as in the case of the b and
c companions in Figure 5.8. Even with a good fit, temperatures are not constrained to a better level than 100–200 K. Gravities and metallicites are more
uncertain due to their weaker impact on the spectrum. In principle, masses can
also be inferred from the best-fit parameters of the model, but given the uncertainties, getting accurate masses from this approach is currently impractical
(e.g., Bonnefoy et al. 2016).
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Figure 5.8: HR 8799bcde SED comparison to a set of Exo-REM models,
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6. Summary of Papers

High-contrast imaging has revealed itself as an essential technique to study
and characterise substellar companions and circumstellar disks. This thesis
provides an up-to-date introduction to the theory and observation of these objects via the direct imaging technique. Here I give a small summary of the
papers included in this thesis.

6.1 Paper I
As discussed in Chapter 4, resolving debris disks is essential to understand
their physical properties and to break degeneracies. In this paper we studied
the edge-on debris disk around the young (< 30 Myr) and nearby (112 pc away)
HD 32297 star. Although this system had already been resolved with direct
imaging and its physical properties were fairly good constrained, no polarised
data had yet been presented.
We obtained H-band high-contrast direct imaging observations in both unpolarised and polarised intensity light with the HiCIAO camera at the Subaru
telescope in Hawaii. After data reduction, we detected the disk at high signal to noise beyond 50 AU. We then used the GRaTeR code to model the disk
geometry and the scattering phase function, finding that the total intensity images reveal not only the edge-on symmetry of the system, but also (for the first
time, for this system) indications of a gapped structure. This brings up the
possibility of a two-ringed disk. Moreover, the first polarised light study for
HD 32297 is presented, obtaining a polarisation degree of the grains that goes
up to ∼25 % at scattering angles of ∼90 ◦ . This work opens up the possibility
of the HD 32297 disk having a new morphology, and it also helps to constrain
the dust composition and size in the disk from the polarisation degree, which
might point out to the presence of ∼0.5 µm-sized grains.

6.2 Paper II
From the discussion in Section 5.2, it is clear that CBPs have not been studied
to a great extent, even though half of the Sun-like stars are found in binary
systems. This is caused by the detrimental presence of the binary star, which
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causes unstable planetary orbits and observational difficulties. The lack of
CBP understanding is especially evident on wide orbits, where the indirect
methods are not sensitive. However, CBPs are expected to be stable on orbits
beyond 2–3 times the semi-major axis of the binary which, given the right
target selection criteria, seems to be extremely beneficial to direct imaging
observations.
Here, we conduct for the first time a direct imaging survey searching for
planets around tight binaries (SPOTS: The Search for Planets Orbiting Two
Stars). We present the results of the search for CBPs around 62 young and
nearby systems observed with VLT/NaCo and VLT/SPHERE over 5 years. We
cannot confirm any CBP within 300 AU, but we find potential indications of
comoving planetary-mass candidates around the HIP 77911 binary. An interesting discovery is the presence of a low-mass star at a distance of only 6 AU
from the λ Mus binary, forming a very packed triple system. We also resolve
the circumbinary disk around AK Sco, presented in Janson et al. (2016). Finally, we provide the astrometry of up to 10 binaries and close triple systems
resolved in our survey, 2 of them for the first time. Our discoveries manifest a frequency upper limit on 1–15 MJup CBP companions of ∼ 6–10 % at
projected distances between 30–300 AU. Finally, the 62 SPOTS binaries were
also coupled to archival high-contrast imaging data to collect a total of 163
binary systems. These results find a best-fit CBP frequency of 1.9 % within
300 AU, and a BD (16–70 MJup ) frequency of 2.2 %, which is in line with the
frequency of substellar companions found around single stars.

6.3 Paper III
When deriving stellar ages in young associations, there is an age-mass trend
where models predict a lower age for low-mass stars compared to the corresponding intermediate-mass population, as explained in Section 5.3. This trend
is usually explained as the result of the effect of magnetic fields in the evolution
of PMS low-mass stars, which is not being well reproduced by the isochronal
models, or otherwise by intrinsic age spreads within the association. This issue can be addressed with a coeval system and a range of different masses.
In this paper we study the Upper Scorpius HIP 79124 triple system, with an
A-type primary and two low-mass companions at very small separation. We
use the new SCExAO/CHARIS IFS instrument to acquire high-contrast lowresolution spectra of the companions in the JHK bands. As the three objects
are coeval, isochronal models should give the same ages for the entire system
if the age spread is indeed causing the age-mass trend. The spectra of the companions are compared to both empirical objects and spectral templates, and we
derive spectral types of M4 ± 0.5 and M6 ± 0.5, respectively for the B and C
72

companions. Putting the triple system in a Hertzsprung-Russel diagram, we
find that isochronal models estimate an age for the companions (3 Myr) that is
half of the age of the primary (6 Myr). This result strongly points towards the
fact that magnetic fields are not reproduced well enough during the evolution
of young low-mass stars. Adopting the age of the primary star as the age of
the system, we also derive the masses of the companions. This age effect can
affect the derived masses of the imaged planets around low-mass stars.
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