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Chapter

Introduction

As the 19" century Pulitzer Prize-winning American novelist Edith Warton once wrote,
“there are two ways of spreading light: to be the candle or the mirror that reflects it”. It
turns out that study of the light spread by the mirror not only tells us about the candle, but
also about the mirror itself. As humans, light moves through space and time keeping accounts
of all the interactions it undergoes in its way and, as humans, it can tell a lot about it if one
asks the right questions.

When we look at a star and its circumstellar matter, we are looking at the light that comes
from both the candle and the mirror. The candle is the central source and the mirror the sur-
rounding matter by which a fraction of the starlight is reflected/scattered towards us. Whether
that surrounding matter is in the form of particles in a circumstellar disc or in the atmosphere
of a planet is only relevant for the context of the posterior analysis. The physical process by
which that light is spread towards us is the same in any of those cases: scattering. Scattered
light becomes linearly polarised, and the characteristics of this linear polarisation depend
on the scatterers, in other words, the polarisation state of scattered light carries information
about the medium by which it was scattered. Polarimetry is therefore one of the few tools we
count on to ask light the right question.

Humans have always wondered about the existence of other worlds and other forms of
life, but it was only very recently, with the discovery of the first planets outside of our Solar
System (Wolszczan & Frail 1992, Mayor & Queloz 1995), when the real chance to answer
these questions materialised. Since then, and mainly thanks to ground-based instruments like
HARPS (Mayor et al. 2003) and space missions like Kepler (Koch et al. 1998) and COROT
(Baglin et al. 2006), more than 800 planets have been confirmed (see Figure 1.1) and more
than 3000 candidates are awaiting confirmation. Unfortunately, most of these planets have
been detected with what we call “indirect” methods, which means that we have inferred their
existence, and some of their basic properties, from the analysis of their parent stars’ light.
Ideally, we would like to be able to directly register and analyse the light coming from these
planets but there is a major challenge we have to overcome: the contrast ratio between the
planet and the star. The light from the planet is about nine orders of magnitude fainter than

1



2 Chapter 1

Separation [AU]

Figure 1.1: Mass vs. separation plot of the currently confirmed substellar companions. Red diamonds
denote those that have been detected by direct imaging. Source: exoplanet.eu.

the light of its parent star when observing at visible wavelengths, and this is for a Jupiter-like
planet orbiting at 1 AU from its parent star and seen from a distance of 4 pc. In the case of a
terrestrial planet this difference can increase up to about eleven orders of magnitude. So it is
challenging.

In the past five years, considerable development of imaging instruments and techniques
such as choronagraphy, adaptive optics and optimised data reduction, have allowed astronomers
to obtain images of about 30 exoplanets. Figure 1.1 shows the mass vs. separation plot of
all currently confirmed exoplanets where red diamonds mark those that have been discovered
through direct imaging. These are, with a few exceptions, quite massive (3 — 10 M;,,), young
(~ 1—90Myr) and hot (~ 1000 K) planets orbiting at considerable distances from their par-
ent star (~ 3 — 2000 AU), characteristics that make them ideal targets for direct imaging at
infrared wavelengths. Figure 1.2 shows the images of four of them: Fomalhaut b (which was
detected at visible wavelengths), HR 8799 system (b,c,d,e), beta Pictoris b and kappa An-
dromedae b (Kalas et al. 2008, Marois et al. 2008, Marois et al. 2010, Lagrange et al. 2010).
Looking at the position of the red diamonds in Fig. 1.1, we see that this technique covers a re-
gion of the mass-separation plane that is not available to indirect methods. This together with
the fact that directly detected light allows for direct atmospheric characterisation (see e.g.
Bowler et al. 2010, Barman et al. 2011, for the first direct spectroscopic results on the HR
8799 planets), is helping us greatly to expand our knowledge of currently known exoplanets.

But these planets have very little in common with our Earth and the planets we share the
Solar System with. The radius of the orbit of our outermost planet, Neptune, is about 30 AU,
and its mass is ~ 0.05 My, ,while our most massive planet is Jupiter, which orbits at ~ 5 AU
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from the Sun. The age of our Solar System is about 4.5 Gyr. If we want to directly image
anything like our Solar System, and in particular an Earth-like planet, we simply need to make
our telescopes as big as possible, to be able to resolve features as close to the star as possible,
and put together every “smart trick” we can think of to increase the contrast achievable with
our instruments to distiguish the feature (hopefully a planet) and the starlight. And this is
where polarimetry comes into play.

Figure 1.2: Some examples of directly imaged exoplanets. Upper left: Fomalhaut b (Kalas et al. 2008).
Upper right: HR8799 b,c,d and e (Marois et al. 2008, Marois et al. 2010). Lower left: beta Pic b
(Lagrange et al. 2010) Lower right: x Andromedae b (Carson et al. 2013). Images credit: (from left
to right and top to bottom) Paul Kalas/UC Berkeley, NASA, ESA; NRC-HIA, C. Marois, and Keck
Observatory; ESO/A.-M. Lagrange et al.; NAOJ/Subaru/J. Carson (College of Charleston)

Light emitted by a star is generally unpolarised' and the particles in the atmosphere of a
planet, or the dust grains in a circumstellar disc polarise the starlight as they scatter it towards
us. This means that if we can observe a star/planet or star/disc system in polarised light,
theoretically, only the planet/disc will show up in the image, provided that we can spatially
resolve them. In reality the measurement of polarisation is not straightforward and often
instrumental effects get in the way adding polarisation and/or modifying the polarisation
state of the signal we want to measure (see Chapters 6 and 7). In addition, polarimetry is

IStarlight can get polarised due to e.g. magnetic fields or scattering processes in its own atmosphere but, in
general, the contribution of these effects is negligible (Kemp et al. 1987)
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a differential technique. We need to subtract orthogonally polarised images to distinguish
polarised from unpolarised light, i.e. subtract signal. This translates to the need for a large
amount of photons to detect small differences. But we shouldn’t be discouraged by these
issues. The current state of the art polarimetric techniques can already achieve contrasts
between the star and its circumstellar regions of 10~° (e.g. Rodenhuis et al. 2012, Milli et al.
2013) which means that we are doing pretty well in dealing with the challenges polarimetry
encompass.

To add to the good news, the astronomical community is looking forward to the upcoming
European Extremely Large Telescope (E-ELT) (Delabre 2008, McPherson et al. 2012). This
telescope will have a primary mirror with a diameter of D ~ 39 m, which translates into
more than 970 m? of collecting area. Working at the diffraction limit, the spatial resolution
delivered by this telescope will go from about 3 to 10 mas (at 0.6 and 1.6 pm, respectively)
which, when observing a star at 40 pc from our Sun, means that we could resolve features
located at a tenth of an astronomical unit (AU) form the central star. These collecting and
resolution capabilities make it ideal for performing highly sensitive and accurate polarimetry
(see, e.g., Strassmeier & Others 2009, Keller et al. 2010).

What is the mechanism through which planets form? Is it the same for all planets and
environments? What sets their final characteristics? Can planet formation be affected and
even prevented by the environment? Can planets other then the Earth host life? To be able to
answer such questions it is key to advance our knowledge on the characteristics of exoplanets
and their cradles: protoplanetary discs.

This thesis is composed of a collection of studies focused on developing new observa-
tional and instrumental polarimetric imaging techniques that could serve in this quest: the
characterisation of exoplanets and their birth environment. However, in favour of this ulti-
mate goal, other techniques are explored in some of the studies.

1.1 Scattering and polarisation

Scattering takes place when an electromagnetic wave encounters matter. As described in the
excellent book “Absorption and scattering of light by small particles” by Bohren & Huffman
(1983), one could, very basically, picture this process as follows. The oscillatory electric field
of the wave induces a dipole moment in the discrete electric charges that compose matter.
These dipoles oscillate and re-radiate in all directions giving rise to the scattered radiation,
which, in the case of elastic scattering (the type we consider in this thesis), has the same
frequency as the incident radiation.

In any case, the scattered radiation becomes linearly polarised due to the geometry of
the process. We can, again, try to picture the underlying physics in a very basic manner.
Electromagnetic radiation is carried by waves that are composed of mutually perpendicular
oscillations of the electric and magnetic fields. These oscillations, in isotropic media, are
also perpendicular to the direction of propagation. If the two orthogonal components (e.g. z-
and y-) of the electromagnetic field have a fixed phase difference, then we say that the light
is polarised. In particular, if this fixed difference is zero (i.e.the x- and y-components are
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Figure 1.3: Schematic view of polarization of light by scattering off a single particle. The electric field
of the unpolarized incoming light, vibrating in all directions contained in the perpendicular plane to
the direction of propagation, sets the electric charges in the particle (black dot) into vibration emitting
the scattered radiation. The scattered light is therefore fully polarised in any direction contained in
that plane. In other directions, the scattered light will be partially polarised, with the exception of the
direction of the original propagation, in which light will be unpolarised. Image credit: Hecht, Eugene,
Optics 4th Edition, (©)2002. Reproduced by permission of Pearsons Education, Inc., Upper Saddle
River, NJ.

in phase) we say that light is linearly polarised and, in this case, the direction of vibration
of the electric (and, therefore, magnetic) field is unique. Now, when unpolarised radiation
encounters a particle, as explained before, the dipoles in the particle are set into oscillation.
These induced oscillations occur in random directions because there is no preferred direction
of the electric field, but all these random directions are contained in the plane perpendicular
to the direction of propagation, i.e. there is no oscillation parallel to the propagation. Light
scattered in any direction contained in that plane, will be linearly polarised because the oscil-
lations that generated it are all contained in the plane. Figure 1.3 shows a schematic view of
this process.

Reflection and refraction can be seen as a particular scattering processes where the medium
encountered by the light is optically dense (separation between scatterers is small compared
to the wavenegth of the incident radiation) and there is an infinite (compared to the wave-
length) and continuous boundary separating the two media (a surface) (Bohren & Huffman
1983). Light reflected off a surface like a mirror or the surface of a planet, becomes therefore
polarised in a similar fashion. This, as we shall see in Chapters 6 and 7, turns to be a big prob-
lem in astronomical polarimetry since light undergoes multiple reflections and refractions in
the optical path of telescopes and optical instruments.
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1.1.1 Stokes formalism and Mueller matrices

In dealing with the interactions between optical elements and polarised light, the chapters
in Part II of this thesis adopt the mathematical framework of the Stokes formalism (Stokes
1852). In this formalism light is described by a four component vector S = (1,Q, U, V)T
where 1 is the intensity, ( and U are linear polarisations in the 0/90° and + 45° directions?
and V is circular polarisation. The effect a medium has on light as it passes through can
be described by a transformation of its Stokes vector. Therefore, we can mathematically
describe the interaction by a matrix multiplication between the incoming Stokes vector (Si;,)
and a 4 x 4 matrix (M eqium) that describes the characteristic of the medium, the so called
Mueller matrix (Mueller 1948). The transformed Stokes vector (Soyt) is then obtained as:

Sout = MmediumSin - (1.1)

If one knows the Muller matrices of individual elements in an optical system, the total Muller
matrix of the system (IM¢,¢51) can be obtained as

Miotal = My - ..Mz - My, (1.2)

where M,,...M; represent the Mueller matrices of the n elements of the optical system with
1 being the first element in the optical path and n being the last. Equation ?? below shows
how each element of the Mueller matrix describes the relationship between a component of
the incoming Stokes vector and a component of the outgoing Stokes vector.

Iin — Iowt Qw — Touwt  Uin — Ious  Vin — lous

Iin - Qout Qin - Qout Uin - Qout Vin - Qout (1 3)
Iin - Uout Qin — Uout Uin - Uout Vvin - Uout ’ '
Iin - V:)ut Qin — Vout Uin - Vout Vvin - Vout

where the subscripts in and out refer to incoming and outgoing Stokes vector components,
respectively.

The four Stokes components have to fulfill some requirements to constitute a physically
meaningful Stokes vector, i.e.

I’+Q*+U?+V2>0 and I>0. (1.4)

In order to retain the physical meaning of the Stokes vector through the transformation, a
4 x 4 matrix must as well meet some requirements to be a Mueller matrix, e.g. element I;,, —

24+ and —Q and U denote orthogonal polarisation directions, i.e. +Q corresponds to linear polarisation in the
e.g. 0° direction while —() corresponds to 90°. +V or —V correspond to right or left-handed circular polarisation,
respectively, depending on the reference system chosen.
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1oy must be positive (Myg > 0) and first row and columns must be physically meaningful
Stokes vectors, i.e.they have to fulfill the conditions in Eq. 1.4 (see del Toro Iniesta 2003,
and references therein). Mueller matrices can be defined for most types of medium, optical
element and, as we said, complex optical system and they are the key element we will be
using for the analysis of the polarimetric performance of optical telescopes in Part II of this
thesis.

1.1.2 Measuring polarisation

As we have noted before, polarimetry is is a differential technique. Unless we can directly
measure the amplitude and phase of the electromagnetic field (which is the case for waves in
the radio domain), to measure the amount of polarisation light carries in a certain direction
we need to take two intensity measurements: one filtering polarised light in that particular
direction and another one filtering polarisation in the orthogonal direction. As a very basic
example, we can think of a detector placed after a linear polariser, which only lets through
light polarised in a certain direction. If we orient the polariser to let light polarised in the 0°
direction pass (we define this to be the +@) direction), the intensity recorded by our detector
is

Ioo =05-(I+Q). (1.5)

If we now rotate the polariser to the 90° position (—( direction), we measure

.[900 - 05 : (I - Q) . (16)

Now,

Q = (Ioo — Igoo) - (1.7)

In the same way, rotating our polariser between +45° we can obtain U as

U= (I450 —I_450), (1.8)

and, if we place an optical element capable of transforming circularly polarised light into
linearly polarised light before our linear polariser in the optical path, we obtain a circular
polariser with which we can also measure circularly polarised light as

V= (IRHciGCol - ILHCiGCOl) . (19)

The different positions of the polariser define a particular state of the measuring device (po-
lariser+detector) that we call modulation states. Our example pictured the simplest possible
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Modulator states

Subtract---

Polarizing
beamsplitter

Modulator

Figure 1.4: Schematic view of the polarization measurement process using temporal and spatial mod-
ulation used by ExPo. The modulator switches between orthogonal directions of the polarisation to be
measured, defining states A and B. The polarising beamsplitter then separates the two orthogonal po-
larisation states into left (L) and right (R) beams. Double subtraction of (AL-AR)-(BL-BR) minimises
(systematic) spatial and temporal differences (Canovas et al. 2012a). Image credit: M. Rodenhuis

way of modulating but one can design, and optimise, many different modulation schemes
depending on what Stokes component (or cobination of them) one is interested in measuring.
More generally, instead of using a rotating polariser, the modulation is achieved by means of
a retarding element (i.e. modulator) and a fixed polariser (i.e. analyser). A retarding element
imparts a phase lag to one of the orthognal components of the electric field, thus, modifying
the polarisation state of the wave passing through. by carefully orienting the retarder in the
required direction we can transform the polarisation state we want to measure in the direction
the fixed polariser would filter to the detector.

However, one has to be very careful when using this technique since, even though this sub-
traction can eliminate many systematic errors, any differences between the two states being
subtracted will appear as polarisation signal. To minimise these effects, the two orthogonally
polarised intensity measurements should be as equal as possible, temporally and spatially.
Ideally, one takes the two intensity measurements instantaneously assuring that the optical
paths of the two orthogonal beams are exactly the same. This is, of course, not possible and
either we take measurements of the orthogonal states instantaneously spatially separating the
two beams (i.e. spatial modulation) or we measure the beams through the same optical path
at separated times (i.e. temporal modulation). Most night-time polarimeters operating today
combine these two types of modulation that allow to apply techniques such as the double
difference (Bagnulo et al. 2009, Hinkley et al. 2009) or the double ratio (Semel et al. 1993,
Tinbergen 1996, Schmid et al. 2006b) which minimise systematic errors and atmospheric
effects. Fig. 1.4 shows a schematic example of the temporal and spatial modulation combina-
tion used designed for the Extreme Polarimeter, ExPo (Rodenhuis et al. 2012). Other types of
modulation such as the spectral modulation (Nordsieck 1974, Snik et al. 2009) provide very
interesting prospects for improvement.
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Mathematically, at each modulation state m, the polarimetric system (in our example sim-
ply composed of modulator+analyser+detector) will be represented by its Mueller matrix
M,,. The first row of that Mueller matrix describes how each incoming Stokes component is
transformed into the intensity that the detector will register (see Eq. 5.2), thus describing the
modulation state. If we build a matrix out of all m first rows of the Mueller matrices at each
modulation state, we have what is known as the modulation matrix, normally denoted as O.
This matrix relates the incoming Stokes vector with the 1 x m vector composed by all the
consecutive intensity measurements (1,;,), as follows:

Imeas = OSin7 (110)

where Ieas = (I1, Io, . .., I,,)T, and describes the modulation scheme of our polarimetric
system. In the end, the polarimetric problem consists of obtaining the incoming Stokes vector,
Sin, from the m intensity measurements. If the 4 x m matrix D is an inverse of O (i.e. DO =
1), then,

Smeas = DImeas y (1.11)

and D is known as the demodulation matrix (del Toro Iniesta & Collados 2000). Note that we
denote the vector resultant from this operation as S,¢,s and not S;;, because the measurement
process is never perfect and therefore the original S;,, cannot be perfectly recovered.

The transformation undergone by a Stokes vector that goes through the measurement
process defined by our polarimetric elements and our modulation/demodulation process can
be mathematically represented by the response matrix X (Ichimoto et al. 2008), which is
defined as,

X = DO, (1.12)

and therefore,

Smeas = XSin ) (1.13)

where Spcas 18 the Stokes vector we obtain as a result of the polarimetric process. Ideally,
and almost by definition, X = 1, but in reality, our polarimetric instruments and modulation-
demodulation schemes are never completely efficient. The response matrix becomes then an
important tool to evaluate the efficiency or “goodness” of our polarimetric system and to help
in its optimisation. The usefulness of the response matrix as a diagnostic tool is particularly
exploited in Chapter 7 for the analysis of the limitations the different Nasmyth configurations
of the E-ELT telescope impose on polarimeters working at that position.

For a much deeper description of the mathematical process outlined here, I recommend
the excellent book “Introduction to Spectropolarimetry” (Chapters 4 and 5 in particular) by
del Toro Iniesta (2003) and references therein.
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1.2 Some open questions on planet formation

Despite the amount of exoplanets found and the great effort that is being put into the field,
we currently do not fully understand how planets form. We know they form out of the dust
and gas that remains from the star formation process, and that orbits the star forming what we
call a protoplanetary disc. We also know, to some degree, what is the result of the process,
i.e. planet formation and evolution theories should be able to reproduce the characteristics
and frequencies of the planets we know from observations. This is not the case yet (e.g. Ida
& Lin 2004, Mordasini et al. 2009). The problem of evolving discs into planetary systems is
complex and involves physical processes related to e.g. hydro and magnetodynamics, radia-
tive transfer, high energy physics and physics of collisions, and they all interact to affect the
formation of planets and their evolution through disc-environment, planet-disc, planet-planet
and planet(s)-environment interactions.

1.2.1 Planet formation and migration

There are two currently accepted theories of planet formation: core accretion (e.g. Safronov
1969, Pollack et al. 1996, Ida & Lin 2004) and gravitational instability (e.g. Cameron 1978,
Boss 1997). The first one proposes the scenario where planets form by first growing micron-
sized dust grains all the way up to kilometer sizes, in principle, through coagulation of par-
ticles driven by collision. These kilometer-sized planetesimals are now enough massive to
grow through gravitational interactions reaching thousands of kilometers, point at which they
start to accrete gas. Depending on their mass and the available amount of gas, they can form
terrestrial planets or gas giants (see Alexander 2013, for a recent review). This mechanism
is the preferred one to explain the formation of rocky and up to Jupiter-mass planets at radial
separations lower than < 10 AU (Ida & Lin 2004, Pollack et al. 1996).

In turn, the second theory puts forward the idea that a gaseous disc, if massive and turbu-
lent enough, can become gravitationally unstable, quickly fragmenting into self-gravitating
structures, which then collapse to become giant planets. This mechanism could form very
massive planets and operates at distances of about 30 — 50 AU from its parent star (Rafikov
2005, Matzner & Levin 2005, Stamatellos & Whitworth 2008).

Neither of these theories is, however, free from caveats. For example, as explained above,
planets formed by gravitational instability can be very massive and form far away from the
star. This could explain the existence of the population of massive giant planets located far
from their star that we see. The problem is that, once they form, they are very unlikely to
remain at such distances. Migration processes are likely to rapidly bring the planet closer to
the star due to the interaction with the gravito-turbulent disc (Baruteau et al. 2011, Zhu et al.
2012). Some other migration mechanisms, as well as planet-planet interactions, have been
proposed to become active when the planet reaches the inner regions and have the potential to
slow down, stop or even reverse the inward drift, but they are still under study (see Baruteau
& Masset 2013, for a great review on planet migration).

Also, the story of the core accretion scenario is one full of “barriers” (Weidenschilling
1977, Brauer et al. 2008, Okuzumi 2009, Zsom et al. 2010). One of the most important is
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Figure 1.5: ALMA Cycle 1 image (left) and artist impression (right) of a “dust trap” (van der Marel
et al. 2013). The color scale in the ALMA image corrresponds to density. The data shows how mass
is accumulating at a particular position in the disc generating a large density asymmetry. Image credit:
WWW.€s0.0rg

the so-called I-meter barrier (Weidenschilling 1977, Brauer et al. 2008), where 1-m sized
particles should be depleted from the disc due to “radial drift”. This mechanism is caused
by the difference in velocity between the gas and dust particles in the disc which generates a
drag force that causes the dust particles to lose momentum and spiral inwards. When the dust
particles reach the ~ 1 m size scale, the radial drift makes them flow to the star in timescales
shorter than those needed to grow to larger sizes. Also in this case some mechanisms have
been proposed to overcome the problem. Studies such as Rice et al. (2006), Alexander &
Armitage (2007), Brauer et al. (2008), Zhu et al. (2011, 2012), Pinilla et al. (2012a), Regély
et al. (2012), Birnstiel et al. (2013) have explored the concept of “particle traps” where
dust can accumulate and grow “protected” from the radial drift (see next subsection and
Chapter 3 for more details). These theories are currently gaining weight as recent millimeter
and sub-millimeter observations of protoplanetary discs have revealed structures matching
their predictions (e.g. Ohashi 2008, Mayama et al. 2012, Casassus et al. 2013, van der Marel
et al. 2013)

1.2.2 Disc evolution: Transitional discs

It is obvious from the description of the previous section that the characteristics of the disc
where planets form strongly influence the planet formation process, which in turn sets the ini-
tial characteristics of the planet(s), as well as the conditions for their posterior evolution. This
means that the study of protoplanetary discs can provide important information to constrain
planet formation and evolution processes.

Protoplanetary discs have a median lifetime of 2-3 Myr, although the span goes from 1 to
10 Myr, approximately (e.g.Sicilia-Aguilar et al. 2008, Mamajek 2009, Luhman et al. 2010,
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Ercolano et al. 2011, see Williams & Cieza 2011, for an extended review and Bell et al.
2013 for a recent study suggesting longer lifetimes of up to 12 Myr). This is an important
constraint for planet formation and evolution since both formation and migration processes
require the disc to be present in order to operate®. Processes such as accretion onto and
photoevaporation from the central star are thought to dominate the evolution of the disc and
eventually cause its dissipation (e.g. Hartmann et al. 1998, Muzerolle et al. 1998, Clarke et al.
2001, Alexander et al. 2006, Gorti et al. 2009a). At the same time, mechanisms such as coag-
ulation, fragmentation, settling and the previously mentioned radial drift operate together to
define the radial, azimuthal and vertical distribution of dust in the disc at different times (e.g.
Dullemond & Dominik 2004, 2005, Dullemond et al. 2008, Weidenschilling 2008, Brauer
et al. 2008, Birnstiel et al. 2010).

A particularly interesting sub-category of protoplanetary discs is that of “transitional
discs”. These discs were first detected when spectroscopic analyses of some protoplanetary
discs showed a lack of the typical 10-20 pm silicate feature in the spectral energy distribution
(SED) (Strom et al. 1989, Calvet et al. 2002, 2005). Because emission at those wavelengths
is dominated by small (on the order of microns and less) warm dust, this was interpreted at
first as a signature of disc clearance localised in regions of the disc close to the star. Indeed,
images of these discs at sub-millimeter wavelengths revealed inner holes of a few tens of AUs
in most of the targets with transitional SEDs (e.g. Andrews et al. 2011). Because they seem
to represent the transition between a full (i.e. an evolutionary stage named Class II) and dis-
sipated (i.e. evolutionary stage Class III) disc they were eventually referred to as transitional
discs (e.g. Calvet et al. 2002). Recently, another sub-category called “pre-transitional discs”
(Espaillat et al. 2007) has been proposed to group those discs which do present emission from
an inner disc and a separated outer disc, in other words, a “gap” instead of an inner hole.

Transitional and pre-transitional discs present a considerable variety of gap/hole sizes,
accretion rates, SED shapes and imaged structures, which could be indicative of different
processes dominating the depletion of mass (e.g. Najita et al. 2007, Espaillat et al. 2007).
The main candidates to be the responsible mechanism are grain growth, photoevaporation and
dynamical interactions between the disc and a planet (see Williams & Cieza 2011, Alexander
2013, and references therein) or a combination of them (Rosotti et al. 2013). All of them
have the potential to reproduce the type of SEDs and sub-millimeter and millimeter images
transitional discs show, but they affect the distribution of gas and dust very differently. For
example, the process of photoevaporation depletes the affected region of both gas and dust
(e.g. Clarke et al. 2001), whereas grain growth only produces a depletion on the distribution
of dust in the region, leaving the gas distribution unaffected (e.g. Dullemond & Dominik
2005).

The interaction between the disc and a planet is, for obvious reasons, one of the most
exciting processes to be considered as the cause of this transitional morphology. As we
mentioned in the previous section, the presence of a planet modifies the distribution of gas in
the disc triggering accumulation and filtering processes. These are interesting because 1) they

30f course, after dissipation of the disc, processes such as dynamical interactions can still take place and play an
important role in shaping the planetary system (e.g. Brasser et al. 2009, Morbidelli et al. 2009)
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generate particular structures in the disc that could not be reproduced by photoevaporation or
grain growth and 2) because they provide a shelter for dust particles to grow overcoming the
1-meter barrier and therefore providing the potential for planet formation. Figure 1.5 shows
the recent astonishing observations presented by van der Marel et al. (2013) along with an
artist’s impression. In this work, the authors used ALMA Cycle 1 to look for signatures
of planet formation in the gap of the transition disc orbiting Oph IRS 48. Observations of
the disc probing micron-sized dust grains and gas suggested a structure of rings centered on
the star whereas the emission detected from millimeter-sized grains showed an asymmetry,
hinting the accumulation of this type of grains at a particular position in the gap.

This work, along with other observational studies such as e.g. Casassus et al. (2013),
Dong et al. (2012), Quanz et al. (2013a), Maaskant et al. (2013) where multi-wavelength
imaging techniques are applied to transitional discs to probe different parts of the gas and dust
distribution, are starting to highlight the importance of defining a set of imaging diagnostics
to understand the origin of these targets and constrain the properties of any companions that
may be responsible for their observational signatures. In Chapter3 of this thesis (de Juan
Ovelar et al. 2013) we present a study on this particular issue. Based on hydrodynamical and
dust evolution models we simulate imaging observations of transitional discs to explore the
different observational signatures generated by the presence of the planet.

1.2.3 Environmental effects

So far, we have only considered the parameters that influence planet formation and evolution
in disc-planet systems that are “isolated”. But most stars form in groups that may be gravita-
tionally bound for enough time to have an impact on the evolution of the disc and/or planetary
systems (e.g. Lada & Lada 2003, Kruijssen 2012). There are two main mechanisms through
which the environment can act upon the evolution of a disc and/or a planetary system: pho-
toevaporation from nearby massive stars (Scally & Clarke 2001, Adams et al. 2004, 2006,
Fatuzzo & Adams 2008) and dynamical interactions between stars (e.g. Bonnell et al. 2001,
Olczak et al. 2006, 2010, Spurzem et al. 2009, Dukes & Krumholz 2012, Parker & Quanz
2012).

The most visual example we have of these type of interactions are the beautiful Hubble
Space Telescope images of the Orion propyds. Figure 1.6 shows a few images of these targets
where we can see how the ultra-violet field generated by the group of O stars in the center
of the cluster is eroding, through photoevaporation, the outer part of the discs surrounding
these young stars. To what degree is this process affecting the potential of discs to form
planets? Is external photoevaporation or dynamical interactions the dominant process for
disc truncation in high stellar density environments? Does this depend on the characteristics
of the environment? How does this affect the habitability of planets, if formed?

From the observational point of view several studies have been carried out in nearby star
forming regions (SFRs) aiming to answer some of these questions (e.g. Eisner & Carpenter
2006, Mann & Williams 2010, Furlan et al. 2011, Luhman & Mamajek 2012). However,
these either probe low density environments or lack the number of sources required to provide
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Figure 1.6: Hubble Space Telescope images of some Orion “proplyds”. Credit: NASA, ESA

statistically conclusive evidence for the environmental impact. So far, no planets have been
found in dense globular clusters (Gilliland et al. 2000, Nascimbeni et al. 2012). Is this related
to the old age and high density of these environments? Is there a value for the ambient stellar
density in a SFR above which planets cannot form or evolve in the way our Solar System
did? In Chapter 4 of this thesis (de Juan Ovelar et al. 2012b), we present a statistical analysis
of the distribution of radii of resolved discs with respect to the ambient surface stellar density
(2) of their SFR. As a result, we provided tentative evidence for the truncation of discs in
environments with > > 103'5pc_2. However, to confirm the relation with ambient stellar
density, we still need to probe denser environments and although the observed truncation is
consistent with our estimate for that generated by dynamical interactions, we cannot assure
that photoevaporation is not the cause. Moreover, even if we manage to constrain the relation
between truncation and environment, we still lack a complete theoretical model to predict the
impact on planet formation and evolution.

1.2.4 Planet characteristics. Life?

The field of characterisation of exoplanets is rapidly advancing thanks to the improvement of
instrumentation and data reduction techniques. Through indirect methods (i.e. radial velocity,
microlensing and transit) it is possible to obtain an estimate of the physical characteristics of
exoplanets such as their mass, period, size and density. However, without multi-wavelength
photomoetry or spectroscopy of some kind, it is not possible to obtain information about their
chemistry and composition. Only recently, the use of “transit spectroscopy”* has allowed for

4This technique consists of measuring the spectrum of the stellar light during an eclipse with its orbiting planet.
The analysis of the absorption features in the spectrum provides information about the chemical composition of the
atmosphere of the planets.
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such studies (see e.g. Tinetti et al. 2007, Snellen et al. 2010, Huitson et al. 2012 and Seager
& Deming 2010, for an extensive review on the field).

Regarding directly imaged exoplanets also a number of studies have been published so
far with measured spectra (e.g. Chauvin et al. 2004, Mohanty et al. 2007, Patience et al.
2010, Bowler et al. 2010, Barman et al. 2011, Oppenheimer et al. 2013). The analysis of
these spectra and comparison with theoretical atmospheric models has provided important
constraints on the physical and chemical properties of these bodies as well as the opportunity
to improve these models.

Despite these advances, we still don’t have enough data to draw strong conclusions on
how these planets have formed and evolved. Moreover, no photometric or spectroscopic data
can provide information about the structure of the atmosphere/surface of the planets because
we cannot resolve them. Instead, we just detect the light integrated over the area occupied by
the planet in our detector (i.e. the “disc integrated” light). Do these planets have oceans and
continents distributed in an inhomogeneous manner? Are they covered by haze? Are their
clouds distributed in bands or patches?

For a planet to be able to host life (as we know it) it has to allow the existence of liquid
water. The radial separations from a star where the temperature allows for a planet with an
Earth-like atmosphere to meet this requirement is known as the habitable zone. By measuring
planet transits, the Kepler (Koch et al. 1998) instrument has been able to identify about ~ 50
exoplanet candidates with sizes comparable to the planets in our solar system (the ones more
massive than Earth) lying in the habitable zone of their host stars (see Borucki et al. 2011,
for an overview on the characteristics of planets found by Kepler). Undoubtedly, the next
big step is to find out whether these planets host any liquid water that would allow life to
potentially develop.

1.3 Using imaging polarimetry

1.3.1 Protoplanetary discs

High contrast imaging polarimetry is a relatively young field in night-time astronomy, but in
its short life it has proved to be very valuable. In 1997 Close et al. published polarimetric im-
ages of the Herbig Ae/Be star R Monocerotis obtained with an AO system, which made them
the first high-contrast polarimetric images ever obtained from a star other than the Sun. Since
then, observers have successfully applied this technique to image circumstellar environments
of both young and old stars (Quanz et al. 2011, Hashimoto et al. 2011, Quanz et al. 2012,
Canovas et al. 2012b, Jeffers et al. 2012, Dong et al. 2012, Thalmann et al. 2013, Quanz et al.
2013b, Canovas et al. 2013).

As we pointed out before in this introduction, the main characteristics that make polarime-
try a very powerful technique are 1) it reduces the contrast between the central starlight and
the surrounding (scatering) matter (Keller et al. 2010), and 2) it provides important informa-
tion about the structure and composition of the scattering environment that cannot be obtained
by only measuring intensity (see Min et al. 2012, for an example on the effects dust structure
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Figure 1.7: Polarimetric images of the polarised intensity flux of the transition discs around SA0206462
(left) and HD 142527 (right) obtained with Subaru/HiCIAO and VLT/NACO, respectively (Muto et al.
2012, Canovas et al. 2013). Image credit: NAOJ/Subaru and Canovas, A&A, 556, A123, 2013, repro-
duced with permission ©ESO.

has on polarimetric measurements of circumstellar discs).

One interesting polarimeter working at the 4.2 m William Herschel Telescope in La Palma
is the Extreme Polarimeter (ExPo, Rodenhuis et al. 2012). Operating as visiting instrument,
it can provide a contrast between the star and its surrounding of five orders of magnitude
without the use of any AO or choronagraphic systems. The instrument has undergone recently
an upgrade that has resulted in the addition of an AO system and the design of an integral
field unit (Rodenhuis et al. 2012).

If ExPo is a clear example of the application of the first quality of polarimetry we listed,
instruments like VLT/NACO (Lenzen et al. 2003, Rousset et al. 2003) or Subaru/HiCIAO
(Hodapp et al. 2008) are the flagship examples of usage of the second. These instruments
work with as much as four times the collecting area delivering to ExPo (primary mirror
diameters of about ~ 8 m) and they operate with the assistance of advanced AO and choron-
agraphic systems. This means that the contrast performance is already high and polarimetry
can take the next step and explore the details of the (already detectable in intensity) struc-
tures in the disc. The left panel of Fig. 1.7 shows a polarimetric image of the transition disc
around SAO 206462 obtained with Subaru/HiCIAO (Muto et al. 2012). The authors detected,
for the first time, dust in the (previously thought empty) hole of the transition disc (at about
~ 30 AU) and spiral features at about ~ 70 AU. By modeling these spiral features the au-
thors showed that they are consistent with the presence of embedded planets. The right panel
shows a polarimetric image of the transition disc around HD 142527 obtained by Canovas
et al. (2013) with VLT/NACO. In this study, polarimetric measurements were used to con-
strain the characteristics of the dust particles in the disc and detect new spiral features and
regions depleted of small dust grains that are in agreement with the position of dust traps
in the disc previously reported by Casassus et al. (2013) and predicted by the theories we
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mentioned in Section 1.2.2.

The interpretation of observational results like these is in itself a challenge that requires
combination of state of the art hydro-dynamical, dust evolution models and radiative transfer
codes (e.g. Masset 2000, Birnstiel et al. 2010, Pinilla et al. 2012a, Min et al. 2009).

As these observations prove, polarimetric images are very powerful by themselves but
that is far from being the end of the story. As mentioned before, in Chapter 3 of this thesis
we present synthetic observations of transition discs where we show that combining visible
and near-infrared polarimetry with mid-infrared and sub-mm images of transitional discs is
a very promising strategy to constrain characteristics of the companion that is potentially
causing these impressive structures in the discs.

1.3.2 Exoplanets

The main success of planet direct imaging has come with the development of techniques such
as Angular Differential Imaging (ADI, Marois et al. 2006) that make possible to differentiate
(planetary) point-like sources from the remnants of the star halo after subtracting the stellar
point spread function (PSF), i.e. the “speckles”. This technique however requires the field
of view to rotate with respect to the detector which is counterproductive for polarimetric pur-
poses. If the sky rotates in between orthogonally polarised frames, as is the case when using
pupil-stabilised observing modes for ADI, the position of the planet will not be the same in
the detector, and the subtraction we perform to obtain the polarised intensity image will intro-
duce spurious polarimetric signals. It is therefore not trivial to combine these two techniques.
In Chapter 2, we present the first results of an ongoing study we are performing to develop
an optimal combination of these techniques (polarimetric and angular differential imaging,
PADI) that allows to measure the polarisation signal of giant exoplanets using VLT/NACO
observations of the HR 8799 planetary system.

Hot giant planets that orbit far away from their parent star such as the HR 8799 planets,
are not likely to show polarisation due to scattered starlight due to the distance. However,
in 2011 de Kok et al. published a study where they show how hot giant planets are likely
to polarise their own infrared emission due to scattering in their atmosphere, an effect that
has been measured in brown dwarfs (Ménard et al. 2002, Tata et al. 2009). The atmosphere
of these bodies scatter the infrared emission that comes from the interior of the planet. If
the atmosphere has a spherical symmetry, the different directions of this polarisation cancel
each other when integrated over the disc. But if the atmosphere features asymmetries caused
by e.g. patches of clouds, bands, flattening due to rotation or night-day side effects, some
polarisation signal remains in the disc-integrated signal we detect from Earth (see Fig. 1.8).
Mere detection of polarisation would prove the existence of clouds, and the degree and direc-
tion of polarisation would provide information about the atmosphere structure that would be
unobtainable by other means.

For a direct polarimetric detection of a low mass exoplanet, we need to wait for future
instruments. In a recently published study Milli et al. (2013) have shown that the prospects of
achieving this with the upcoming VLT/SPHERE-ZIMPOL instrument (see Section 1.4) are
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Figure 1.8: Simulated images of the structure generated by different atmospheric features in the frac-
tional polarisation signal of a planet. When integrated over the disc, if the structure presents asymme-
tries, the polarisation signal remains (de Kok et al. 2011). Image credit: R. de Kok

considerable.

Looking farther on the horizon, theoretical work developed to model the polarimetric sig-
natures of low-mass (Earth-like) planets has shown that polarimetry will not only be needed
to perform characterisation of the structure and composition of these planets and their poten-
tial to host life (Karalidi et al. 2011, Karalidi & Stam 2012, Karalidi et al. 2012, 2013) but
also that neglecting its effect in the measured disc-integrated signals will lead to errors in the
interpretations of the data (Stam & Hovenier 2005).

1.4 Polarimetry with the E-ELT and VLT telescopes.
Instrumental Polarisation

The Very Large Telescope (VLT) and European Extremely Large Telescope (E-ELT) are ideal
facilities to exploit the powerful capabilities of polarimetry. Up until September 2013, when
it was removed from the 8.2 m VLT’s unit telescope 4 (UT4) to be further relocated, NACO
was one of the most successful instruments when it comes to direct imaging of exoplanets and
polarimetric imaging of circumstellar environments. And that is despite the fact that it was not
optimised for polarimetric measurements. An instrument like the upcoming VLT/SPHERE
(see following subsections), which features advanced polarimetric and adaptive optics sys-
tems, could resolve faint features about ~ 4 AU across at 140 pc. With such an instrument
the prospects for exoplanetary research will be greatly expanded.

Now, in terms of collecting power and advanced technology, a telescope like the E-ELT
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simply does not have competition. The planet finder EPICS designed to work on it and featur-
ing extreme AO, spectrographic and polarimetric systems, will, without a doubt, revolutionise
the field.

However, these two instruments (i.e. VLT/SPHERE and E-ELT/EPICS) will be located at
the Nasmyth focus of their respective telescopes. As we explain in Section 1.4.2 below, this
focus is not optimal for polarimetry since instrumental effects are likely to considerably affect
the polarimetric performance of the instrument. Moreover, apart from their dependecy on the
particular design and quality of the optical elements, these effects vary with conditions of
the observations such as e.g. wavelength and pointing. It is therefore crucial to characterise
in detail the polarimetric performance of these telescopes and come up with strategies and
clever designs to fight the instrumental “pollution” of our precious signal.

It is with this aim that we developed the M&m’s code.

1.4.1 The M&m’s code

Polarimeters are rarely built following the systems engineering approach to design, as is the
case for almost all other (optical) instruments. There is currently no code available that can
serve as a performance simulator and error budgeting tool for polarimetric systems. But in
the era of instruments for telescopes such as the VLT or E-ELT, the scales do not allow for
trial-and-error, and an accurate analysis of the error and performance budget is imperative.
The main reason why a systems engineering approach has not been formalised in po-
larimetry is the complexity of the error propagation in such systems. As described in Sec-
tion 1.1, we model polarisation using vectors, and therefore errors have to be described (and
propagated) as such. This poses the challenge of propagating errors throughout the optical
system (and measurement process) using error propagation frameworks that differ consider-
ably from the ones applied to scalar errors. In 2009 Keller & Snik developed such a math-
ematical framework to estimate the contribution of each physical parameter to the response

140m
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Figure 1.9: Artists impression of the E-ELT and VLT telescopes in comparison with the Colosseum in
Rome. Image credit: www.eso.org
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Figure 1.10: Schematic view of how instrumental polarisation (IP) is only corrected for the zenith po-
sition with the “crossed”-twin mirrors technique. Reflection on mirrors polarises light in the direction
perpendicular to the reflection plane (i.e. the plane defined by the directions of propagation of incident
and reflected light). When the telescope is pointing to zenith, the IP generated by reflection on the
Nasmyth mirror gets compensated by the IP generated by the crossed mirror, of the same amount but
opposite sign. However, when the telescope departs from the zenith position, the direction of the IP
generated has a component that adds up and therefore some IP remains.

matrix of the polarimetric system.

Based on this framework we developed the M&m’s code that is used in PartII of this
thesis to evaluate the polarimetric capabilities of instruments located at the Nasmyth port of
the VLT and E-ELT telescopes and provide insight on the polarimetric behaviour of these
systems. In Chapter 5 we present the details of the code.

1.4.2 Instrumental polarisation at the Nasmyth focus of telescopes

Light reflected off the surface of a mirror is linearly polarised. The most frequantly used
approach to direct the beam to the Nasmyth focus of a telescope, makes use of a 45° mirror
placed after the primary and secondary ones. Light undergoes a 90° reflection on this mirror,
a process that has been shown to linearly polarise up to 5% at visible wavelengths of the
incoming light Gehrels 1960, Cox 1976, Joos et al. 2008, van Harten et al. 2009, Perrin et al.
2010). Additionally, a fraction of the incoming linear polarisation (if present) is lost due
to conversion into circular polarisation. This is known as the cross-talk effect. It is known
that these instrumental effects can be corrected by the crossed-twin mirrors technique (Cox
1976) which consists on placing a second mirror after the one that is causing the effect with
a particular orientation. The drawing placed on the left side of Figure 1.10 shows how this
technique works. Since the reflection process polarises light in the direction perpendicular to
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the reflection plane, defined by the directions of propagation of incident and reflected beams,
if a second mirror with the same characteristics is positioned such that it reflects light in the
same plane that contains the direction of this IP, the polarisation generated by this second
mirror, which is of the same value and opposite sign, compensates the original IP.

The main problem when applying this solution to Nasmyth focus instruments is illus-
trated in the second drawing of 1.10 (to the right). The mirror used to deflect the light to
the Nasmyth focus rotates together with the telescope as it points. Since the “crossed twin"
remains fixed at the Nasmyth port this crossed configuration is only achieved when the tele-
scope points to zenith.

1.4.3 SPHERE-ZIMPOL

SPHERE (Spectro-Polarimetric High-contrast Exoplanets Research) is an instrument specif-
ically designed for the detection and characterisation of exoplanets at the VLT (Beuzit et al.
2006). The imaging polarimeter designed for this instrument is ZIMPOL (Zurich IMaging
POLarimeter), a single-beam polarimeter that makes use of a fast modulation-demodulation
technique to achieve very high polarimetric sensitivity (Gisler et al. 2004, Schmid et al.
2006a, Thalmann et al. 2008, Roelfsema et al. 2010, Schmid et al. 2010, 2012). On top
of this, SPHERE has two more instruments providing dual-beam and integral-field spectro-
graphic capabilities. The instrument will work in the ~ [0.6-0.95] um wavelength range and
is planned to see light in early 2014.

SPHERE is located at the Nasmyth focus of one of the VLT’s four UTs. The folding of the
light to that focus is achieved by a 90° reflection on a mirror, after the primary and secondary
ones. As explained in the previous section, this reflection generates IP which ZIMPOL deals
with combining the crossed mirrors technique with a clever solution for compensating at
zenith angles other than zero (Stuik et al. 2005). This solution, consists on placing a half
wave plate (HWP) between the Nasmyth and crossed mirrors that rotates the direction of the
IP stabilising it to the direction the crossed mirror can compensate for. Figure 1.11 shows
a schematic view of this process. In Chapter 6 we analyse this system through simulations
with the M&m’s code and laboratory data from ZIMPOL tests confirming that this correction
indeed reduces the IP to the required values.

144 EPICS-EPOL

The Exoplanet POLarimeter (EPOL, Keller et al. 2010) is the imaging polarimeter designed
for the Exoplanet Imaging Camara and Spectrograph (EPICS, Kasper et al. 2010) instrument
on the future 39 m E-ELT. This advanced polarimeter aims to not only detect but also char-
acterise the atmospheres of exoplanets with unprecedented sensitivity and accuracy in the
~ [0.5-0.9] um wavelength range. EPICS will be located at the Nasmyth focus of the E-ELT.
In this telescope there will be at least five mirrors before the polarimeter.

Figure 1.12 shows a drawing of the mirror configuration of the E-ELT up to the Nasmyth
port. In this telescope, light undergoes five reflections before reaching the Nasmyth port. The
primary, secondary and tertiary mirrors (M1,M2 and M3) are rotationally symmetric and are
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Figure 1.11: Schematic drawing of the correction achieved combining the crossed-twin mirror tech-
nique and a half wave plate (HWP) that rotates the instrumental polarisation generated by the reflection
on the Nasmyth mirror to the position where the crossed mirror can correct for it (Stuik et al. 2005).

perpendicular to the direction of the beam, which makes the IP generated negligible. To fold
the light to the Nasmyth port the E-ELT has two mirrors that are also part of the adaptive
optics (AO) system of the telescope: the fourth and fifth mirrors (M4 and M5). M4 has an
inclination of 8.5° and is a deformable mirror (DM), and M5 is inclined 36.5° and has tip-tilt
capabilities.

At the moment, two designs are being considered to take the beam to the instrument at
the Nasmyth focus: the straight-through and bent configurations. In the first the instrument is
located at the point indicated in Fig. 1.12 as “Nasmyth focal surface”. At this same location,
in the second (bent) arrangement, a sixth 45° inclined mirror folds the Nasmyth focus by
90°. This sixth mirror is fixed at the Nasmyth port, which complicates the behaviour of the
instrumental polarisation effects as we show in Chapters 6 and 7 of this thesis.

A solution like the one adopted for SPHERE-ZIMPOL to compensate for the instrumental
polarisation is not feasible in the case of the E-ELT because after M4 the diameter of beam
is too large for the size of currently available high-quality achromatic HWPs. However, in
Chapter 7 we present a solution consisting in performing the modulation in two steps. The
first step of the modulation is achieved by a retarding element placed at the intermediate
focus of the telescope (located at the hole in the centre of M4). The second step is performed
at the polarimeter’s location. Through simulations of this “fwo-stage” modulation scheme
applied to both “straight-through” and “lateral” configurations, we show that almost perfect
cancellation of all instrumentally-generated polarisation effects can be achieved.
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Figure 1.12: Drawing of the mirror configuration of the E-ELT up to the Nasmyth port. In the straight-
through configuration, the instrument will be located at the Nasmyth focal surface indicated in the
figure. In the “Lateral” configuration, at this same position a sixth (fixed) mirror is placed to fold the
beam again by 90°. Image credit: www.eso.org
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This thesis

As mentioned in the first section of this introduction, the main goal of this thesis is to con-
tribute to the achievement of the scientific and technical challenges that the polarimetric char-
acterisation of exoplanets and protoplanetary discs encompass. We present studies focused
on evaluating and solving technical difficulties as well as observational and modeling studies
addressing some scientific questions.

The thesis is therefore divided into two parts. Part I gathers studies corresponding to the
latter group (Chapters 2, 3 and 4), while Part I, developed in the context of the E-ELT/EPICS-
EPOL instrument, comprises studies related to technical developments (Chapters 5, 6 and 7).
Although the content of some studies has been already discussed, we present now a short
summary of every chapter highlighting main findings and future avenues.

In Chapter 2 we present the first attempt to measure polarisation from the exoplanets or-
biting around HR 8799. As explained before, such measurements could provide important
information on the structure of the planet’s atmospehers and physical parameters such as
their spin axis. We observe the system with with VLT/NACO in H and Ks bands combining,
for the first time, pupil-stabilised and polarimetric modes. The aim is to 1) detect polarisation
at the position of planets HR 8799 b and/or ¢ and 2) explore the potential and current limita-
tions of the technique. Our first results do not show polarisation signal at the position of any
of the planets. However, our upper limits for detection are high and there is still room for im-
provement. We do see that the technique holds potential to improve the speckle suppression
in regions close to the central star and we present details on the ideas for improvement we
plant to investigate in the future.

In Chapter 3 we combine state of the art hydrodynamical, dust evolution, radiative transfer
and instrumental simulators to produce synthetic imaging observations of transitional discs
with VLT/SPHERE-ZIMPOL, Subaru/HiCIAO, VLT/VISIR and ALMA. Assuming that the
morphology of these discs is caused by the presence of a planet, the goal is to provide ob-
servers with a set of imaging diagnostics at different wavelengths, focusing on the potential
to constrain properties of the planet they host. An important conclusion of our study is that, in
particular, combination of high resolution polarimetric images at short wavelengths with sub-
mm images can tightly constrain the mass and position of the (unseen) planet as well as the
characteristics of the dust distribution. Such observations will be possible with the upcoming
VLT/SPHERE-ZIMPOL and ALMA Full Array instruments, and are likely to provide new
insights on transitional discs and their relation to planet formation.

Chapter 4 presents a study on the observational signatures of environmental effects on
protoplanetary discs. Our aim is to ultimately understand if there is a limit for the ambient
stellar density of the region in which a protoplanetary disc evolves that prevents the evolution
of planetary systems such as ours. Focusing on dynamical interactions, we estimate the radial
truncation of protoplanetary discs as a function of the ambient stellar density of their environ-
ment and compare it with imaging measurements of disc radii in nearby star forming regions.
We find that the distribution of of measured radii of circumstellar discs appears truncated in
environments with high ambient stellar surface densities and that this truncation is consistent



Introduction 25

with our predictions for the dynamical interactions. However, the highest density region in
our resolved discs population (i.e. the Orion Nebula Cluster) is still not very high compared
to more massive environments and to confirm our detection of the truncation signature we
propose to carry out observations to measure the disc mass function in higher density envi-
ronments. These observations could be carried out currently with ALMA and could also help
distinguishing the origin of the truncation (i.e. dynamical encounters vs. photoevaporation
from nearby massive stars).

Chapter 5 presents the error budgeting and polarimetric performance code we have built
to simulate the polarimetric response of any optical arrangement and assess the design of
new polarimetric instruments. The mathematical and physical frameworks of the code are
presented as well as the basic functions and modes available. The code has evolved much
since we presented this study although still some features need to be implemented. M&m’s
are central to the studies presented in Chapter 6 and 7 in which we aim to characterise (and
correct) instrumental polarisation issues.

In Chapter 6 we use the code to simulate the instrumental polarisation effects generated
in the optical path of the VLT and E-ELT telescopes up to their Nasmyth focii. We focus
on reproducing laboratory data obtained with ZIMPOL using a dedicated laboratory set up
to simulate the VLT mirrors’ arrangement and to predict instrumental effects in the optical
path of the E-ELT. We are able to reproduce the ZIMPOL data and provide, based on our
simulations, some insight on the wavelength-dependent behaviour of the modulation system
of the instrument. We also present the analysis of the correction of these effects that is carried
out for ZIMPOL confirming that the instrumental polarisation is reduced to acceptable levels.
We present as well a preliminary analysis of the E-ELT (to be expanded in Chapter 7) showing
that the levels of instrumental polarisation generated are large and explore some ideas for their
correction.

Finally, in Chapter 7 we expand the previous study analysing in detail the instrumental
polarisation effects generated at the Nasmyth focus of the E-ELT. We use the M&m’s code
to estimate these effects for the different mirror configurations being currently considered
for this focus. We find that instrumental effects are outside of the requirements for the level
of sensitivity and accuracy needed. We then propose and analyse two strategies to suppress
these instrumental effects based on the introduction of a retarding element in the intermediate
focus of the telescope. Modifying the modulation schemes of the polarimeter to include this
element it is possible to reduce (and even cancel) some of the effects to levels that ensure
sufficient accuracy in the polarimetric performance of instruments aiming to operate at this
facility. Based on these results we conclude that polarimetric characterisation of exoplanets
can be achieved with the E-ELT provided that the instrumental effects are either corrected or
calibrated out.
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Polarimetric Angular Differential Imaging of the
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Bad times have a scientific value.
These are occasions a good learner should not miss.
— Ralph Waldo Emerson

Abstract

We present H and K band observations of the HR 8799 exo-planetary system using a new approach,
polarimetric angular differential imaging (PADI), to measure a polarisation signal from the planets.
We focus on planets b and c in this system, which are likely to show linear polarisation signals of
about 1% due to scattering of their own infrared emission by their atmospheres, assuming they exhibit
inhomogeneities such as bands or spots. In addition, we present a new approach to the polarimetric
calibration of NACO data based on measurements of unpolarised and polarised standard stars using the
pupil-stabilised mode. We obtain no statistically significant detection of linear polarisation, and our data
reduction method yields 1o upper limits for the degree of polarisation of [14.8, 11.2]% for planet b and
[4.7,5.9]% for planet ¢ in the H and K, bands, respectively. The PADI technique significantly improves
the speckle suppression compared to conventional ADI techniques, improving the contrast by almost
an order of magnitude at the position of planet ¢ (0.96") for the shorter wavelengths (H-band). Based
on this initial application of the PADI technique, we discuss the potential for future improvements.

29
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2.1 Introduction

The young HR 8799 system (Marois et al. 2008, Marois et al. 2010) is probably the most
frequently imaged planetary system. The ~ 30 Myr A5V star is orbited by four giant planets
(e.d,c,b) with masses between 5 and 13 M, at distances of ~ [15,24, 38, 68] AU, respec-
tively (Marois et al. 2008, Marois et al. 2010, Currie et al. 2011). These planets are still very
hot (~ 1000 K) as they are still releasing gravitational energy in the form of thermal emis-
sion and are therefore bright in the infrared. This, together with the large separations from
the parent star, makes them exceptional targets for the study of exoplanets through direct
imaging. In the past years several studies have been carried out obtaining near-infrared and
infrared measurements of these planets revealing very interesting chemical characteristics of
their atmospheres that suggest the presence of thick clouds (e.g. Janson et al. 2010, Bowler
et al. 2010, Barman et al. 2011, Currie et al. 2011, Madhusudhan et al. 2011).

Interestingly, the clouds could cause the infrared emission from these planets to be po-
larised. de Kok et al. (2011) performed radiative transfer simulations showing that such hot,
giant planets could indeed emit polarised radiation if they present inhomogeneities in their
atmospheres such as bands, spots or even flattening of the planet due to fast rotation (Mar-
ley & Sengupta 2011). This process has already been proposed as the most likely scenario
for the explanation of polarised emission from brown dwarfs (Ménard et al. 2002, Tata et al.
2009, Miles-Péez et al. 2013) and opens up a whole new avenue for exploring giant planets
through polarimetry. Depending on the characteristics of the atmospheric inhomogeneities,
the planets’ polarised signals will be a few percent. Although it is extremely challenging to
detect, the degree and angle of polarisation could reveal otherwise unobtainable information
such as the morphology of the distribution of clouds in the atmospheres (e.g. presence of
bands, patches, etc...) or the rotation axis of the planets (de Kok et al. 2011, Madhusudhan
& Burrows 2012).

Images of these planets are typically obtained using Angular Differential Imaging (ADI)
(Marois et al. 2006). This technique takes advantage of the rotation of the sky during obser-
vations to distinguish between the stellar point spread function (PSF) and the “companion”
signal. In the past years, several techniques and algorithms have been developed to combine
images in optimal ways (e.g. Lafreniere et al. 2007, Amara & Quanz 2012, Soummer et al.
2012, Meshkat et al. 2013) and to improve the contrast by reducing the “speckle” noise in
regions close to the star where the PSF is not stable (Hinkley et al. 2009).

Polarimetric imaging techniques have also greatly improved over the past few years and
are applied to observations of circumstellar environments and planet formation as polarimetry
can directly disentangle the (polarised) scattered flux from circumstellar matter, in the form
of of a disc or in the atmosphere of a planet, from the (unpolarised) flux of the star forma-
tion (e.g. Hinkley et al. 2009, Hashimoto et al. 2011, Jeffers et al. 2012, Dong et al. 2012,
Thalmann et al. 2013, Quanz et al. 2013b, Canovas et al. 2013). Like any other differential
technique, polarimetry requires large fluxes. Additionally, optical elements in the telescope
and instrument can introduce polarisation and also modify the polarisation coming from the
target. These effects have to be properly calibrated.
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In preparation for the next generation of imaging polarimeters such as e.g. SPHERE-
ZIMPOL/IRDIS (Beuzit et al. 2006, Gisler et al. 2004, Schmid et al. 2006a, Thalmann et al.
2008, Langlois et al. 2010, Schmid et al. 2010, 2012) we combine, ADI and polarimetric
techniques in an attempt to measure the polarised signal of the planets in the HR 8799 system.
We focus on the HR 8799 b and c planets that have the largest separations, which allows us
to apply conservative ADI and thereby minimising the risk of removing actual signal from
the planet. The power of ADI and polarimetry resides in fundamentally opposite approaches
where ADI benefits from a rapid sky rotation while polarimetry requires frames within a
polarimetric cycle to be as stable as possible with respect to sky rotation. The challenge is
to find a compromise in both observations and data reduction where both techniques can be
jointly optimized.

In Section 7.2 we present the details of our observations and data reduction approach. In
Section 7.4 we present the first results obtained, and in Section 7.6 we discuss the results and
the potential of future investigations. Finally, Section 6.5 presents our conclusions and the
future avenues we plan to take in order to optimise the technique.

2.2 Observations and data reduction

The observations were taken on the second half of the nights of 20 and 21 July 2012 (089.C-
0688A, PI: R. de Kok) with the Adaptive Optics (AO)-assisted high resolution near-infrared
instrument VLT/NACO (Lenzen et al. 2003, Rousset et al. 2003) under average seeing con-
ditions and nominal AO performance. To perform these PADI observations we introduce a
new observing mode that combines pupil-stabilised (or pupil-tracking) and dual-beam polari-
metric modes with an advanced calibration approach. Several previous polarimetric studies
have used NACO in the field-stabilised mode where the instrument rotates with the parallac-
tic angle as the sky rotates (e.g Quanz et al. 2011, Quanz et al. 2012, Quanz et al. 2013b,
Canovas et al. 2013). In that configuration the polarisastion signal of the target in the sky
stays constant, but the instrumental effects vary with the rotation. We use the same pupi-
stabilised mode of NACO that is used in Sparse Aperture Masking (SAM)-pol observations
(Tuthill et al. 2010, Norris et al. 2012) without introducing the SAM mask in the optical path.
This fixes the instrumental polarisation effects while letting the polarisation in the sky rotate
with the parallactic angle. The advanced calibration we introduce corrects for instrumental
polarisation, efficiency as well as the rotation of the sky reference system with respect to the
(fixed throughout the observations) instrument reference system.

For our observations we fix the position of the instrument such that the first mirror in
the NAOS adaptive optics system is crossed with the telescope mirror that reflects the light
to the Nasmyth focus of the telescope (M3). In this crossed configuration the instrumental
polarisation effects are minimised (Witzel et al. 2011, see Section 2.2.3 below for details) and,
thanks to the pupil-tracking, kept stable during the observations. During the first half-night we
obtained approximately 1.4 hours of total exposure for HR 8799 in the H-band. During the
second night we obtained 0.6 hours of K,-band total integration. Both data sets were obtained
using the S27 detector with a pixel-scale of 27.15 maspixel ! in Hi ghDynamic and cube
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modes with the read-out in Double RdRstRd mode. We also used a dithering technique
consisting of performing sets of measurements with an offset in the x (horizontal) direction
of the detector that can then be subtracted to effectively remove background emission and
detector bias.

NACO is equipped with a focal-plane mask, a rotatable half-wave plate (HWP) and a
Wollaston prism to image linear polarisation. The Wollaston prism splits the beam into the
ordinary and extraordinary, orthogonally polarised beams (I and [}) separated 3.5 in the
y (vertical) direction of the detector. To avoid beam overlap on the detector the focal plane
mask divides the field of view vertically into two areas of 27" in length (a-direction) and
3.5” in height (y-direction). By rotating the HWP to different position angles it is possible
to select the direction of linear polarisation to be measured. Given the (fixed) position of the
mirrors in our pupil-tracking set up, we define the polarimetric reference system with respect
to the detector such that the eigen-vector of the optical path in the telescope corresponds to
the linear Stokes component Q'. We denote components of the Stokes vector defined in the
instrument reference frame with a prime (e.g. Q’) to distinguish them from components in the
sky coordinate system (e.g. Q).

The observations presented in this study were taken without the polarimetric mask due to
the fact that HR 8799 b orbits at an angular separation of 1.7"”, which would cause it to fall
outside of the field of view at certain parallactic angles. In the following, a polarimetric cycle
is defined as a set of four measurements obtained with the HWP positioned in consecutive
steps of 22.5° (e.g. [0, 22.5, 45, 67.5]°). To minimize overheads we continuously rotated the
HWP in steps of 22.5° instead of repeating the polarimetric cycle mentioned above, obtaining
a total of sixteen measurements per dithering position, called a polarimetric block hereafter.
This also allows us to estimage errors such as the Fourier analysis described by Patat &
Romaniello (2006) or the study of the “Null frames” as described in (Bagnulo et al. 2009).
Each H-band cube is composed of 35 frames with an exposure time of 0.45 s, while Ks-band
cubes contain 15 frames at 0.9 s exposure time. Finally, our measurements did not use a
coronagraph mask.

The data reduction consists of four steps: (a) image preparation, (b) polarimetric double
difference, (c) polarimetric calibration and (d) speckle suppression using optimised principal
components analysis (OPCA), which we describe in the following subsections.

2.2.1 Image preparation

Each data cube is associated with a particular dithering position (“left” or “right”) and HWP
orientation (0, 22.5, 45, . . . ). To maximize the signal from the planets, the images of HR 8799
are saturated in the central ~ 15 pixels. Each data cube is first inspected for frames that have
a maximum lower than a certain threshold indicative of e.g.low AO system performance
and/or drifting. This threshold is determined by a visual inspection of the raw data. The
remaining good frames are then corrected for bad pixels seen in dark and flat mean images
by substituting their values with the median of the surrounding pixels. They are then dark-
subtracted, flat-fielded, converted into photo-electrons using the specified gain of the detector
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Figure 2.1: Example of resulting image when subtracting left and right dithered frames.
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(1 count corresponds to 11 photo-electrons, as described in the NACO Period 89, Phase
2 user manual) and mean-combined into a single image. Each of these combined left or
right images corresponds to one position of the HWP; sixteen images form a polarimetric
block (see Table2.1 below for details). Finally, dithered images of the same HWP angle
in consecutive polarimetric blocks are subtracted to remove background and detector bias
effects. An example of such subtracted image is shown in Figure 2.1.

The subtracted image is convolved with a Gaussian to detect the approximate location of
the resulting four stellar image, and a box of 180 180 pixels is extracted around this position
in the original (i.e. not-filtered) image. Unfortunately, due to the lack of the polarimetric
mask, part of the PSF tail in the upper and lower beams overlap. The box size is therefore
set to minimise the amount of overlapping area while assuring that the signal from planet b
(with a separation of about ~ 74 pixels) is preserved. Each box is then registered by fitting a
Moffat profile to the non-saturated pixels. The registration is carried out with an accuracy of
an eighth of a pixel (i.e. ~ 3.4 mas).

2.2.2 Polarimetric double difference

The signal in each box (Jyr,11,UuR,IL,R) corresponds to a certain polarisation state, depend-
ing on the position of the HWP. Table 2.1 shows these correspondences according to our
definitions of the Stokes Q" and U’ components for the first (left-dithered) and second (right-
dithered) polarimetric blocks. Subscripts UL, LL, UR and LR denote upper left, lower left,
upper right and lower right corners of the left-right subtracted images. Adopting this nota-
tion, the “double difference” method recovers a Stokes component, e.g. Q’, from left-dithered
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frames via

Q; =05 ((Tura,i — Ivna) — vz — Inn2g)) 2.1

where subscripts 1 and 2 denote the first and second positions of the HWP corresponding to
the measured linear polarimetric component (Q) or U), and 4 corresponds to the polarimetric
cycle. As a result we obtain the @ ;, @5 ;, U7 ; and Uj ; components (see “Beam Subtr.”
columns in Table 2.1). Note that left and right beams correspond to the same angle of the
HWP but to a different data cube; thus left and right sides are measured at different times.
This time difference corresponds to a complete polarimetric block, which corresponds to
4.2 minutes for the H-band data and to 3.6 minutes for the K-band data. The time separation
between positions 1 and 2 of the HWP in each cycle is of about 31.5 s for the H-band and
27 s for the K;-band.

TABLE 2.1: FIRST LEFT AND RIGHT DITHERED POLARIMETRIC BLOCKS

Ouawe (°) TuL - InL = Beam subtr. Iur - Iir = Beam subtr.
0 I+Q - I-Q = Q11 I+Q - I1-Q = Qs
22.5 I+v - 1-U = Ui, +uv - I1-U = Uis
45 I-Q - I+Q = Q5.1 I-Q - I1+Q = Qa5
67.5 I-U - I+U = Us I-U - I+U = Uj s
90 I+Q - I1-Q = Q1.2 I+Q - I1-Q = Q16
1125 I+U - I-U = Ui, I+ - I-U = Uls
135 I-Q - I+Q = Q2,2 I-Q - I1+Q = Qa6
157.5 I-v - 14U = Us s I-uv - I1+U = Use
337.5 I-v - I+U = U£,4 I-v - I+U = Uéyg

The double difference method requires that subtracted images are as similar as possible.
In the beam subtraction, images are taken at the same time, but they differ in e.g. optical path
and region of the detector. On the other hand, the subtraction of images taken at positions 1
and 2 of the HWP share the spatial characteristics but differ in time. For this study, the latter is
of particular importance since the sky coordinate system rotates with respect to the detector
during the observations. It is therefore key to assure that the signal of the planets stays as
stable as possible between positions 1 and 2 of the HWP. Figure 2.2 shows the rotation rate
in pixels of HR8799b and ¢ during the H-band measurements, the ones with the longest
polarimetric cycle. Solid lines show the trajectories of planets b and c. Crosses and pluses
correspond to b and c, respectively, and blue and red colors show @ ; and Q% ;, respectively.
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Figure 2.2: Rotation rate in pixels of planets HR8799b and c during the first half night of our ob-
servations. Crosses and pluses mark the pixel rotation of planets b and c, respectively. Red and blue
symbols show the positions of the planets (in pixels) at the UTC of the measurements of 1, and
Q2,i,respectively. Finally, vertical solid green lines indicate the start of each polarimetric block. The
zoomed are shows that the rotation between Q)1,; and Q)2 ; in a cycle is about 3/4 of a pixel.

The zoomed-in plot shows that the planets move about 3/4 of a pixel between these two
measurements. Since the theoretical full-width-half-maximum (FWHM) of the PSF in H and
K is of about ~ 2 and ~ 2.5 pixels, respectively, we can safely take the second step in the
double difference method.

Visual inspection of the Q7 ;, @5 ;,U] ; and U] ; images revealed that the registration
of the boxes was not accurate enough. To correct for these remaining misalignments the
z and y gradients of the corresponding intensity image were fitted and subtracted form the

| /2, and U] /2. images. The effects due to misalignment can be modeled using the gradient
of the intensity image because the subtraction of two misaligned (similar) images can be
approximated by the gradient. We fit the parameters c,, and ¢, that minimise the expression:

> (Q = VI — ¢, VI,)?. (2.2)

It is easy to show that the minimum, for e.g. Q)’, is found for

2(Q'VIyy)
22UV y)
Figure 2.3 shows the result of such an operation (left panel) for a misaligned polarimetric

image (right panel). Note that the correction in the central region generates an artificial
structure due to the fact that this is the saturated region in the intensity images. The gradient

(2.3)

Cqy Cy =
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Figure 2.3: Correction of beam misalignment in a single-difference polarimetric frame by means of an
intensity gradient subtraction. The left panel shows the original (misaligned) image, while the right
panel shows the same frame after the correction. The structure present in the central region is likely an
artifact since this region is saturated in the intensity image.

subtraction is applied when the sky-rotated frames have not yet been combined. The signal of
the planets at this point is likely to be buried in the noise and, since the operation is averaged
over all pixels, the likelihood of subtracting signal from the planets is low. However, we
cannot assume that the planet signal is completely unaffected by the gradient subtraction.
The method has previously been successfully applied in the first detection of the debris disc
around HIP 79977 (Thalmann et al. 2013). To our knowledge, no study has been carried out
to analyze the detailed impact of the gradient subtraction on the polarimetric results.

Finally, some of the beam-subtracted polarimetric images also showed single-pixels arti-
facts. They are the results of a large difference in the pixel values between the two beams.
We identify pixels that deviate > 3o from their neighbours and substitute their value with the
median of the neighbourhood.

Once the Q7 ;, Q% ;, U7 ; and Uy ; images are corrected, ; and U; Stokes components
are then obtained (for each cycle) from

Qi =05-(Q1; —Q;) and U =05-(Uj; - Us;), 2.4
which completes the double difference calculation as described in Eq. 2.1. The corresponding
intensity images are then obtained as

Igi=05-( /11 + lez) and Iy ; =0.5- (U{,i + Uél) (2.5

2.2.3 Calibration

NACO is located at the Nasmyth focus of the VLT UT4 telescope. The main consequence of
this, and the fact that it was not specifically designed for polarimetric purposes, is that instru-
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mental polarisation effects are significant and variable with wavelength as well as pointing
for field-stabilised polarimetry. Witzel et al. (2011) presented a model for the instrumental
polarisation (IP) generated by the optics of NACO when observing in field-stabilised mode.
The model was built for the K band and was shown to be reliable when compared with po-
larised standard star measurements. However, the model does not include the effects of the
low-inclination mirrors of the NAOS adaptive optics system or of the various dichroic ele-
ments sending light to the wavefront sensor. It also does not include the aging of coatings
and is not applicable to H-band observations.

Instead of relying on a model, we directly measured the IP and cross-talk effects in the
pupil-stabilised mode using unpolarised and polarised standard stars in the Gehrels (1974)
and Whittet et al. (1992) catalogs. Since we keep the instrument fixed in the crossed config-
uration, the instrumental effects are minimized, which corresponds to the meridian crossing
point in the Witzel et al. model (see Figure 6 of their paper). Our approach facilitates the
correction of instrumental effects since they remain fixed throughout the observations, and
the same calibration coefficients apply to all data recorded through the same filter. The only
disadvantage is the required additional observing time, which is needed as the instrumental
polarisation is expected to be larger (I P ~ 2%) than the signal of the planet (~ 1.5%).

The linear () and U Stokes components obtained by means of the double difference de-
scribed above are defined with respect to the coordinate system within NACO. The goal
of the calibration process is to obtain the elements of the response matrix of the telescope
(X,Ichimoto et al. 2008) that transforms the incoming Stokes vector Sjj, into the measured
Stokes vector Syeas and that describe the instrumental impact on the polarimetric measure-
ment. The process can be expressed as follows:

|:qr/neas:| XMROT (a) |:len:| (26)

meas m

where MgoT () is the Mueller matrix for sky rotation with parallactic angle (o) and lower
case ¢ and u are fractional polarisation Stokes components (¢ = Q/I and u = (U/I). Note
that, throughout the process, we neglect the circular polarisation (Stokes component V) as it is
not measured and is not expected to be present in our target. The elements of the (normalised
with the measured intensity, I,,¢,s) response matrix X are,

/ !/
1 in Tneas Uin — Imeas
_ : / / / / /
X = Iln - chas in chas in chas ’ (27)
! ! ! ! !
IiIl - Umeas in Umeas Uin - Umeas

considering only linear polarisation Stokes components. Elements X» ; and X3 ; describe
the amount of IP generated by the system, which bias the measurements of Q' and U’. El-
ements X 2, X2 3, X39 and X3 3 describe the efficiency with which the linear polarisation
components are measured and the rotation taking place between @)’ and U’. Elements X5 ;
and X3 ; are not relevant since @', U’ << I. Because of our crossed configuration and the
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definition of the reference system in the instrument (with @)’ as the eigen-vector) we know
that (ideally) elements X3 1, X2 3 and X3 o should be zero while element X o should be
unity (i.e. transmission of @’ throughout the system should be perfect).

The fractional linear polarimetric components ¢/, ., and u/

meas can therefore be de-

scribed as:

Uineas = Gq + bqdin + CqUiy , (2.8)
and

uineas = Qu + Cqun + buugn ) (29)

where aq correspond to the bias IP elements in X and by, and cq,, are the coefficients for
transmission and rotation of the linear components of the Stokes vector, respectively. Based
on the fact that Q' is the eigen-vector of the system we can assume that ¢, are negligible
(i.e. there is no rotation between linear Stokes @)’ and U’) Then b, ,, can be considered as a
coefficient for the efficiency of the measurement of a Stokes component.

The a4, coefficients are directly obtained by measuring the fractional polarisation of
unpolarised standard (US) stars:

|:qIUS,meas:| — |:a(1:| , (2.10)

/
U’US,meas Qu

To obtain the b, coefficients, we use a polarised standard (PS) star. These stars have
tabulated values of degree and angle of polarisation (P, 6) for different wavelengths (Whittet
et al. 1992). The fractional linear polarisation components gpg and upg are obtained from

P= \/q%S + u%s and 0 =0.5-arctan(ups/qps) - (2.11)

Note that these components are defined in sky coordinates and, therefore, the measured com-
ponents would rotate with parallactic angle (equivalent to placing a rotating polariser in front
of the telescope. Thus,

q{)S,meas_aq _ qges | 005(204) S’L’I’L(QO() qps
[u{;s)meas - au] = byuMgrot(a) [ups} = bg,u (—sin(Za) cos(2a) ) |ups| - (2.12)

Measuring the polarisation of such a star (including the correction for the aq,, bias) at two or
more parallactic angles that differ by more than 45° allows us to accurately fit the sinusoidal
variation of the polarisation, yielding the coefficients b y.

We obtain the fractional linear polarizations ¢/, ., and u/, .. for the unpolarised stan-
dard star HD 202573 (Gehrels 1974) and the polarised standard RCra 88 using the double
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TABLE 2.2: RCRA 88 TABULATED DEGREE TABLE 2.3: CALIBRATION PARAMETERS
AND ANGLE OF POLARISATION

Band P (%) 0(°) Band aq by au bu
H 2.73+0.07 92+1 H —0.024 1.017 —0.005 0.569
K 1.844+0.09 95+1 K —0.012 0.801 —0.002 0.469

difference method. The tabulated degrees and angles of polarisation of RCra 88 in both H
and K bands are shown in Table 2.2 (Whittet et al. 1992). Both targets were observed during
the same night as the science observations. The calibration observations do not suffer from
saturation in the central region of the image. Except for not carrying out the OPCA, we fol-
lowed the same data reduction steps that were also applied to the science data. We adjust the
various threshold values defined for the data reduction when needed through visual inspec-
tion of the raw data. We note that the tabulated values are given for K-band instead of K.
For the smaller average wavelength of our observations in the K¢ band we expect (according
to the Serkowski law for interstellar polarization, Serkowski 1971, 1973) a slightly larger
polarization of the standard star as compared with the tabulated value for K band, but for the
small degrees of polarization that we aim to measure, this difference is not significant.

Figure 2.4 shows the values of ¢’ and u’ measured for HD 202573 (upper panels) and
RCra 88 (lower panels) in both H and K filters. Solid lines in all panels show the best fit to the
data (assuming the rotation between Q’and U’ is negligible), while dashed lines in the lower
panels show the rotation of RCra 88’s gps and upg obtained from the tabulated P and 6. The
calibration coefficients found are a4, bq = —0.024,1.017 and a, b, = —0.005, 0.569 for H-
band and ay, by = —0.012,0.801 and a,, b, = —0.002, 0.469 for K,-band. Values of ¢ and u
of HD 202573 systematically yield an angle of polarisation € of about ~ 5°. The random error
(i.e. photon noise) in these measurements is of the order of 107°% (i.e. 1 /+/Nphot Where
Nphot is the total number of photons in all combined images). It is interesting to note that the
value of the instrumental polarisation (aq,,) in our K measurements differ considerably from
those obtained by Witzel et al. (2011) based on their model. With our crossed configuration
and according to that study, we should obtain values of about ~ 1% in the K filter for both Q
and U, which agrees with our results only for the case of a,,. To check the consistency of our
measurements, we obtained the same coefficients a,, using data of HR 8799 taken with H
and ND_short filters obtaining the same values for the best fit of the data. These discrepancies
can be caused by the fact that the Witzel et al. model may not be fully realistic anymore
due to e.g. ageing effects on the mirrors. Additionally, K; measurements for RCra 88 at
parallactic angles of about 100 [deg] of, in particular, ¢ show rather systematic variations that
are obviously larger than the error bars that represent the photon noise. The causes of these
variations are yet unknown. Further analysis based on the Fourier and Null frames techniques
(Patat & Romaniello 2006, Bagnulo et al. 2009) will be carried out to explore this issue.

The science data is then corrected as follows'. First, the fractional polarisations ¢/, .,

'We describe the process for ¢ but the exact same steps are taken for the correction of u, applying the corre-
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Figure 2.4: Upper row: Unpolarised standard star HD 202573 values for the fractional linear polarisa-
tion components ¢' and u’ as a function of parallactic angle for H (left) and K (right) bands. Cross
markers show the data points while the solid line is the best fit to the data, providing the bias aq,u.
Lower row: RCra 88 Polarised standard values for fractional ¢’ and v’ components also in the H and K
bands. Cross markers denote data points while solid and dashed lines show the best fit (assuming the
rotation between @Q’and U’ is negligible) and theoretical values, respectively. The coefficients obtained
from these fits are annotated in each plot.

and u, ., are obtained from Eq. 2.5, normalised to the corresponding intensities, i.e.

i @y

!
=05 —— — —— 2.13
quaS,l IQ/71,1 IQ/727i ( )
These values are corrected for the IP bias via
qllaiascorr,i = q;neas,i —Aq, (214)

sponding coefficients.
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and for the efficiency factor via

/
S i
/ - iascorr,i
qbiascorr+eff.corr,i - b . (215)
q

To recover the absolute Stokes components, bias and efficiency corrected gi;, . orr -y off.corr.i
are multiplied by the total intensity in the Q' images,

Q’IL = qé)iascorr+eff.corr,i 0.5 (IQ',Li + IQ’QJ) = Q{)iascorr-‘reff.corr,i 0.5 IQ'J' . (2.16)

Finally, @} and U/ images are derotated to the sky coordinate system using MroT(—a),

Qi = Qlcos(—2a) + Ul sin(—2a)
2.17)
U, = —Qsin(—2a) + U/ cos(—2a)

These @); and U; polarimetric images are now ready for the principal component analysis.

2.2.4 Optimised principal components analysis (OPCA)

We use the Optimised Principal Components Analysis (OPCA) code written by Meshkat
et al. (2013). The PCA algorithm (see e.g. Amara & Quanz 2012) operates over the set of
(sky rotated) images finding a number of basis functions describing the common features
of the PSF by means of the singular value decomposition (SVD) of the data-set. Since the
sky rotates with respect to the detector, this process is building a model library of the PSF
and its typical variations. The projection of the individual PSFs onto a number of principal
components is then subtracted from each frame, yielding the PSF-corrected image.

The OPCA code expands the capabilities of the regular PCA to maximise the S/N of
the planet by specifying the inner and outer radii of the annular area to be optimised and
by varying the number of co-added frames to avoid self-subtraction of a signal at a certain
angular distance from the central star, which is achieved by rejecting frames with insufficient
rotation in the SVD computation. This approach yields an improvement of the sensitivity of
about 0.5 mag with respect to regular PCA and of 0.5 mag with respect to Locally Optimised
Combination of Images (LOCI,Lafreniere et al. 2007) (Meshkat et al. 2013).

PCA methods are now extensively used in high-resolution imaging of exoplanets (e.g
Amara & Quanz 2012, Meshkat et al. 2013, Quanz et al. 2013a, Thalmann et al. 2013) but
they have never been, to our knowledge, applied to polarimetric data. The main complication
is that we now have a minimum of four (f;, @; and U;) and up to six (I;, Q;, U;, I,
Iy,; and P;) data sets with potentially different PSF and noise characteristics. We therefore
optimise the OPCA parameters for each data set separately. In the end we want fractional
polarimetric images (Q)/I and U/I) and degrees and angles of polarisation where Q;, U; and
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Figure 2.5: Signal-to-noise (S/N) and mean and standard deviation of the local noise curves used to
find the optimal number of principal components to be subtracted from the b-optimised [ data set in
H-band.

I; datasets need to be combined. These OPCA-corrected final images have very different
background properties, and it is not clear what the impact of this is on detection and upper
limit determinations. Fractional polarimetric images cannot be simply added because they
are not linearly related, so applying OPCI to ¢; and u; datasets is not an option.

In any case, using the OPCA components optimised for the intensity to improve the Q;
and U; data is not justified considering that the basis functions may be fundamentally different
for intensity and polarization. In this first application of OPCA to polarimetric data, we
independently optimise the OPCA components for I;, ); and U;. A detailed analysis of the
impact of this approach on the final results is outside of the scope of the present effort.

The I; and @; (and U;) data sets have a total of 312 and 78 frames, respectively, in the
H-band; in the Ks-band these numbers are lower, 156 and 39, respectively. Since we are
interested in optimising the data at the radial position of the planets b and ¢, which are 35 and
65 pixels, we define the area to be optimised by OPCA as all pixels situated at radii between
20 and 80 pixels. For the optimisation of each frame, we reject neighbouring frames in which
the sky rotation at the radius of the planets is less than one FWHM of the PSF. This rejection
parameter is set for one radius at a time in OPCA, therefore we run OPCA on five datasets
I;, Qi, U;,Qcal; and Ucal;) for the two filters and twice again, one time for each planet
radius.

To find the optimal number of principal components for each data set, we run OPCA with
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TABLE 2.4: OPTIMAL NUMBER OF OPTIMISED PRINCIPAL COMPONENTS
SUBTRACTED FOR EACH DATA SET

I; Qcal;  Ucal; Qi Us
b c b c b ¢ b ¢
H-band 23 25 6 11 3 6 10 3
K¢-band 11 27 11 8 4 9 10 8 10 7

Band

arange of components for all twenty sets and record the statistics, e.g. maximum, sum, mean,
median and standard deviation of four regions in the final mean-combined image of each
data set. These four regions contain the signal in the pixels occupied by the planets, and the
signal in a ring six pixels wide centered on their respective positions in the Intensity images,
to evaluate the local background. We determine the optimal number of components for the
intensity images, where the planets are detected, based on the best S/N defined as:

Imax ane
(S/N)planet = —2oplanct (2.18)

Oloc.noise

where I« planet 1S the maximum intensity value in the region occupied by the planet signal
and Ojoc noise 1S the standard deviation of the pixels in the local noise region. Since this
value is not representative of a detection in our polarimetric images, we choose the number
of components for the ); and U; data sets that minimises the standard deviation in the local
background regions.

Figure 2.5 shows the I; H-band b-optimised result. Note that the optimal parameters for
cand b in H and K in I; and @; and U; only differ in the number of principal components
subtracted from the frames (see Table 2.4) and the radius at which the rejection parameter is
set. We optimise ); and U; with both calibrated and uncalibrated data to monitor the impact
of the calibration procedure on the final results.

2.3 Results

Figure 2.6 shows the signal to noise (S/N) maps of the mean-combined intensity images ob-
tained after the optimal number of PCA components have been subtracted in H and K bands
(upper and lower panels, respectively). These maps are obtained by convolving the image
with the resolution element (depends on the filter) and then dividing the value in each pixel
by the standard deviation of the pixels in a one-pixel-wide ring, centered on the star, at the
radial position that contains that particular pixel. In this way an image of the estimated S/N
in every pixel of the image can be obtained. However, to determine the actual S/N at the
position of the planets, we apply Equation 2.18, which considers the local noise.
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The left and right maps in Fig. 2.6 show the S/N maps for OPCA optimisation radii of 35
and 63 pixels, i.e. the approximate separation of ¢ and b planets, respectively. The S/N ratio,
as defined in Eq.2.18 of planet b in H and K bands is 10.36 and 13.6, respectively. Planet
¢ has lower S/N ratios, 8.95 and 6.62, mainly due to the fact that the region is dominated by
speckle noise. The radial structure present in these intensity S/N maps seems to be dominant
in the region of planet b, which could indicate that a more aggressive OPCA (i.e. that subtracts
more principal components) may be a way of improving the results at this separation.

Figure 2.7 shows the same maps for calibrated () and U images, where no statistically
significant detection has been obtained.

However, a considerable improvement is achieved in terms of speckle and background
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Figure 2.6: Signal-to-noise maps of the intensity images after subtraction of the optimal number of
principal components. Upper panels: S/N maps in H-band for b (left) and c (right)-optimised OPCA
reduction. Lower panels: The equivalent in the K,-band. The black circles mark the positions of the
planets.
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Figure 2.7: Signal-to-noise maps of the mean-combined, calibrated @ (left) and U (right) images after
subtraction of the optimal number of principal components found for planet b in the case of the H-band
data (upper panels) and the K;-band data (lower panels). Black circles mark again the position of the
planets.

noise reduction at the position of planet c. Figures2.8 and 2.9 show the contrast curves
obtained for both Q (upper panels) and U (lower panels) images obtained for the calibrated
(left) and uncalibrated (right) data sets. Solid purple and brown lines show the radial profiles
of the total intensity of the star and the 1o standard deviation of this profile in the planet
regions after OPCA. The dashed brown line shows the 1o radial profile of the Stokes Qcal,
and Ucal, U images, respectively. All curves are normalised to the flux of the star. For
comparative evaluation of the curves, we show simulated profiles of the planets (stellar PSF
scaled to the maximum value found for the planets in the intensity images Iiax, planet). The
dashed lines show the maximum degree of polarisation expected for the planets due to the
inhomogeneous atmospheres of 1% (de Kok et al. 2011).

Comparison of the purple and brown solid lines shows that our optimised PCA improves
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Figure 2.8: Contrast curves for H-band

the contrast by ~ 2 orders of magnitude in both filters at the position of the planets, although
the improvement at the position of b in the H-band seems to be higher (~ 2.5 orders of
magnitude). At the position of planet c our polarimetric results (brown dashed lines) show
an additional improvement by a factor of ~ 8 and ~ 4 in the H and K bands, respectively,
in both @ and U, while the improvement in the region occupied by planet b is insignificant.
This suggests that the region, in the @ and U images, is dominated by photon noise and
background subtraction. In the former case, the limitations of the polarimetry at this position
could be improved by observing for longer time.

Upper (calibrated) and lower (uncalibrated) panels in these figures show that our calibra-
tion procedure yields better contrast improvement by a factor of ~ 4 in the H-band and ~ 2
in K band, at the position of planet c.

The upper limit for a 1o detection on the linear polarisation of the planets can be obtained
as

JQ/U,planet

(Q/u)max,planet = s (2.19)

Imax,planet
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Figure 2.9: Contrast curves for Ks-band

where 0q /U planet 18 the standard deviation of pixels at the position of the planet in the
polarised images. According to this equation and the data reduction process described above,
the upper limits for both the fractional ¢ and u polarisation of planet b are =~ 10% in the H-
band and ~ 8% in the K-s band, which give an upper limit for the degree of linear polarisation
(p = V@2 + u2) of prax = 15 and 11% for the H and K bands, respectively. For planet ¢
these values are considerably lower, p,.x =~ 4 and 6% for the H and K bands, respectively.
All values are computed with calibrated data. Table2.5 details these upper limits for the
degree of fractional polarisation (p) and fractional ¢ and u for each planet and filter.

2.4 Discussion

The S/N values and the upper limits obtained here are not yet sufficient to detect the expected
polarisation signal of about a 1.5%. However, based on the analysis of the contrast curves of
Figures 2.8 and 2.9, we conclude that PADI offers promising avenues for the improvement
of the speckle noise suppression with respect to ADI techniques alone. Indeed, our results
show that at the separation of planet ¢ (0.96"), a region still dominated by speckle noise,
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TABLE 2.5: SIGNAL TO NOISE VALUES AND UPPER LIMITS

S/N Gmax Umax Pmax

c b c b c b c
H-band 104 8.9 104% 2.6% 10.5% 3.9% 14.8% 4.7%
Ks-band 13.6 6.6 7.7% 3% 8% 5% 11% 6%

Band

the improvement in contrast is almost an order of magnitude (in H-band) compared to using
OPCA alone (almost 6 orders of magnitude in total with respect to the central star). Cir-
cumstellar regions not dominated by speckle noise are not benefitting nearly as much from
this technique, although some improvement may be achieved by observing for longer times.
When compared to polarimetry alone, PADI also proves superior in terms of speckle suppres-
sion. Comparing our contrast curves and previous observational studies such as Hinkley et al.
(2009) (their Figure 2) show that PADI increases the contrast by about an order of magnitude
at all angular separations.

The combination of polarimetric and angular differential imaging techniques is not straight-

forward and involves some trade-offs. Many different ways of combining the ADI and
polarimetry still need to be investigated, which may lead to further improvements. In the
following paragraphs we take a critical look at our procedures and discuss potential future
improvements.

o Combination of frames for polarimetry and OPCA:

As explained in Section 7.2 we carry out the double difference on the data before ap-
plying OPCA. At first sight, this may be reasonable since each double difference frame
is obtained from frames in one polarimetric cycle, i.e. as close in time as possible. This
ideally removes systematic differences between different beams and parts of the de-
tector, leaving a set of rather “clean” frames for OPCA to work on. The modest sky
rotation rate in our data (see Figure 2.2) makes it possible to take the double difference,
but there is still some sky rotation and applying OPCA on beam-subtracted (i.e. single
difference) frames instead of the double difference frames would have the advantage
of OPCA working with differences that have been obtained from simultaneous images.
Moreover, applying OPCA over, for example, sub-sets of all beam-subtracted frames
of the same angle of the HWP could also improve its efficiency since the amount of sky
rotation in between them is larger and the remaining systematic errors after the beam
subtraction are more similar since the optical path is the same. This could reduce the
number of components that have to be removed from the image, thereby minimising
the risk of subtracting part of the planet signal. Another issue to take into account is
the observing site. Since the rotation rate of a certain target in the sky differs from
one site to another, the approach to this optimisation will most likely be different. As
the sky rotation for HR8799 much larger when observed from e.g. Mauna Kea we can
expect better ADI performance while the polarimetric performance may be diminished
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in comparison with the site of the observations we present here (Paranal).

At an early stage of the study, we performed some tests in order to compare two com-
bination methods: beam subtraction, then double difference and then OPCA and beam
subtraction, then OPCA and then double difference. In those experiments we found no
significant differences between the two approaches, but the data reduction process has
since evolved and these results should not be considered as being conclusive. More-
over, the resulting ) and U’ still need to be derotated to the sky coordinate system
according to the parallactic angle, which psoes the question of how to do this if OPCA
is performed before the double difference.

Our approach is conservative since both double difference and OPCA methods are
combined relatively independently and performed as usual. Polarimetric data sets can,
however, be combined in many different ways, and it may indeed pay off to depart
from the conservative view and explore completely new combinations, which will be
considered in future efforts.

e Gradient subtraction correction of bad centering in polarimetric frames:

The approach to correcting remaining centering imperfections in beam-subtracted im-
ages was introduced by (Snik et al. 2010) for solar polarimetric measurements and
applied for the first time to the polarimetric measurements of a circumstellar disc by
Thalmann et al. (2013). In the framework of our study it seems to be, as Figure 2.3 sug-
gests, very successful. As explained in Section 7.2, the subtraction of the directional
gradients of the intensity image is optimised by finding the ¢, and ¢, coefficients by
means of Equation 2.3, but the impact of this gradient subtraction on the planet signal
has not been quantified. Since the operation is applied to the data at a very early stage
and the signal of the planets is likely to be within the noise, it seems safe to assume
that the effect on the planet’s combined signal after OPCA is minimal. Still, this needs
to be confirmed.

o Flux sensitivity:

We find values for the difference in magnitudes (Am) between the star and the planets
of [-13.57, —12.32] mag in the H-band and [—12.18, —11.46] mag in the K,-band for
b and c, respectively. These values differ by less than a magnitude from those mea-
sured in dedicated photometric studies (i.e. [—12.6, —11.6] mag for the H-band and
[-11.77, —10.85] mag for the K band, Marois et al. 2008, Currie et al. 2011). This
suggests that our sensitivity in flux is reasonably good. However, looking at the S/N
maps of Figure 2.6 it is clear that some radial structure is still present, and we think
that the values for the S/N found for the planets can still be improved by increasing the
number of principal components subtracted from the intensity images.

While beam-subtracted polarimetric frames are corrected for centering errors through
the gradient subtraction technique, the intensity frames remain as they are after the
Moffat-fitting-based centering. This implies that some poorly centered frames may
remain in the data set before the OPCA and will therefore be included in the SVD
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computation. In principle this is taken care of by the SVD operation but it may make it
less effective, meaning that for the same amount of principal components subtracted, a
better-centered data set could have yielded higher fluxes in the planets.

Our centering approach based on the Moffat profile fitting to the (masked) saturated
frames is a widely used technique applied to both polarimetric and angular differential
imaging studies. Historically, maybe the cross-correlation between frames has been
more frequently applied to polarimetric data although its application to saturated im-
ages is far from trivial. To our knowledge no comparative study has been published on
this issue, which may be crucial for the success of PADI.

"a-posteriori” noise-reduction techniques:

To reduce the noise several techniques can been applied to the final intensity and po-
larimetric images. As a first attempt at noise filtering, we applied a matched filter by
convolving the images with the PSF of the star obtained from the non-saturated data.
The aim is to “smooth out” signals that do not correlate with the PSF.

Figure 2.10 shows the same contrast curves as presented before for the calibrated H-
band data set along with the curves of the 1o value of the intensity image after OPCA
and matched filter and of the same filter applied to the polarimetric images (yellow
solid and dashed lines, respectively). The application of the filter yields a considerable
improvement in the achievable contrast, particularly in the polarimetric images.

The 1o upper limits for the fractional degree of polarisation we obtain at the position of
the planets b and c are now of [6, 2]% for the H-band and [6, 3] % for the K,-band. How-
ever, we note that these are preliminary results and further investigations are needed to
fully understand the effect of the filter on the polarimetric data, particularly at the posi-
tion of planet c. For example, in the case of the u fractional polarisation at the position
of planet ¢, a bump is visible. Inspection of the filtered polarimetric image shows that
the structure in that region is likely to be affected by the surrounding (noise) structure.
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Figure 2.10: Contrast curves for H-band with resolution element filter included
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If the application of this filter to the polarimetric images proves to be reliable, the
values we obtain start to approach the maximum values of the expected polarisation.
This is, without any doubt, one of our main avenues for future investigations.

2.5 Conclusions and outlook

We presented VLT/NACO combined polarimetric and angular differential imaging (PADI)
measurements of the exoplanetary system HR 8799 in H and K bands. The goal of the
study is to measure the polarisation of the planets b and c, which are likely to be about 1%
polarised in the infrared as a consequence of scattering of their own infrared emission by
their inhomogeneous atmospheres. Such a detection would directly confirm the presence of
clouds in the atmospheres of these hot, giant planets. Once detected, the degree and the
angle of polarisation can constrain morphological features of the atmosphere and physical
characteristics such as the spin rotation axis of the planets.

Our study shows no detection of a significant, linearly polarised signal in the two planets.
Our 1o levels for a detection in the degree of polarisation at the position of the planets are
~ [15,11]% for planet b and [5,6]% for planet ¢ in H and K bands, respectively. These
1o upper limits are too large to draw scientific conclusions about particular characteristics
of these planets. However far from optimal, our results do show the potential of the PADI
technique for the improvement of speckle suppression in regions dominated by speckle noise;
at short wavelengths and small separations the improvement in contrast is at least an order of
magnitude as compared to conventional ADI approaches.

We introduce a new calibration method based on directly measuring the components of
the telescope’s Mueller matrix from measurements of unpolarised and polarised standard
stars in pupil-stabilised mode. This approach has the advantage of providing instrumental
polarisation and efficiency factors directly applicable to the science data at all wavelengths
and pointing angles of interest, provided that the standard stars are measured in all filters
needed and the polarised stars, in particular, at two parallactic angles separated by at least by
45°.

Based on the points discussed in Section 7.6, it is clear that further investigations are
needed to optimise this technique. Our main interest for the near future is to understand
the sources of the limitation of our polarimetric sensitivity and to sort out the best way of
combining the double difference and OPCA methods other than the conservative approach
used here. As we pointed out in the discussion, the application of the matched filter to the
polarimetric images appears to be promising and will be explored in the future. Another
important focus of interest for the future is to explore the contrast improvements PADI yields
at angular separations smaller than that of planet c, which we expect to be larger than an order
of magnitude based on the performance we currently obtain.

With the upcoming commissioning and start of operations of VLT/SPHER