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Abstract

Since the discovery of an exoplanet around a main-sequence star by Mayor and Queloz (1995)
the field of exoplanetology has never stopped to expend. Nowadays, several thousands confirmed
exoplanets have been discovered and some other thousands are waiting for confirmation. However,
even if the number of "known" exoplanets keeps increasing, we have only very few information
about them. Do they have an atmosphere? What is their chemical composition? What is their
surface temperature? This is only a few examples of the questions still unanswered for the vast
majority of confirmed exoplanets. Characterizing exoplanets is one of the most challenging topic
in current exoplanetology, the ultimate goal being to one day be able to determine the habitability
of an exoplanet and the possible presence of life.

To characterize exoplanets, we nowadays depend on two main methods: the transit method
where the atmosphere is characterized using the photons coming from the host star and passing
through the atmosphere of the exoplanet before reaching us, and direct imaging where the photons
from the planets (reflection of the host star light or thermal emission) are directly recovered and
used for the characterization. Direct imaging domain itself decomposed into two main methods:
coronography and nulling interferometry. In this master thesis, we will focus on this last method.
In both domains the planet faintness is a huge challenge to the characterization. Indeed a terres-
trial planet is about 107 fainter than its host star and 109 than the Earth atmospheric background
at 10 µm. Transit method is in addition limited to planets orbiting close to their host star, and
which actually pass in front of it seen from Earth. On the other hand direct imaging techniques
have to deal with the angular separation to the star and face the challenge to detect, let alone
characterize, planets close to their host star. The advantage of nulling interferometry is to combine
the angular resolution of interferometry and star light suppression.

In this master thesis, we will focus on two post-processing methods used in direct imaging:
Angular Differential Imaging (ADI, Marois et al 2006) and Reference (star) Differential Imaging
(RDI, Lafreniere et al 2007; Ruane et al 2019). We will compare these methods on different datasets
obtained by nulling interferometry thanks to NASA’s Large Binocular Telescope Interferometer
(LBTI) during the HOSTS survey (Hunt for Observable Signatures of Terrestrial Systems, Ertel
et al 2020) which was looking for exozodiacal disks in the habitable zone of the targeted stars
to put constraints on their impact on exoplanet imaging. Our goal will be twofold: looking
for the signature of resolved circumstellar emission around the target stars and characterize the
imaging performance of the LBTI in its nulling mode. Those datasets present different ranges
and distributions of parallactic angles, photometry of the star, level of the nulling quality, flux
distribution and we intend to retrieve for a given type of dataset (for example with small parallactic
angles ranges) an optimal method. In order to achieve this goal we will, in the following, use the
VIP python library (Gonzalez et al 2017) to perform analysis with the different methods (ADI,
RDI) and different models of PSF subtraction (median subtraction, least-square approximation,
full-frame PCA, etc) on all the different datasets. Finally, we will give a conclusion for each method
on which type of dataset is the most adapted, and provide an helpful guide on which method is
optimal for the processing of a particular dataset.
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Glossary

ADI: Angular Differential Imaging.

ADU: Analogue to Digital Units.

AO: Adaptive Optics.

AU: Astronomical Unit.

CAL: Calibrator.

EEID: Equivalent to Earth Insolation Distance.

FFPCA: Full-Frame Principal Component Analysis.

FOV: Field Of View.

FPC: Fast Pathlength Corrector.

HOSTS: Hunt for Observable Signatures of Terrestrial Systems.

IR: Infrared.

JWST: James Webb Space Telescope.

LBT: Large Binocular Telescope.

LBTI: Large Binocular Telescope Interferometer.

LLSG: Local Low-rank Sparse Gaussian noise components analysis.

MNT: Maximum Null leak Threshold.

NMF: Negative Matrix Factorisation for Angular Differential Imaging.

OB: Observational Bloc.

PC: Principal Component.

PCA: Principal Component Analysis.

PSF: Point Spread Function.

RDI: Referential Differential Imaging.

S/N map: Signal to Noise ratio map.

SCI: Scientific target.

SDI: multi-Spectral Differential Imaging.

SPC: Slow Pathlength Corrector.

VIP: Vortex Image Processing.
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Introduction

1.1 Exoplanets and Habitable Zones
With height planets, countless dwarf planets and smaller bodies, our Solar system already shows
us a wide variety of celestial objects. Focusing only on the planets, we can already see an impor-
tant diversity with the small terrestrial planets like Mercury and Mars which have very thin or no
atmosphere, Venus and the Earth, bigger, and with much more consequent atmospheres, the ice
giant like Uranus and Neptune and the gaseous giant like Jupiter and Saturn. When the exoplan-
etology field emerged the diversity grew beyond our imagination, the solar system planets were
transposed to extrasolar planets with in particular the hot-Jupiters, gaseous giant about the size
of Jupiter but orbiting much closer to their star, the mini-Neptunes, super-Earths and Earth-like
planets.Those denominations in themselves show the hope of astrophysicist to find somewhere else
planets similar to those in our solar system, and in particular similar to the Earth.

Indeed since we learned that stars are as many potential planetary systems, we wonder whether
Earth is unique and the only planet hosting life. These questions bring many others: would life be
similar to the one we know? How frequent is it? What are the conditions those other life forms
need to appear and develop? Is intelligence emerging whenever life appear? And so many others
that it would be truly impossible to quote them all. Before answering those questions there is
still a long way to go and many preliminary questions need to be answered. To do so we need
on one hand to detect even more planets in even more systems to reduce as much as possible
the observational biases nowadays present in the data. Also the detection methods and the in-
struments at our disposal need to be improved to reach much higher sensitivity and be able to
detect much fainter signals. Reducing the biases will already help to further constraint planetary
formation models, the planets number in our galaxy, the diversity of systems architectures and
doing so giving hints of answers about life on other planets. The use of different detection methods
is already a great step in the reduction of biases as they are not sensitive to the same exoplanet
parameters. The detection methods and their sensitivities will be discussed in the following section.

On the other hand, detecting more planets is insufficient to answer the aforementioned ques-
tions, we need to learn a lot more about the detected exoplanets and their environment. This
is called exoplanet characterization. This emerging domain would allow to answer a lot more
questions than simple detection, in particular about their atmosphere, composition, temperature,
masses, densities, radii but also if they are tidally locked with their host star, if they are in res-
onance with other planets, if they possess one or several moons, etc. With extremely precise
instruments those information could in theory answer the questions about life in the universe
but this is nowadays very unlikely. However, this knowledge could provide precious information
on the formation and evolution of the planets, if they possess habitable conditions, if they did
in the past, and how long they will in the future. Being able of efficiently characterizing a large
number of planets will represent a huge step in our understanding of life appearance in the universe.

For some exoplanets, detected with particular methods some of these parameters are already
known, often the masses and the radii, but in most of the cases we know very little of the detected
(and confirmed) exoplanets. Sadly not all the detection methods allow further characterization,
emphasizing one more time the advantages to use several methods. This will also be discussed in
the following section.
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Of course detecting and characterizing larger exoplanets similar to the giants gaseous planets
in our solar system is much easier than small terrestrial ones as all the detection methods we
use nowadays are more sensitive to larger or more massive planets. However as life as we know
it appears on a terrestrial planet, this is on those, fainter, harder to detect, signals that we will
focus on. Indeed, to efficiently search for life outside our solar system we need to define the most
probable planets able to host life. This is why the notion of habitable zone around other stars has
been defined. It selects, among the variety of planets existing and theorized, parameters we though
mandatory for life appearance.The most important parameters is the capability of the planet to
sustain large amounts of liquid water on its surface which with the actual knowledge seems to be
mandatory for life appearance. However a lot of other parameters are added to this first one. If
some of them can see completely justified (presence of an atmosphere) some might seem much
more restrictive. In the standard definition it notably excludes the gaseous planets and the moons
as the only life we know about appear on a terrestrial planet and that detecting moons is even
more challenging that detecting exoplanets. It also excludes the planetary systems with O, B and
A-type stars, due to their too short lifetime, and multiple stars systems due to the gravitational
instabilities this would generate for the potential exoplanets. However several alternative defini-
tions of habitable zones have been introduced later to better take into account the huge diversity
of exoplanets and planetary systems. Those studied, among others, the impact of the mass, the
rotational period, the composition of the atmosphere and the eccentricity of the orbit. The habit-
able zone notion has also been extend to earlier type stars and multiple stars systems and even pre-
and post-main sequence stars. However those alternative definitions would probably not be used in
the first place as the main goal of the habitable zone definition is to efficiently select targets which
are the most probable to host life. Nonetheless, it very likely that with the progress of exoplanet
characterization more exotic definition will be used.

As describe above the habitable zone is a really important concept and the region around
the star we want to explore because this is where life is more likely to appear. However, in our
solar system, the whole habitable zone contains zodiacal dust. To be able to detect small terrestrial
planets promising for life appearance, one first needs to carefully consider the light emission coming
from this dust. We will discuss in more details of the zodiacal disks and the issue it represents for
exoplanet detection in a following section.

1.2 Detection methods
Since the premises of exoplanetology, many detection methods have been proposed: transit, radial
velocity, astrometry, gravitational lensing and direct imaging. Among those, the transit method is
the one with the greatest number of detection (3164 exoplanets, NASA exoplanet archive 2020-05-
21), followed by the radial velocity method (802 exoplanets, NASA exoplanet archive 2020-05-21).
The direct imaging method with fewer detections is however perfectly complementary with these
two first techniques. In the following we propose a brief overview of these methods and their
advantages

The principle of the transit method is to monitor the luminosity of the target star and to de-
tect small drops in its lightcurve which would correspond to a planet passing in front of its host
star. This technique is of course much more sensitive to close and big planets as the drop depth
and frequency will depend on those two parameters. Indeed the larger the planet the greater the
portion of the star it masks when passing in front. This is also true for the distance parameters,
as the further away the planet, the smaller it will appear. The main limitation of this method is
that the planets must actually pass in front of their host star seen from the Earth. This limits the
detectable planets to those on orbits with an inclination close to 0◦ (0◦ corresponding to an axis
joining the observation location to the center of the target star). The principle of this detection
method is illustrated in Figure 1.1.
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Figure 1.1: Schematic representation of the transit detection method principle

This limitation in angles put also an indirect upper limit on the distance at which the planet
can be detectable with this method, as the further away it is the smaller the allowed angles range.
Thanks to this method the orbital period of the exoplanets (if it is short enough to have been
detected at least twice), as well as its distance from the star (if the orbital period is known) and
an estimation of its radius can be provided. An important advantage of this method, excluding
its great number of detections, is its capacity to further characterize the exoplanet. Indeed when
the planet passes in front of its host star, a small fraction of the star light will go through the
exoplanet atmosphere. Taking the spectrum of the star (and so of the planet too) at those partic-
ular moments, and comparing them to spectra taken when the planet is hiden by the star, we can
retrieve information on the atmosphere of the exoplanet if it possesses one, such as its main com-
ponents. This is however still very challenging to perform due to the smallness of the atmosphere
compared to exoplanet, let alone to the star, and to the small portion of light passing through the
atmosphere. Then this small amount of light might be dispersed in order to obtained a spectrum,
which reduce again the amount of light we retrieve and are able to analyze. The next generation
of space telescope like the James Webb Space Telescope (JWST) has been designed to be able to
efficiently detect and characterize such atmosphere around late-type stars, and great knowledge is
to be expected of this new generation of space telescopes in this domain.

Regarding the radial velocity method, we do not monitor the luminosity of the star but its
spectrum. If a planet orbits a star, the gravitational interaction between them will cause a oscil-
lation in the position of the star. This oscillation, if caused by an exoplanet will be periodic. This
movement will be translated in the spectrum by a displacement of the spectral lines. Indeed if the
planet creates a movement of the star toward us the star light will be blueshifted, on the other hand
if its move the star forward us the light will be redshifted. Due to the nature of the gravitational
interaction this method is more sensitive to close and massive exoplanets. It is interesting to note
that if the effect of the gravitational interaction depends only on those two parameters, the effect
on the spectra highly depends on the inclination of the orbit with respect to the 0◦ axis going from
the observational location and the center of the star. Indeed in the case of a 90◦ inclination, the
movement of the star due to the exoplanet will be fully contained in the plane perpendicular to
this axis and will not induce blue- and redshift and thus will stay undetectable. The idea of the
radial velocity method is shown in Figure 1.2
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Figure 1.2: Schematic representation of the radial velocity detection method principle. With the
movement of the planet the center of mass of the system oscillates and so do the star too. This
oscillation induces a movement backward and forward the observer translated in blue- and red-shift
in the spectrum of the star.

As the oscillation induced by the exoplanets remains extremely small, in particular for terres-
trial planets, this in practice limits the angles of inclination of the orbit at which an exoplanet can
be detected by this method. However this limit is not as critical as in the transit method and so
allows detection further away from the star, if the planet is not too small to produce a detectable
oscillation of the star. This method provides the orbital period of the exoplanet, its distance from
the star, and put constraint on its minimum mass but do not allow further characterization of all
its detected exoplanets as the spectrum of the exoplanet is lost in the one of its host star in most of
the cases. However, in the case of exoplanets detected by the radial velocity method which transit
and eclipse, it is possible to characterize them through the same process than in the transit method.

As we can see, the two previously described methods are more sensitive to close exoplanets,
on the contrary, the direct imaging method is much sensitive to exoplanets orbiting further away
from their host star. Indeed in direct imaging, as we want to retrieve the light of the exoplanet
itself, and to get rid of the star light, the further the exoplanet orbit the easier it will be to detect.
In direct imaging the two major issues are thus the angular separation and the contrast between
the star and its potential companions. For instance, in the visible, a terrestrial exoplanet is about
1010 times less bright than its host star. In the infrared the situation is slightly better with a
contrast of approximately 107. At those wavelengths however, the dominant noise is the Earth
atmosphere (109 times brighter than a terrestrial exoplanet) as the direct imaging is nowadays
perform mostly from the ground. Several projects of direct imaging space telescopes are currently
examined or in development which would greatly improve the achievable sensitivity by getting rid
of the atmosphere turbulences and brightness. Direct imaging can be performed thanks to two
techniques: coronography and nulling interferometry. In the first technique a single dish telescope
can be used and the star light will be suppressed by a central mask, which blocks the major part
of the star light and redirects the residuals toward the outer part of the beam; and a Lyot stop
which reduces the effect of diffraction thus removing an important part of the remaining star light.
In the original image a part of the light from the star is scattered through the images due to
the atmospheric turbulences creating speckles which are removed in a great proportion thanks to
adaptive optics which corrects the deformed wavefront thus refocusing the light contained in the
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speckles in the core of the PSF. After greatly reducing the amount of star light received it is thus
possible to detect much fainter objects. The working principle of the coronograph as well as an
image with direct imaging detected exoplanets are shown in Figure 1.3.

Figure 1.3: Schematic representation of a coronograph working principle (left) and a coronographic
image of exoplanets detection (right, NRC-HIA/C. MAROIS/W. M. KECK OBSERVATORY).

Nulling interferometry is the working method of the HOSTS Survey from which we obtained the
images used in this master thesis, this method we will thus discuss in more details in a dedicated
section.

1.3 Exozodis
The zodiacal disk in our solar system is a disk of dust particles of size roughly ranging between 1
and 100 µm, contained in the zodiacal plan and concentrated between the asteroid belt (1.7 to 4.5
AU from the Sun) and the Sun. It is thus located near the terrestrial planets, and in particular the
habitable zone of our Sun. This zodiacal disk is, after the Sun, the brightest object in the Solar
system, outshining even Jupiter (Kelsall et al (1998)). Seen from the outside, the zodiacal disk
can thus hide the planets to direct imaging detection methods.

When looking at the spectrum of the zodiacal disk, it is very similar to the Sun’s one. This
spectrum indicates thus mainly a reflection of the Sun light with little additional absorption due to
the composition of the dust particles; and an excess in the infrared arising from the thermal emis-
sion of the particles heated by the Sun light. Another particularity of this disk is the movement of
its particles toward the Sun due to the Poynting-Robertson( J.H.Poynting (1903), Robertson and
Russell (1937)) effect and are thus absorbed by our star. However, even with this depletion the
zodiacal disk maintains for a very long time implying a constant income of material. This material
is though to be produced by the comets breakups and asteroids collisions which take place in this
area (Reidemeister et al (2011),Wyatt (2005) and Nesvorný et al (2010)).

Comets and asteroids are very common objects which are expected to be present in every plan-
etary system, thus zodiacal dust is also expected around a vast majority of stars. Depending on
the income rate of comets and asteroids, and the efficiency of the Poynting-Robertson effect in
the system a zodiacal disk such as our could appear.Those are called exozodiacal disks. If the
presence of an exozodiacal disk is very likely around most of the stars it seems however really
unlikely that they present the same density, location or extension than in our Solar system. But,
as the zodiacal disk is the second brightest object in our Solar system, and thus outshining all
the planets, we easily understand that detecting and characterizing those exozodiacal disks is of
primary importance for the development of future direct imaging missions targeting planets in the
habitable zones of their host star. Indeed some systems could have denser disks which could be
unfriendly to terrestrial exoplanets detection whereas some other could possess thinner disks which
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would constitute ideal targets. Characterizing the exozodiacal disks is thus very important for tar-
get selection. Furthermore constraining the probability to find an exozodiacal disk of a certain
density in a system would greatly help in constraining the probability of exoplanet detection.

In addition, searching for, and characterizing, exozodiacal disks could already help in predicting
the presence of planets. In particular, knowing the location and extension of those disks would
allow to put constraint on the content of the systems thanks to models of disk evolution. Indeed
planets would gravitationally interact with the disk, thus modifying its structure, but also with
the comets and asteroids thus impacting the income of material inside the disks. Such constraint
will give an insight on the system architecture thus further helping in the selection of the most
promising targets but also in the unfriendly systems for planetary detection where thanks to mod-
els it would be possible to predict the presence of an exoplanet if needed to explain the behavior,
the evolution of the location and extension of the exozodiacal disk.

The HOSTS Survey, that will be presented in the following section, studied those exozodiacal
disks in preparation for several future exo-Earth imaging missions targeting the habitable zones
such as : WFIRST Starshade Rendezvous (Green et al (2012)), HabEx (HabEx Team (2019)),
LUVOIR 8m and LUVOIR 15m (LUVOIR Team (2019)).

1.4 HOSTS Survey
The Hunt for Observable Signatures of Terrestrial Systems (HOSTS, Ertel et al (2020)) survey
was focused on the detection and characterization of exozodiacal disks around nearby stars. The
survey was performed thanks to nulling interferometry on the LBTI (Hinz et al (2016)) in the N-
band, more precisely at 11µm, with the NOMIC instrument. The goal of this survey was twofold:
putting constraint on the dust content of nearby systems to estimate the feasibility of the missions
but also to find correlations between the dust content of those systems and other physical parame-
ters of the systems in order to find efficient selection criteria for the targets of those future missions.

During this survey, 38 stars were observed. They were chosen among the list proposed by
Weinberger et al (2015) and constitute about half of this list of stars. The observed targets can
be divided in two groups. The first one is composed of early-types stars (A to F5) for which the
observation were more sensitive and the Sun-like stars (F6 to K8) which are the most promising
targets for Exo-Earth imaging.

To analyze the data of this survey a reference zodi level was set at the dust level in our Solar
System which would here correspond to 1 zodi. Three apertures were defined to estimate the zodi
level of the systems: 143 mas, 233 mas and the EEID + 313 mas for the conservative aperture
(EEID: Earth Equivalent Insolation Distance). A star was considered to have an excess if the
ratio Nas/σN exceed 4 for at least one aperture, with Nas being the calibrated astrophysical null
measurement and σN its measurement uncertainty. The absolute uncertainty medians range from
0.08% for the smaller aperture considered to 0.18% for the conservative one.

The analysis of the HOSTS survey data (Ertel et al (2020)) shows that the median zodi level
might be below 27 zodis with a 95% of confidence. However it is expected to be much lower (below
9 zodis). According to those results the Solar System dust content might be consistent with being
typical. It is thus likely that we could exclude a very pessimistic scenario where our Solar System
would have been really poor in dust and thus that other systems would have contains amounts of
dust prohibitively large for efficient detection in the habitable zones.

Thanks to those results the HOSTS survey have proved that the previously mentioned missions
would be able to achieve their objectives for their median sample targets.

Beside those statistics on the dust content, the HOSTS data have been analyzed in order to find
correlation between several parameters: spectral type of the star, age of the star and the presence
of cold or hot dust. The only correlation which was found was with the presence of cold dust. Seven
stars possessing a cold debris disk among nine show a significant excess against only 3 among 28
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for the star without any detected cold dust. This might ruled out the stars with cold debris disk
from the target selection for the future exo-Earth imaging missions. However, one should notice
that 2 stars with cold debris disk do not show any excess. This is the case in particular of α Lyrae
which will also be studied in this master thesis.

It should be mentioned that even if no correlation was found with other parameters that such
correlation can have gone unnoticed due to the small number of stars observed during the survey.
Indeed if the improvement of the LBTI sensitivity would help further constraining the feasibility
of the different objectives of the future exo-Earth imaging missions, observing a larger sample of
stars would greatly help in constraining the correlation of such exozodiacal disks with other stellar
parameters or systems parameters.

During the survey 10 stars out of 38 have shown significant excess (all those stars have a ratio
Nas/σN > 5 and/or have been detected at least twice in independent observations). Among those
were α Lyrae and β Leo which will be studied in this master thesis. Indeed, we will try through
different processing methods to detect the zodis of those two stars as well as to detect resolved
emission around the stars.
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Nulling Interferometry

In direct imaging two main kinds of techniques are nowadays available to suppress the stellar light:
coronography and nulling interferometry. If coronography is currently the most widely-used tech-
nique, we will focus here on nulling interferometry which was used to produce the images used in
this master thesis.

In nulling interferometry we do not use a mask and a Lyot stop to block the star light but
take advantages of undulatory properties of light. Indeed, as angular separation is a major issue in
direct imaging, using interferometry already provides great advantages. The interferometry tech-
nique allows to combine the light of two telescopes in order to mimic the angular resolution of a
single telescope with a diameter equal to the baseline length of the two, real, telescopes. We show
below a schematic representation of an interferometer.

Figure 2.1: Schematic representation of a nuller working principle. The light from the star is at the
center of the field of view of the two telescopes thus interfere destructively. However the light from
the planet is off-axis and thus can, passing through the same delay line, interfere constructively
(see also Figure 2.2).

As we can see on Figure 2.1 light enters the optical system through two different apertures
and then follows two different paths. Indeed in Figure 2.1, one sees on the right telescope a block
which delays the line compared to the path followed by light entering the left telescope, before the
two paths finally converge to combine the light. This block is called the delay line. The delay line
allows to compensate the optical path difference between the two telescopes to coherently combine
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the two beams in time. Indeed the strength of the interferometry technique is to allow the beams
to constructively interfere thus providing better angular resolution and sensitivity than the simple
sum of the images of each telescopes would provide. It is important to note, as the light travels
through different paths to reach the telescopes, that the wavefronts are different for each telescope.
However as we want to make the two beams constructively interfere, we want those wavefronts as
similar as possible. We therefore understand how important adaptive optics will be in interferom-
etry, in particular in the search for very faint signals. In the case of the LBTI, the two telescopes
have a 8.4m aperture and both possess secondary deformable mirrors which are controlled thanks
to 672 actuators, for each, which are able to correct 500 Zernike modes. This allows very high
Strehl ratio, in particular at the wavelength we are using in this master thesis (11µm), where it
can reach 99%.

The LBTI has a nuller mode which allows to image the stars with the nulling interferometry
technique. This technique, as mentioned above, relies on the properties of interferometry itself. In-
deed in standard interferometry the beams constructively interfere thanks to the delay line which
sets the phase between those two beams at 0[2π]. However, it is possible to use the delay line
not to get a 0 phase between the two wavefronts but on the opposite a π phase thus making the
beams destructively interfere. It is this particular propriety which is used in nulling interferometry.

The basic idea of nulling interferometry, first proposed by Bracewell (1978), is to make the star
light destructively interferes while get the other fainter planetary signals to constructively interfere.
This principle is illustrated in Figure 2.2.

Figure 2.2: Schematic representation of the monochromatic nulling interferometric pattern. An
interference pattern is created so that the star light interfere destructively.

However this pattern does not stay fixed in time, with respect to the sky, as the images are
most often taken in pupil tracking mode (it is also the case of the images used in this master
thesis). The interference pattern will thus rotates with the images and, if the star light would
in a perfect case always been self-subtracted, the faint planetary signal could however go in and
out of the dark fringes, meaning than for some images the planet signal will also destructively
interfere. Nonetheless, as the star light is always suppressed, it will allow to bring fainter signals
to detectable levels.

In the case of the LBTI the two telescopes are mounted on the same mount presenting a baseline
much shorter than usual interferometers but presenting the advantage not to require long delay
lines. Instead of those they use a fast pathlength corrector (FPC) and a slow pathlength corrector
(SPC). The SPC is used to create the interference fringes while the FPC provides correction for
the fast pathlength variations. A schematic view of the LBTI nuller mode (Defrère et al (2016))
is shown in Figure 2.3.
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Figure 2.3: Schematic representation of the LBTI’s nuller mode (Defrère et al.2020).

The light enters the two telescope apertures and reflects on the different mirrors before to be
split into the IR scientific light and the visible light which is used for the adaptive optics system of
the LBTI which controls the deformation of the secondary mirror to correct the entering wavefront.
The IR light however enters the Universal Beam Combiner (UBC) which allows first to correct
the delay between both wavefront so they are in time coherence thanks to the FPC and the SPC.
The light is then send to the Nulling and Imaging Camera (NIC) where the beams are once again
split into the 3 to 5µm waveband light which enters the LMIRCam optics and then goes to the
LMIRCam detector and the rest of the IR light. This last one enters a Beam Combiner which
sends a part of the light directly to PHASECam and the other part to NOMIC. The light going
to NOMIC undergoes another splitting and the 1.5 to 2.5µm light is redirected to PHASECam.
In this master thesis we used images taken at a wavelength of 11µm which corresponds to the
wavelength of NOMIC.

The images produced by nulling interferometry could be very surprising at first glance as the
best of them do not show the star at all. We show in Figure 2.4 several unprocessed images
obtained by nulling interferometry with different nulling qualities.
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Figure 2.4: Different image qualities for nulling interferometry: very good null quality (10 099
ADU or 1.63% null leak threshold, left), mediocre null quality (20 665 ADU or 3.33% null leak
threshold, middle) and very bad null quality (174 397 ADU or 28.15% null leak threshold, right).

As we can see on this trio of images, the star is hardly distinguishable on the best of them
whereas on the worse we can even see the Airy rings. Indeed as we want to get rid of the star light
the left images is the best suited as very little light from the star remains and much fainter signals
would became detectable. For this reason it can be very interesting to select the images in order
to discard the ones of poor quality. If we are very selective we can even discard the images similar
to the middle one but this can lead to a very small number of kept frames. The selection operated
on the null qualities is described in further details in the following section.

If we now want to go in deeper details for the construction of those images one might introduce
the monochromatic single-aperture PSF and transmission map of the LBTI. Figure 2.5 (Defrère
et al (2016)) shows those two.

Figure 2.5: Monochromatic single-aperture PSF (left) and transmission map (right) of the LBTI.
The red dashed lines correspond to the two first Airy minima of the PSF and the solid blue line to
the Earth orbit. The size of the figures are 1.5 x 1.5 arcsec and have been computed for 11.1 µm.

As we can see the images are built with several fringes and interfringes. We want to determine
the null depth for the images and for this we have to express the flux measurement at null (dark
fringes) and the constructive flux (bright fringes). The following equations are directly taken from
Defrère et al (2016). and express the flux in each case. The constructive flux I+ is given by:

I+ = I1 + I2 + 2
√
I1I2

where I1 and I2 are the mean individual intensities. The instantaneous flux sequence I-(t) giving
by the following expression:
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I-(t) = I1(t) + I2(t) + 2|V|
√
I1(t)I2(t) cos(∆ φ(t))+ B(t)

with I1(t) and I2(t) the individual instantaneous photometries, |V| the absolute value of the
source visibility at the instrument baseline, ∆ φ(t) the instantaneous phase between the two mirrors
and B(t) the instantaneous measured background. The null depth is expressed as the ratio of the
instantaneously measured flux at null and the constructive flux:

Null Depth = I-(t)
I+

In the following we will use a threshold on the null depth in order to select the best frames.
This threshold is defined by the ratio between the maximum flux (computed in a central aperture
of the size of the full-width-at-half-maximum (fwhm) of the LBTI’s PSF - 17.98 pixels -) in the
PSF for a frame to be selected Imax and the constructive flux. If I-(t) < Imax the frame is kept
and the null leak threshold is thus define as:

L = Imax
I+

and expressed in percent.
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Data description

3.1 Data acquisition
The images used in this master thesis were obtained with the LBTI in nulling mode at 11µm during
the HOST survey. The frames are composed of 128x128 pixels of 17.85µm. The data acquisition
sequence is described in details inDefrère et al (2016) and we remind here the basic principles.
Those images were taken following a sequence of observing blocks (OB) composed of: several OBs
at null, one OB of photometric measurement and one OB of background measurement. The OBs at
null are the images which will after data reduction compose the cubes, they correspond to images
where the beams of the two telescopes overlap coherently in phase opposition thus greatly reducing
the amount of star light in the final image. The OBs at null alternate different nod positions every
few minutes at most. The OB of photometric measurement, after data reduction, allows to retrieve
the star photometry needed to build the contrast curves. It consists in images where the beams of
the two telescopes are separated and do not overlap. Finally the OB of background measurement
allows to reduce the images mentioned above. It consists of images where the beams are nodded
off the detector.

Before data reduction the frames with the same nod position are grouped in a single data cube.
Then a mean image of the adjacent OB is build and subtracted to every frame of the data cubes.
In the case of β Leo a median image of the adjacent OB was also build and subtracted to each
frames of the data cubes and of the photometric measurement OB instead of the mean image. In
the following we will designate those two different cubes by the Mean cube and the Median cube
respectively. For all the other stars observed during the HOSTS survey only the Mean background
subtraction was processed.

During the survey calibrator stars were observed along with the scientific targets following
the sequence: CAL1-SCI-CAL2-SCI-CAL1-SCI-CAL3. Calibrators were observed to determine
the instrumental null leak i.e to determine the nulling transfer function of the instrument and its
response to a point source. Determining the instrumental null leak allows then to compute the
astrophysical null ( difference between the total null leak and the instrumental null leak) which
finally gives the source flux transmitted through the instrument. The images used for this study
were taken during three nights 2015-02-08, 2017-04-06 and 2018-03-28, with both scientific targets
and calibrators. The stars observed during those nights are listed in Table 3.1 with their coordi-
nates, spectral types, photometry, number of images, the exposure time of each images and for the
calibrators the scientific stars they are dedicated to.
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Target frames
num-
ber

right ascen-
sion

declination spectral
type

magnitude
(V band)

exposure
time
(ms)

scientific
target

α Lyrae 47005 18 36 56.336 +38 47 01.280 A0V 0.03 45
β Leo 16599 11 49 03.578 +14 34 19.409 A3V 2.13 60

HD114326 11592 13 09 47.847 +16 50 54.996 K4III 5.87 45 τ Boo
HD168775 11237 18 19 51.709 +36 03 52.369 K2III 4.34 45 α Lyrae
HD177808 13154 19 04 57.874 +31 44 38.653 M0III 5.56 45 α Lyrae
HD126597 12308 14 25 29.151 +38 23 34.990 K2III 6.28 45 gam Ser
HD129972 11889 14 45 14.460 +16 57 51.407 G8.5III 4.60 45 gam Ser
HD142574 16317 15 54 34.612 +20 18 39.491 K8III 5.44 45 gam Ser
HD149009 11926 16 31 13.431 +22 11 43.644 K5III 5.75 45 gam Ser
HD163770 7885 17 56 15.870 -58 42 15.461 F2V 9.90 45 α Lyrae
HD164646 11790 17 59 56.206 +45 30 04.954 M0III 5.67 45 α Lyrae
HD104979 7980 12 05 12.540 +08 43 58.749 G8III 4.12 60 β Leo
HD108381 7968 12 26 56.272 +28 16 06.320 K1III 4.34 60 β Leo
HD109792 16767 12 36 58.332 +17 05 22.326 K4III 5.66 60 β Leo

Table 3.1: List of the scientific stars and calibrators with their number of frames, their coordinates,
spectral types, magnitude in the V-band and the associated scientific target for the calibrators.

The scientific stars data are described in further details in the following sections.

3.2 Image cubes and frame selection

3.2.1 α Lyrae
α Lyrae was observed twice during the HOSTS survey. A first image cube was taken during the
night 2017-04-06 with an exposure time of 45 ms and a total of 23281 images. A second was
obtained during the night 2018-03-28 with the same exposure time but this time for 23724 images
in total. All the images of α Lyrae were corrected with the mean subtraction background. The
results of the HOSTS survey for α Lyrae show a low zodi level (33.2 ± 7.5 zodis, Ertel et al (2020)).
We proceed to a first study on the 2018’s cube and then a second one on the merged cube. It is
important to note that it was necessary to build two merged cube: a first one with a configuration
2017-2018 and another one with the inverse configuration (2018-2017). We will in the following
designate this last one as the inversed merged cube. We plotted in Figure 3.1 the parallactic angles
as a function of the frames when the configuration 2017-2018 is used, to show their discontinuity.

Figure 3.1: parallactic angles for the α Lyrae merged cube 2017-2018
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We represented in Figure 3.2 the flux as a function of time, the parallactic angles as a function
of time as well as the flux distribution for both cubes.

Figure 3.2: Flux (left) and parallactic angles (right) as a function of time for both image cubes.
For the flux as a function of time we make coincide the time of the last image of the 2017’s cube
with the first image of the 2018’s cube for better visibility.

Figure 3.3: Flux distribution for the 2018’s cube (left) and for the merged cube (right). The
maximum flux (constructive interference) is about 619585 ADU for α Lyrae. The vertical line
represents the selection operated on the null.

All this information allows us to make selections on the flux, knowing the loss on parallactic
angles and number of frames such a selection will introduce. On this basis we built 9 other cubes
for the 2018’s original cube, and 10 for the original merged cube. The selection was first operated
on the cube only containing the images from the night 2018-03-28.

We found that a first interesting selection would be to discard all frames with a flux greater
than 100 000 ADU, thus corresponding to a 16.14% maximum null leak threshold (MNT) selection.
We choose this first selection because it discards all the images with very bad nulling while keeping
a great number of frames (18942 frames for the 2018’s cube). A second selection was put at 40
000 ADU, corresponding to a 6.46% null leak threshold. This second selection was chosen in order
to keep images with much greater null quality while keeping 17357 images. We then choose two
selections at 30 000 and 20 000 ADU to study the effect of an important loss in the number of
frames against the gain due to the quality of the preserved frames. We did not make more selective
cubes due to the very small number of frames that would have been kept. However, to further
estimate the effect of the gain and loss tied to the number of frames and null quality, we choose to
build cubes with selection set at 50 000, 60 000, 70 000, 80 000 and 90 000 ADU which correspond
to 8.07, 9.68, 11.30, 12.91 and 14.53% null leak threshold respectively. These cubes offer a constant
improvement of the null quality, however, the diminution of the number of frames is not constant
at all. This will allow us to estimate the effect of both parameters independently.

For the merged cube we choose the same selections than for the 2018’s cube in order to compare
the results obtained for the same null leak threshold but with a greater number of images and a
wider range of parallactic angles. We add another cube with a selection on the flux set at 25 000
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in order to get approximately the same number of frames than the original 2018’s cube, but with
a lower null leak threshold and a wider range of parallactic angles.

The cubes with selection on the flux, for both of the original cubes (2018, merged, inversed
merged) will be called when referred as a whole, and not individually, as the "cleaned cubes" which
would be opposed to the original cubes.

In order to assess the coherence of our results at different distances from the star we also checked
the cropping of the images. We found that no result further than 0.81 arcsec away from the star
should be considered.

Finally, to save computational time, all the cubes (cleaned and originals) were averaged 100
frames by 100. All the cubes presented in the following analysis are the averaged ones. A verifi-
cation has of course been made to check if this average does not degrade the quality of the final
curves we obtain, and no significant change have been found.

3.2.2 β Leo
β Leo was observed during the commissioning time of the HOSTS survey and was added to the
unbiased survey as it does not introduce significant bias. A cube of 16599 images with 60ms of ex-
posure time was produced with this observation, and later on added to the complete survey. These
images were then corrected by two different background subtraction methods: the mean and the
median.The Mean and Median images taken for the background subtraction are the Mean and
Median images of the adjacent OB. Those images are then subtracted to each frame of the cubes.
When subtracted with the Mean image the frames formed what we called in the following the
Mean cube, when subtracted with the Median image they formed the Median cube. For the Mean
subtraction methods the number of frames reduced at 16597. β Leo, on the contrary to α Lyrae
present in the data of the HOSTS survey a significant excess for its zodi level (103.5 ± 11 zodis,
Ertel et al (2020)) suggesting this time that its exozodiacal disk might be much denser than the
one in our solar system thus dampening the chances for exoplanets detection inside or near this disk.

In Figure 3.4 and Figure 3.5 we plotted the flux in function of time, the parallactic angles in
function of time and their flux distribution. Even if a single cube was taken in the 2015-02-08 night,
we processed the two cubes resulting in the two different correction as independent. However as
they are very similar and that their differences are not distinguishable on the graphs presented in
Figure 3.4 we chose to display only the Mean cube.

Figure 3.4: Flux (right) and parallactic angles (left) as a function of time. For the flux the two
cubes present slight differences and have been plot side by side by adding the time of the last frame
of the Mean cube to the first of the Median cube. For parallactic angles we choose to plot only
one of the cube as there is only two additional frame between the Mean and Median cubes and no
changes in parallactic angles besides those two frames.
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Figure 3.5: Flux distribution for the Mean cube (blue) and the Median cube (yellow) with the
selections operated on the null

As we can see on Figure 3.5 the differences between them are tiny but still present. The null
quality of the Mean cube is indeed slightly better than the Median one. For the two 100% null
leak threshold cubes this induce nearly no difference. There is, however, slightly more frames
in the selective Mean cubes thus inducing stronger differences. By looking at the corresponding
graphs for α Lyrae, even taking the much greater value of the photometry into account, we can
see that the null work a lot better on β Leo (see comparison with Figure 3.3). Indeed if some
few images reach a flux value of 29 000 almost all the others (16349) are below 10000, which
correspond to 29.37% of null leak threshold. This first selection allow us to discard the images
which forms the peak that we can see in the Figure 4.2.1(left) while keeping nearly all the frames.
We made a second selection on the flux at 4000 ADU as it drastically increases the quality of
the null of the kept frames while keeping a good integration time (15 minutes). This selection
corresponds to a 11,75% null leak threshold. A last cleaned cube was made at 5% null leak thresh-
old to study the impact of a great loss in integration time and an important gain in the null quality.

As for α Lyrae we check the cropping to estimate until which distance the analyse of our images
can still be consider coherent. It happens to be much more limited than in the α Lyrae case as the
maximum coherent distance is here 0.62 arcsec.The β Leo’s cubes were also averaged 100 frames
by 100 to save computational time. Once again, we check that it does not degrade the quality of
the contrast curves, but no significant changes were found.
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Data Processing

4.1 VIP
In the context of this master thesis we processed the images using the Vortex Image Processing
(VIP) package which is presented in details in Gonzalez et al (2017). This package is a python
library which has been designed for the processing of high contrast imaging data, in particular
taken with the ADI technique as it is nowadays the most commonly used. It also supports the
RDI and SDI (multi-spectral differential imaging) techniques. If this library has been developed
at first for coronography, thanks to its instrument-agnostic design, it is also very well adapted for
images obtained with nulling interferometry data. The modular structure of VIP is indeed very
practical as it allows to choose the needed functions to process our data but do not force them into
our pipeline. For nulling interferometry, as an example, the re-centering process is not adapted,
nor needed, and the flexibility of VIP allows a very fast adjustment to new instruments. A very
easy-to-use tutorial for ADI is also provided through this package and has proven to be very useful
for this master thesis.

The VIP library proposes a large choice of PSF model subtraction methods with different
complexity of PSF building : median subtraction, median annular subtraction, pairwise frame
differencing, least-square approximation, full-frame PCA, annular PCA, non-negative matrix fac-
torization for ADI (NMF-ADI) and LLSG. These methods will be describe very briefly in the
following. They can be used all in the same pipeline (as shown in the tutorial) to allow easy
comparisons of the obtained final images, but also individually thanks to the flexibility of the VIP
library. VIP also offers a very practical way to adapt the code from an ADI analysis to an RDI
or SDI analysis as the function only needs additional parameters, among which the image cube of
the reference star, to switch to those modes. Beyond practicality it also allows not to introduce
additional biases in potential comparison of those different techniques. However, for the RDI mode,
fewer PSF model subtraction technique are available will only the full-frame PCA and the annular
PCA.

We very briefly describe the PSF subtraction methods proposed by VIP below. These descrip-
tions are directly taken from the VIP website1.

Median and Median annular subtraction

This algorithm is based on Marois et al (2006) and consists in taking the median of the image
before its derotation and to subtract it to each frame of the image cubes. Then the derotation is
operated on each frame and the frames are combined. In the case of the Median annular subtraction
the median of the images cubes is operated annulus per annulus and so is the subtraction. This
modification of the first algorithm allows to adapt the subtraction in function of the distance from
the star.

Pairwise frame differencing

This algorithm uses separately the pixels from different annuli (which width is determine) to create
pairs of most similar images. Then it performs pairwise subtraction and combine the residuals.

1https://vip.readthedocs.io/en/latest/viphci.pca.html
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Least-square approximation

Least-square approximation algorithm is based on the Locally Optimized Combination of Images
algorithm (Lafreniere et al (2007)). It models a PSF with least-square combination of neighbouring
frames (solving the equation ax = b by computing a vector x of coefficients that maximizes the
Euclidian 2-norm ||b-ax||2).

Full frame PCA

The algorithm allows to model a reference PSF and a quasi-static speckles pattern thanks to
Principal Component Analysis. This algorithm can work with ADI and RDI. In the case of ADI
processing the images from the target cube itself are used to build the PSF and the quasi-static
speckles pattern. It is based on Soummer et al (2012) and Amara and Quanz (2012). When used
for RDI processing, a reference star image cube must be introduced in the function so the PSF
and the quasi-static speckles pattern can be build from it.

Annular PCA

This algorithm is very similar to the previous one, and work also with ADI and RDI. However, in
this case the PCA model is computed locally in each annulus. For each sector reference frames are
discard taking into account a parallactic angles threshold and a radial movement threshold (those
parameters are applied to the target image cube in the case of ADI and to the reference star image
cube in the case of RDI)

Negative Matrix Factorization for ADI

Negative Matrix Factorization proposes an alternative to the full-frame PCA processing. Indeed,
it does not rely on single value decomposition or eigenvalue decomposition, for obtaining low-rank
approximation, as does full-frame PCA. This function embeds the scikit-learn Negative Matrix
Factorization algorithm solved through coordinate descent method.

Local Low-rank Sparse Gaussian

Local Low-rank plus Sparse plus Gaussian decomposition method is described in details in Gomez Gon-
zalez et al (2016). It aims at decomposing ADI cube into three terms L (Low-rank) + S (Sparse)
+ G (Gaussian). As the moving planet should stay in the S term, separating the noise from the
Sparse component allows to increase the S/N of potential planets.

4.2 No PSF subtraction
We began our analysis with a simple processing involving no PSF subtraction. We indeed simply
derotated the images and then took the mean of this cube to build a Mean derotated image or
its median to build a Median derotated image. This technique was performed with the original
cubes and the cleaned cubes of both stars. For this analysis we slightly modified pre-existing VIP
algorithms to compute the contrast curves. In particular, as this technique does not involve any
subtraction we set the throughput to 1. It is important to note that for the Mean derotated images
the cube were averaged 100 by 100 but for the Median derotated images we took the median of
100 by 100 images. This was done in order not to give an important impact of the averaging of
the cubes in our comparison between the Mean and Median derotated images.

After this first analysis we tried to improve the obtained contrast curves by using more complex
processing technique: ADI and RDI, which are described in the following sections.

4.3 ADI
The angular differential imaging (ADI) technique has first been described in Marois et al (2006).
It refers in fact to on observational technique as well as a reference PSF subtraction technique.The
observational ADI technique consists in allowing the field of view (FOV) to rotate while keeping
the star at the center. This is shown in Figure 4.1.
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Figure 4.1: Schematic representation of ADI working principle. The FOV rotates around the star,
then the median of the images is computed. This median is then subtracted to each frame. After
this subtraction the images are derotated. A median of those new (subtracted + derotated) images
is computed, this is the final image. It is important to note that the images subtracted are not
always the median. The least-square approximation, FFPCA, annular PCA, NMF-ADI and LLSG
methods do not subtracted the median but images build from more complex algorithms.

By this process the star light remains at the same location on the detector whereas the light
coming from a potential off-axis companion will rotate with the FOV. When the images are com-
bined but not derotated the star light will be summed up but the planet’s light remains dispersed.
The ADI technique uses this configuration to build a reference PSF based on those images and
thus uses directly the light of the target star. Of course they are several algorithms to build the
reference PSF from those images. In Marois et al (2006) they present the median subtraction and
the median annular subtraction. However since then other algorithms have been developed for this
method, in particular the full-frame PCA algorithm (Hunziker et al (2018)) which has proven to
be very efficient and is commonly used nowadays. The development of this technique as greatly
improved the contrast reachable for point-like sources compared to previous classical observation
technique.

However this technique also has drawbacks. The first of them might be that it can only be
used with altitude/azimuth telescopes as this configuration is required to allow the FOV to rotate
around the target star. Another drawback of this technique is the self-subtraction it induces for
extended circular structure such as proto-planetary disks. Indeed with a centered circular config-
uration this light will self-subtract in the same way than the star light. Finally, to be efficient at
small angular separation, this technique requires very wide range of parallactic angles which can
prove to be time consuming and thus decreases the efficiency of the ADI technique. Indeed its
main purpose is to considerably reduce the quasi-static speckles noise and other a long time scale
(typically above an hour) the light distribution might change sufficiently to reduce ADI perfor-
mances.

This technique has been developed for coronography, however it is also very well adapted to
our nulling imaging data. Indeed an additional effect of this observation technique when used with
nulling interferometry is that the interference pattern will not be fixed compared to the image. If we
consider the situation in the frame of reference of the images, the interference pattern is rotating,
thus the planets might go in and out of the dark fringes. It thus prevent the potential planets to
be permanently hidden by a dark fringe during the whole observation. Figure 4.2 illustrates this
idea.
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Figure 4.2: Rotation of the interference pattern compared to the star and its companion

The ADI technique is thus really important in the case of nulling interferometry as it allows
to suppress blind zones due to the interference pattern. However, it does not mean that data
taken with the ADI observational technique have to be processed thanks to ADI PSF subtraction
methods.

In this master thesis the images have been taken in pupil-tracking mode, which is well suited
for ADI processing. When we refer to the ADI processing we, however, are considering the PSF
subtraction methods for ADI and not the observational technique.

4.4 RDI
The Reference star Differencial Imaging (RDI, Lafreniere et al (2007), Ruane et al (2019)) tech-
nique has been developed to overcome some of the drawbacks of ADI. The main motivation was
to increase the sensitivity close to the star where ADI was limited by its need of wide parallactic
angles range. RDI also allows to overcome the circumstellar disk self-subtraction issue and can
be used with all kind of telescopes. Its basic principle is to use a reference star from which the
reference PSF for the target star treatment will be build. With this technique there is no need
to rotate the FOV but it requires observational time for the calibrators (reference stars). This
technique thus does not require a particular observation technique as ADI. The huge advantage of
RDI over ADI at small angular separation is that it is not limited by parallactic angles range, thus
it allows to probe the environment closer to the star.

In the case of RDI, however, the reference PSF is not build from the target star’s images them-
selves but from the calibrator’s (or reference star) images. While it does not require any rotation it
can however introduce differences in the reference PSF which come directly from the fact that no
stars are perfectly identical or acquired in the same conditions. It also means different wavefront
errors, different background, but for some case also different seeing quality, etc... The overall effect
is that if RDI is, indeed, more efficient close to the star, ADI remains better further from it. Those
methods thus tend to be complementary.

Another interesting characteristic of this method is that it can be used on all type of images.
Indeed RDI reference PSF subtraction methods can be used on images taken with ADI but the
opposite is not true as ADI needs a parallactic angles range to operate and RDI observations would
not have such a range. For SDI (Multi-spectral Differential Imaging), RDI could also be used in
theory as it needs nothing more than images from the target star and from a calibrator.

An important point to take into account here is that the images used for this master thesis
were taken following the ADI observation technique, even if calibrators were also observed. Indeed,
when working with nulling interferometry a fixed pattern would be very unefficient and as men-
tioned previously, the ADI technique is a good way to overcome this issue. It is thus important
to remember that the images are only processed thanks to RDI but have been taken with the
ADI technique. It might thus induce, even in the RDI processing, some sensibilities due to the
observational technique.
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Data Analysis

5.1 No PSF subtraction

5.1.1 α Lyrae
The analysis without PSF subtraction for α Lyrae was directly made on the merged cube as we
strongly suspected than more integration time would favor this method. As described earlier we
derotated the images before to build the Mean and the Median derotated images. We obtained
two very similar images which are shown in Figure 5.1.

Figure 5.1: Mean (left) and Median (right) derotated images for the 3.23% null leak threshold
merged cube.

As we can see in both the images we can guess a ring around the star. In Figure 5.2 we put a
mask of 17 pixels radius (for a full-width-at-half-maximum -FWHM- of 17.98) over the center of
the frame to better show this ring. This was done on the Mean derotated image but a very similar
result is obtained for the Median derotated image.
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Figure 5.2: Mean derotated image with a central mask of 17 pixels radius.

We then compute the contrast curves for those two images, for different MNT levels. These
results are shown in Figure 5.3 .

Figure 5.3: Contrast curve for the Mean (left) and Median (right) derotated images of merged
cubes without subtraction.

As we can see here the more selective cubes always give better results, suggesting a great impor-
tance of the selection on the flux. Indeed as there is no PSF subtraction, it is of first importance to
discard the bad frames. It would be very interesting to investigate until which point the selection
improves the contrast reachable and thus when the lack of integration time begin to overcome the
improvement brought by the flux selection. Another interesting behavior to notice is the one of
the cubes with no selection. In Figure 5.3, for the left part (Mean derotated image) we notice that
the 100% null leak threshold cube is much worse than the other whereas on the right part (Median
derotated image) it is much closer to the other contrast curves but for the very external part. This
can be explained by the nature of the mean and the median techniques themselves but one should
thus carefully consider which image (Mean or Median) will be more adapted in function of the
overall null quality of the cubes. Indeed if the cube contains a lot of relatively poor null and that
no selection is operated the median is probably more adapted. On the contrary if the cube has
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very little poor null or that a selection has been made, the Median derotated image tends to be
slightly better close to the star, whereas the Mean gives slightly better results far from the star.
However, if an aggressive selection has been made and that only very good frame are preserved,
the Mean derotated image might prove to be the best choice.

5.1.2 β Leo
We proceed to the same analysis on the β Leo Mean and Median cubes, for which we build a Mean
and a Median derotated image. As for α Lyrae the Mean and Median derotated images are very
similar but so are the Mean and Median derotated images of the Mean and Median cubes. We
thus chose to display only one of them in Figure 5.4.

Figure 5.4: Mean derotated image of the 11.75% null leak threshold Mean cube with (right) and
without (left) a mask of 17 pixels in radius.

Contrast curves were nonetheless compute for the four derotated images ( mean image for the
mean background subtracted cube, median image for the same cube, mean image for the median
background subtracted cube and median for this last cube) and are display in Figure 5.5.

Figure 5.5: Contrast curves for the Mean (left) and Median (right) derotated images.
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As we can see on those graphs in both case the 11.75% null leak threshold Mean cube gives the
best results close to the star and the 100% null leak threshold Median cube become better further
away from the star. This would suggest that for this method Mean background subtraction is
more efficient close to the star and Median background subtraction far from it. Another interesting
result is that the Median derotated image gives better results for those two curves which tends to
indicate that the Median derotated image is more adapted to β Leo cubes configuration. Further
comparison between β Leo and α Lyrae will be detailed in a dedicated section.

5.2 ADI processing

5.2.1 α Lyrae
After the first processing without PSF subtraction, presented in the previous section, a more com-
plex analysis is made, on α Lyrae, using the ADI technique. The VIP package we use to process the
images proposes a large panel of PSF subtraction methods for ADI: median subtraction, median
annular subtraction, pairwise frame differencing, least-square approximation, full-frame PCA (FF-
PCA), annular PCA, ADI-NMF and LLSG. We first compare the throughput obtained with each
method on each merged cube (cleaned and the original). This is shown in Figure 5.6. The same
comparison was also made on the 2018’s cubes and displays similar results. It is useful to note that
the methods median annular subtraction, pairwise frame differencing, least-square approximation
and annular PCA were performed on the inversed merged cube because these methods were not
working with the discontinuity in parallactic angles present in the merged cube.

Figure 5.6: Maximum algorithmic throughput for each merged cube and each method

As we can see in Figure 5.6 the annular PCA and FFPCA methods are the most promising
in term of algorithmic throughput. In addition, the throughput for the annular PCA might be
overestimated as, it is define in a way that at every distance the best subtraction of the PSF
and of the quasi-static speckles is operated. However, in term of contrast the last one was the
most stable and performing method for these cubes. Indeed if median subtraction and median
annular subtraction methods provide slightly better results for some particular cubes they were
much more variable from one cube to an other. The same drawback was noticed for the LLSG
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method which provides extremely good results close to the star for the 4.84% null leak threshold
cube but bad ones for all the other cubes. We believe the stability criterion of is great importance
as unstable results would considerably reduce the conclusion we can make on the impact of the
different parameters of the cubes (integration time and null leak threshold among others). Con-
sidering all those aspects we choose the FFPCA method to further analyse and compare these data.

It is important to note that we consider the impact of the principal components (PCs) num-
ber used to build the throughput and contrast curves. For both the 2018’s and merged cube we
run several times a same cube with for each run a different number of PCs comprised between 1
and 10. In Figure 5.7 we present the results obtained for the 14.53% null leak threshold 2018’s cube.

Figure 5.7: Comparison of the contrast curves with different PCs number for the 14.53% null leak
threshold 2018’s cube

As we can see in Figure 5.7, some PCs numbers give relatively poor contrast curves. This
conclusion tends to be the same for all the cubes (ADI and RDI, α Lyrae and β Leo). The contrast
curves computed with 2 PCs were, for almost all the cubes used in this master thesis, very bad
compared to others. Further investigations are required to understand this result. Nonetheless,
we discard all those PCs numbers which provide in several cubes contrast curves much more pes-
simistic than the others. Then we consider the ones which on the contrary provide the best results.
Here those are the 1,7 and 10 PCs. Of course they were not the same for all the cubes, let alone
between ADI and RDI. We decided to choose a PCs number which will give overall better results
for all the cubes and techniques. It happens to be 1. In the following 1 PC will thus be used to
build the throughput curves as well as the contrast curves.

We begin the real analysis of α Lyrae by the 2018’s cubes. An interesting characteristic of these
cubes is their very narrow range of parallactic angles (10) which in the case of ADI could lead to
an important self-subtraction of the potential exoplanet. The variety of cubes we used also provide
a good insight on the impact of the loss in integration time and the gain in null leak threshold.
The contrast curves obtained with the FFPCA method for all the 2018’s cubes are presented in
Figure 5.8.
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Figure 5.8: Contrast and sensitivity curves for each cube as a function of the distance to the star
in arcsec

We plotted here the four most interesting curves for our study. The 100% null leak threshold
cube was taken as a reference to compare the improvement or degradation of the other curves
depending on their selection and integration time. A first important difference, that we can see
in Figure 5.8, with what we would have expected is the very good contrast provided by the 100%
null leak threshold at 0.25 arcsec from the star. Indeed the contrast close to the star is expected to
become better as the null quality improve, thus corresponding to the most selective cubes. In the
same time, we can notice that the cube which is expected to provide the best results at 0.25 arcsec
gives in fact the worst one. A possible explanation of these results is the loss in integration time.
There is indeed an important loss between the 100% null leak threshold cube and all the other
cleaned cubes. This could suggest that the gain in null quality was not enough to compensate
for the loss in integration time. The results obtained at 0.77 arcsec are, however, much closer to
the expected ones as the cubes with greater integration time give the better results. We can see
nonetheless that the 16.14% null leak threshold cube gives results very close than those of the
100% null leak threshold cube, this can suggest that in this case the loss in integration time is
compensated by the gain in null quality. We further discuss the behavior of the contrast close (at
0.25 arcsec) and far (at 0.77 arcsec) to the star in the following with the insight provided by the
analysis of the merged cube.

We display in Figure 5.9 the final images corresponding to the contrast curves plotted in Figure
5.8 for a reference PSF built thanks to FFPCA with 4 PCs and for an optimized number of PCs.
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Figure 5.9: Final images for the 100% null leak threshold 2018’s cube (top left), the 16.14% null
leak threshold 2018’s cube (top right), the 4.84% null leak threshold 2018’s cube (bottom left) and
the 3.23% null leak threshold 2018’s cube (bottom right) with their S/N maps.

The merged cube provides a wider range of parallactic angles and a greater integration time. It
is important to note that a 4.04% null leak threshold cube was added and has no equivalent in the
2018’s cubes. This cube gives a point of comparison with the 2018’s cubes as it possess approx-
imately the same integration time than the 100% null leak threshold 2018’s cube. As expected,
all the results obtained with this cube were better than on the previous ones, which is shown in
Figure 5.10.
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Figure 5.10: Contrast and sensitivity curves for the merged cubes

A first major difference we can see between these cubes and the 2018’s cubes is the better results
of the cleaned cubes compared to the 100% null leak threshold cube. This suggests that with the
overall gain in integration time this parameter became less critical and the selection is not as much
counter-balanced by the loss in the number of frames. If we now focus on the 0.25 arcsec contrast
values we can see that they look exactly like expected if not for the tiny inversion between the 4.84%
and the 3.23% null leak threshold cubes. However this can once more be explained by the important
loss in integration time (8.5 minutes of integration time loss) between these cubes. A much more
surprising result is found at 0.77 arcsec where the most selective cubes provide the better results.
Indeed far from the star the contrast is supposed to became better as the integration time increase.

In Figure 5.11 we display the final images obtained for the merged cubes which contrast curves
have been plot in Figure 5.10, for 4 PCs used to build the reference PSF through the FFPCA
methods and for an optimized number of PCs along with their S/N maps.
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Figure 5.11: Final images for the 100% null leak threshold merged cube (top left), the 16.14% null
leak threshold merged cube (top right),the 6.46% null leak threshold merged cube (bottom left)
and the 3.23% null leak threshold merged cube (bottom right) with their S/N maps.

To better understand the impact on the different parameters close to the star (at 0.25 arcsec)
and far from it (at 0.77 arcsec) we plotted the behavior of the contrast in each case. To do so, we
take for each cube the value of the contrast at 0.25 arcsec and 0.77 arcsec for the different level of
MNT.

Far from the star, we know that the contrast is supposed to improve as the inverse of the
square root of the integration time in the background-limited regime. As a first step we plotted the
contrast at 0.77 arcsec for each cube along with his supposed behavior that we denoted "Theoretical
curve" in Figure 5.12. It is important to note that we use a normalization factor to make coincide
the obtained contrast for the 16.14% null leak threshold cube and its theoretical value. This
normalization factor is defined as:

C16.14
√
T 16.14

with C16.14 the contrast value for the 16.14% null leak threshold cube and T16.14 its integration
time.
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Figure 5.12: Expected behavior of the contrast as a function of the null leak threshold, assuming
we are in the background limited regime, and obtained contrast at 0.77 arcsec

As we can see the expected behavior does not match properly the obtained contrast and even
tend to show the opposite behavior when we become more and more selective on the flux. Con-
sidering this divergence and to better understand the impact of both parameters (integration time
and null leak threshold) on the contrast behavior at 0.77 arcsec we tried to build a curve which
will fit the obtained contrast better. We first check if other orders of the integration time provided
a better fit (square root, square, inverse of the cubic root,...) but the inverse of the square root
was still the best fit. We so introduce a factor taking into account the null leak threshold of the
cube and once again try different order until we found the best match with the fifth root of the
null leak threshold. The curve "Best fit" of this graph corresponding to

Cext
16.14
√
T 16.14√

T
∗ 5
√
L

with Cext
16.14 the obtained contrast for the 16.14% null leak threshold cube, T16.14 its integration

time, T the integration time of the considered cube and L its null leak threshold.

We did the same analysis for the internal behavior (at 0.25 arcsec). We know in this case that
close to the star the behavior must be tied to the null quality and therefore the null leak threshold
of the cubes. We started from this knowledge to build a curve that will fit the internal behavior.
As for the external analysis we tried several orders of the null leak thresholds (square, square root,
cubic root, fourth root,...). Even if significant differences from the fit persist we found the best
curve to be the sixth root of the null leak threshold. Once again it was normalize but this time
only with the value of the contrast obtained for the 16.14% null leak threshold cube, providing a
final equation for the fitting curve:

C int
16.14

6
√
L

with L the null leak threshold of the considered cube. This result is shown in Figure 5.13.
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Figure 5.13: Obtained contrast at 0.25 arcsec as a function of the null leak threshold and its best
theoretical fit

As we can see the fitting curve only follows the general evolution of the contrast but not its
smaller variations which seem to adopt a sinusoidal-type behavior.

The analysis of the external behavior curve shows that even at 0.77 arcsec from the star we are
still out of the photon-noise limited regime. Indeed, we can see on Figure 5.12 that the expected
behavior for such a regime is not consistent with the obtained contrast, in particular for the most
selective cubes. The factor 5

√
L we found to correct this theoretical curve is also a good indicator

to prove we still didn’t reach the photon-noise limited regime. By looking at the contrast curves
for both the 2018’s cube and the merged cube we can see that almost all the curves did not yet
reach their plateau at the large separation. For the 2018’s cube only the 4.84% and 6.46% null
leak threshold cubes seems to have already reached it. In the case of the merged cubes the 100%
null leak threshold cube is the only one showing a similar behavior. It is however interesting to
note for the 2018’s cubes that most selective cubes seems to reach their plateau first, in particular
if we take a look at the 8.07% null leak threshold cube which also seems to be about to reach is
plateau. This could suggest that the 5

√
L corrective term we found for the best-fit curve is partly

due to the tendency of the most selective cubes to reach their plateau faster than the less selective
ones. However, Figure 5.10 does not present a similar behavior. This can be due to the greater
integration time of the merged cube, as the most selective cubes have the smaller number of frames,
but this is unlikely as the 6.46% null leak threshold 2018’s cube and the 3.23% null leak threshold
merged cube share approximately the same integration time and do not display similar behaviors.
The possibility of the null leak threshold to be responsible is also very unlikely as the cubes sharing
the same null leak threshold do not show similar behaviors. If the difference between the 2018’s
cubes and merged cubes for the distance at which they reach their plateau is to be input to a
parameter of the cubes it might be the range of parallactic angles. However there is a distinct
possibility that this difference comes from different level of noises as, in both cases, we are still out
of the photon-noise limited regime.

In the case of the contrast at 0.25 arcsec from the star, the overall behavior seems to be even
more complex. Indeed if the 6

√
L curve seems to provide a good general approximation of the con-

trast behavior, the huge differences and the unexpected inversion strongly suggest that a least one
additional parameter is needed to theoretically describe this behavior. As the parallactic angles
range stay the same for the merged cubes, the inversion could hardly be explained thanks to this
parameter. The integration time, furthermore, if it varies cannot explain by its own the inversions
as it, of course, decreases with the selection. One also could think of the ratio of the null quality
and the integration time as the selection provide a gain in null quality which can be balanced
with the loss in integration time. However this would have concentrated the inversion to the three
most selective cubes as they are the only ones with important integration time loss compared to
their gain in null quality. Indeed the cubes 16.14%, 14.53%, 12.91%,11.30% and 9.68% null leak
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Figure 5.14: Comparison between the 2018 and merged 8.07% null leak threshold. The two curves
show a significant improvement of the overall curve. We know have to determine which parameter
has the strongest impact.

threshold cubes have a very small decrease of their integration time and a continuous gain in null
quality. This behavior is probably due once again to noises which might take more importance
from one selection to another.

Further investigations for the reason of the behavior of the contrast at 0.25 arcsec as well as
0.77 arcsec is, however, beyond the scope of this master thesis.

To get a better insight in the role of each parameter of the cubes in the ADI processing we
further compare two pairs of cubes: the 8.07% null leak threshold 2018’s and merged cubes, which
have the same null quality but a different range of parallactic angles and integration time, and
the 14.53% and modified 14.53% null leak threshold merged cubes, which have the same range of
parallactic angles and null quality but different integration time. This last cube was specifically
built for this comparison by taking only one in two images from the 14.53% null leak threshold
cube. We choose this cube in particular for its important number of images and the quality of its
contrast curve.

In this first analysis we compare the 2018’s and merged cube 8.07% null leak threshold cubes
to see the combined impact of the parallactic angles range widening and of the integration time
increase. This comparison is shown in Figure 5.14.

As we can see on this figure we found a significant improvement of the overall contrast curve.
However it also shows a greater relative improvement close to the star than far from it. Indeed
the improvement close to the star is of the order of 46% and far from it drops to 35%. When
considering the impact of both of the varying parameters in function of distance: the parallactic
angles range widening having a greater impact close to the star and the integration time increases
far from it; it seems to indicate a greater effect of the parallactic angles range widening.

We then compare the modified and original 14.53% null leak threshold cubes to study the effect
of the integration time alone. This is shown in Figure 5.15.
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Figure 5.15: Comparison between the original and modified 14.53% null leak threshold cubes. The
difference between the two cube are tiny in comparison of the difference obtained in Figure 5.14
suggesting that the impact of the integration time is very weak in this case.

As we can see in Figure 5.15, the effect of the integration time increases is very small which was,
in itself, unexpected. There is however an even more surprising result shown on this graph which
is the inversion between the original and the modified cubes, this last one showing slightly better
results close to the star. This can be explained if we consider than among the images discarded
in the modified cube were some of the lowest quality and thus that the null leak threshold in the
modified cube is very slightly lower. However this shows how very little the increase of the inte-
gration time improve the contrast curve compare to the other parameters. The other half of the
images was also studied in the same way showing an even stronger effect of the slight improvement
of the null quality.

Even considering that the integration time has only been doubled and that the parallactic an-
gles range has been widen by a factor 3.5, it hardly explains that huge difference between both
parameters. These results tend to indicate one more time that widening the parallactic angles
range is much more efficient to improve the contrast curve than the integration time increase. This
is even more flagrant when we remember that the modified cube contains only 20165 images, even
less than the 4.84% null leak threshold cube with which the original 14.53% already shows a greater
contrast difference.

5.2.2 β Leo
In order to be coherent with the analysis of α Lyrae, we kept as much identical parameters as
possible. We, in particular, kept the FFPCA method to analyse the β Leo images, as it shows
good and stable results for them too. Another parameter we kept is the PCs number. However
we perform a full analysis on the impact of the PCs number to check that it does not introduce
significant changes in the contrast curves. As for α Lyrae we discard the PCs number providing
relatively bad curves for each cubes. In the remaining PCs number was 1 which we choose for its
quality as well as for coherency.

Those parameters chosen, we then perform a complete analysis for both the Mean cubes and
the Median cubes. We present the results in Figure 5.16.
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Figure 5.16: Contrast and sensitivity curves for the Mean and the Median cubes and for the
different MNT levels. We can see than the Mean subtraction gives the best results in all cases.
However, the Mean 5% MNT curve is extremely bad. The reason why the corresponding Median
curve behaves that differently would need further investigation.

A first interesting result is that at separation larger than 0.4 arcsec the curve giving the best
result is the Mean 100% null leak threshold cube, as we would have expected, and that by compar-
ison with α Lyrae cubes, this time it already reached its sensitivity-limited plateau. It is important
to remember however that no results further than 0.62 should be taken into account due to the
cropping of the frames. If we now consider the 0.25 arcsec case, we can see that the best curve is
obtained with the Mean 11,75% null leak threshold cube. It was expected that the 5% null leak
threshold cubes would give the best results close to the star as they are the most selective. If the
Median 5% null leak threshold cube is very close to the contrast given by the best contrast curve
at 0.25 arcsec, the Mean 5% null leak threshold cube gave a contrast equal to 1. This can be partly
explained by the important loss in integration time compared to the improvement in null quality.
However the different behaviors of the Mean and Median 5% null leak threshold cubes is very in-
teresting as it could suggest a difference of sensibility to the integration time, and that for example
the Median subtraction could be much efficient for small cubes. Another interesting result when
compared to the 2018’s α Lyrae cubes is that the sensitivity obtained is very similar, in particular
far from the star. It is also important to note that the best curves (at 0.25 arcsec as well as at 0.62
arcsec) are both given by Mean cubes, suggesting that this background subtraction method might
be more adapted to this cube. However this should be considered carefully, as we can see in Fig-
ure 5.16, it is not the case for all the cubes when compared with their corresponding Median cubes.

In Figure 5.17 we display the final images obtained for the mean and median cubes, respectively,
which contrast curves have been plotted in Figure 5.16, for 4 PCs used to build the reference PSF
through the FFPCA methods and for an optimized number of PCs along with their S/N maps.
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Figure 5.17: Final images for the 100% null leak threshold Mean cube (top left) and the 11.75%
null leak threshold Mean cube (top right),the 100% null leak threshold Median cube (bottom left)
and the 11.75% null leak threshold Median cube (bottom right) with their S/N maps.

We then compare in more details, as for α Lyrae, the impact of the different parameters
(integration time, parallactic angles and null quality). For β Leo we were not able to compare
two cubes with the same leakage but different integration time and parallactic angles or different
leakage but same integration time as we did for α Lyrae. Indeed we work on one cube which
background has been subtracted in two different ways but they have the same integration times
and the same parallactic angles unlike the 2018’s and merged cubes for α Lyrae. However we were
able to estimate the effect of the background subtraction method as it has been shown in Figure
5.16. It was also possible to estimate the effect of the integration time on β Leo ’s cubes. We did
this comparison for both the Mean and Median 11.75% null leak threshold cubes in order to check
if the background subtraction method introduces or not a difference in the effect of the integration
time as suggested by the contrast curves shown in Figure 5.16. For this purpose we built a modified
cube where we took only one image over two thus reducing the integration time while keeping the
same range of parallactic angles. This is shown in Figure 5.18.
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Figure 5.18: Comparison of the integration time modified cube and the original cube for the Median
background subtraction method (left) and the Mean background subtraction method (right)

As we can see, in both cases, the reduction of the integration time introduces a degradation of
the contrast curves at almost every distance from the star. In the case of the Median cubes we can
see however that the modified cube is slightly better at 0.25 arcsec, this can be easily explained if
we consider that taking one image over two can introduce a little selection on the flux as we can
discard some of the worst frames. The inversion on the Mean cubes, is on the other hand hardly
explained by this possible selection on the flux. However as we are close to the cropping of the
images, it is possible that frames of higher noise at 0.6 arcsec have been discard thus improving
the quality of the modified cube at this distance. It is also interesting to point out that the Median
background subtraction method seems more sensitive to the integration time variation than the
Mean subtraction method.

We made a second comparison, this time to estimate the impact of the parallactic angles range.
To do so, we built a cube which corresponds to only the first half of the original cube. Doing so
we obtained a cube with the same integration time than the previous modified cubes but with a
parallactic angles range much smaller. Once again we did this comparison on both the Mean and
Median cubes. The results are presented in Figure 5.19.

Figure 5.19: Comparison of the parallactic angles modified cube and the original cube for the
Median background subtraction method (left) and the Mean background subtraction method(right)

In both cases we can see a huge degradation when the range of parallactic angles is reduced.
When compared to the comparison based on the reduction of the integration time, we can see that
the parallactic angles have a much greater effect in improving the contrast curves.

5.2.3 Improvement of the contrast curves
α Lyrae

In order to improve the contrast curves we proceed to two additional tests, consisting in subtract-
ing the Mean or the Median images of the whole cube before running the FFPCA processing. The
Mean and Median images of the cube were build before derotating the images so the potential
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companions do not significantly self-subtract. After those subtractions we obtained images with
narrower flux ranges. This result is shown in Figure 5.20.

Figure 5.20: Frame subtracted with the mean image of the cube (top left), the median image of
the cube (top right) and without subtraction (bottom).

As we can see the two first images are very similar, however looking carefully at the color range
we can notice that the Mean-subtracted image is slightly better. We nonetheless run the FFPCA
for both the new cubes, and Figure 5.21 shows that if the Median-subtraction significantly degrades
the obtained contrast curves, the Mean-subtraction on the opposite improved the contrast curves
by an order of magnitude.
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Figure 5.21: Contrast and sensitivity curves of the merged cubes with the Mean and Median image
subtracted before the FFPCA processing

As we can see in Figure 5.21, we now reach very good contrasts with the Mean image pre-
subtracted, and we wanted to check that these subtractions do not disturb the algorithms com-
puting the throughput and the contrast curves. To do so we use the VIP functionality allowing to
inject fake companions at different flux levels and distance from the star. We show in Figure 5.22
the final images with fake companions at different flux levels and in Figure 5.23 the final images
with fake companions at different distance from the star.
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Figure 5.22: Final images with fake companion at a distance of 45 pixels and with flux levels at
0.006% (top left), 0.0015% (top right), 0.0008% (bottom left) and 0.00015% (bottom right) of the
maximum flux of the star (619585 ADU).

Figure 5.23: Final images with fake companions at a flux level of 0.006% of the maximum flux of
the star (619585 ADU) at a distance of 35 pixels (top left), 25 pixels (top right), 15 pixels (bottom
left), 5 pixels (bottom right) from the center of the frame.

The images presented in Figure 5.22 and Figure 5.23 were computed from the final images ob-
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tained with FFPCA for the 3.23% null leak threshold cube after the pre-subtraction of the median
image (obtained before the derotation of the images) in which we injected a fake companion. In
the first set of images we injected a fake companion, at 45 pixels from the star, with different flux
levels (0.006, 0.0015, 0.0008 and 0.00015% of the maximum flux of the star) in order to determine
if the contrast curves were realistic. In the second set of images we injected a fake companion with
the same flux level (0.006% of the maximum flux of the star) but at different distance from the
star (35, 25, 15 and 5 pixels from the star) in order to check if the previsions of the contrast curves
were realistic at different distances. As we can see, the images confirm the contrast levels predicted
by the contrast curves. However we can notice in some of these images a circular pattern in the
noise which seems to appear when the flux of the fake companion is significant compared to the
noise and is not fully understand.

The contrast behavior at 0.77 arcsec of the new contrast curves is not plotted here but one can
see on Figure 5.21 that the most selective cubes are providing the best results at 0.77 arcsec and
thus that the photon-noise limited regime has not been reached yet.

β Leo

The same tests to improve the contrast curves than for α Lyrae were made for β Leo by subtracting
the Mean or the Median images of the cubes to each frames before running the FFPCA processing.
It is important to note here that β Leo possesses two cubes: one with Mean background subtrac-
tion and the other with Median background subtraction. These tests were made on both, allowing
us to estimate if one subtraction method (Mean or Median before the FFPCA processing) was
more adapted to one background subtraction method. This time, however, we do not notice any
significant difference between the two subtractions nor any additional difference between the Mean
and the Median background subtracted cubes. Those results are shown in Figure 5.24.

As we can see in Figure 5.24, as in the case of α Lyrae, the contrast curves improved by an
order of magnitude, but this time in both cases. The reason why we obtain such a difference
of improvement for the Median subtraction between α Lyrae and β Leo is unclear but further
investigation of this result is beyond the scope of this master thesis.
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Figure 5.24: Contrast and sensitivity curves for the Mean and Median cubes with the Mean (top)
and the Median (bottom) image of the cubes subtracted before to run the FFPCA processing.

5.3 RDI processing

5.3.1 α Lyrae
Our second analysis of α Lyrae was made with the RDI technique which requires a reference star
to reduce the cube. To be consistent with the ADI processing we kept the FFPCA processing
technique for the following analysis. To study α Lyrae RDI results in the widest possible way
we consider all the reference stars taken in the two nights during which α Lyrae was observed.
Among all these only the stars HD168775, HD177808, HD163770 and HD164646 were dedicated to
α Lyrae, all the others were for the other scientific targets observed during these nights. However
we performed the RDI processing of α Lyrae with all the calibrators. In Figure 5.25, we plotted
the contrast curve for the 16.14% null leak threshold merged cube for each calibrator.
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Figure 5.25: Contrast as a function of distance for each calibrator for the 16.14% null leak threshold
merged cube

We show only the analysis for the 16.14% null leak threshold merged cube but it was performed
on all the other cubes showing similar results but for the 100% null leak threshold cube for which
the calibrator HD168775 provided slightly better results. However as we can see if HD177808 and
HD168775 show overall better results, in particular between 0.3 arcsec and 0.6 arcsec the other
curves are extremely similar. This can be surprising as among those some calibrators were not
meant to calibrate α Lyrae, however, all of them seem to be as good as the calibrators of α Lyrae.
Nonetheless, as HD177808 is better everywhere on the curve, we choose this calibrator to further
analyse the α Lyrae with the RDI processing.

As for the ADI treatment of α Lyrae we then consider the impact of the number of PCs used
to build the contrast curves. We did this analysis on both the 2018’s cubes and the merged cubes.
It appears that the RDI technique is much less sensitive to the number of PCs than ADI. However
the contrast curves built with 1 PC were overall slightly better. With this knowledge and the co-
herence it brings with the ADI treatment we kept 1 as the PCs number for all the following analysis.

We present below the contrast curves for the 2018’s cubes processed with the reference cube
HD177808 as well, by concern for coherence between the 2018’s cubes and the merged cubes.
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Figure 5.26: Contrast curves for the 2018’s cube with HD177808 as a reference cube

We can see on Figure 5.26 that the overall shape of the curve is less steep than in the ADI case
and seems to flatten faster in term of distance from the star. The 100% null leak threshold cube
contrast curve was not plot for a better visibility as it goes to contrast of the level of 1. It shows
that selections greatly improve the contrast curve even far from the star. Taking now a closer
look at the contrast curves values at 0.25 arcsec we can see that the most selective cube is, as
expected, the one providing the best results. However as for the ADI technique, some of the much
less selective cubes also provide surprisingly good results compare to the more selective ones. In
particular the 6.46% null leak threshold cube which, despite its selection, gives the worst contrast
at 0.25 arcsec. The reasons that could explain this behavior should mostly remains the same than
in the ADI case and will not be further discuss here.

The contrast values at 0.77 arcsec on the other hand were unexpected as the best results are
obtained with the 9.68% and 11.30% null leak threshold cubes. These cubes are close in integration
time to the 16.14% null leak threshold cube but it hardly explain how they can provide such good
results compare to the less selective cubes. Once again this can be explained by the fact that we
did not reach the photon-noise limited regime.

We display in Figure 5.27 the final images corresponding to the contrast curves plotted in
Figure 5.26 with reference PSF built with two different PCs number.
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Figure 5.27: Final images for the 16.14% null leak threshold 2018’s cube (top left), the 12.91% null
leak threshold 2018’s cube (top right),the 6.46% null leak threshold 2018’s cube (bottom left) and
the 3.23% null leak threshold 2018’s cube (bottom right) and their S/N maps.

As for the ADI technique we then analyse the merged cube, with the same calibrator and
number of PCs. Those results are displayed in Figure 5.28.
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Figure 5.28: RDI Contrast curve for the merged cube using the HD177808 reference cube

If we have, this time, been able to plot the 100% null leak threshold cube with the cleaned
cubes, it still presents a contrast curve significantly worse than the more selective cubes. However,
as in the case of ADI, we can notice an overall improvement of the contrast curves. If once again we
focus on the contrast values at 0.25 arcsec we can see much more expected results. The three most
selective cubes give the best results and the inversions, if still present, are much less important and
between cubes closer in null leak threshold. On the other hand, if we look at 0.77 arcsec we find a
much more surprising result. Indeed at this distance from the star the best contrast curve should
be provided by the cubes with the greatest integration times but are here given by the cubes with
the shortest ones. This might be, as for the other cases, due to the fact that we did not reach
the photon-noise limited regime yet. But such huge inversions would still be very interesting to
investigate, however, this is beyond the scope of this master thesis.

We display in Figure 5.29 the final images corresponding to the contrast curves plotted in
Figure 5.28 for reference PSF built from two different numbers of PCs.
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Figure 5.29: Final images for the 16.14% null leak threshold merged cube (top left), the 11.91%
null leak threshold merged cube (top right), the 6.46% null leak threshold merged cube (bottom
left) and the 3.23% null leak threshold merged cube (bottom right) and their S/N maps.

To better understand the impact of each parameter on the RDI processing of this cubes we then
compare the two same pairs of cube than in the ADI case: one pair presenting the same null leak
threshold but a different range of parallactic angles and integration time; and the other presenting
the same null leak threshold and range of parallactic angles but different integration times.

As for ADI we first compare the two 8.07% null leak threshold cubes with different integration
times and parallactic angles range to better understand their impact in the case of a RDI treatment
and if their is notable difference with the ADI case. This comparison is shown in Figure 5.30.
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Figure 5.30: Comparison between the 2018’s and merged 8.07% null leak threshold cubes. As
expected we notice an overall improvement of the contrast curve due to the combination of the
integration time gain and the widening of the parallactic angles range. Further comparison is
needed to determine which parameter has the strongest impact.

As we can see here again we found a significant improvement of the contrast curve and, as for
the ADI case this improvement is stronger close to the star. This would tend to indicate with
this technique too that the parallactic angles range widening is also much more efficient than the
integration time increase. This result in however much more surprising than in the ADI case as
the RDI technique has been developed in order to provide better results close to the star than with
ADI which needed larger parallactic angles range. This is thus surprising that the RDI technique
displays such sensitivity to the parallactic angles range.

However to check if no additional effect from the integration time increase could explain at
least in a part this surprising result, we also compare the modified and original 14.53% null leak
threshold cubes as in the ADI case. This comparison is shown in Figure 5.31.
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Figure 5.31: Comparison between the modified and original 14.53% null leak threshold cubes. We
can see that the improvement of the contrast curve due to the integration time gain is very weak
suggesting a stronger impact of the parallactic angles range.

On this figure we can see, as in the ADI case, that the effect of the integration time increase is
very small, in particular compared to the one observed on the previous comparison. However, with
this technique we do not observe an inversion as in the ADI case, which would tend to indicate
that the RDI technique is more sensitive to the integration time increase than the ADI technique
or on the contrary that it is less sensitive to the improvement of the null quality.

The comparison made on the RDI’s α Lyrae results tends to indicate, as in the ADI case, that
the parallactic angles range widening would be more efficient to improve the contrast curves than
the integration time increase. Once again, despite this tendency we should remember that the
parallactic angles range has been multiplied by 3.5 when the integration time as only been doubled
and that it might have an impact on those comparisons.

5.3.2 β Leo
For the RDI treatment of β Leo we first compare the quality of the contrast curves provided by
each calibrator, for the Mean and for the Median 11,75% null leak threshold cubes. We present
these results in Figure 5.32 and 5.33
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Figure 5.32: Comparison of the different calibrators for the Median background subtraction
method. On the contrary of α Lyrae all the calibrators give very similar results. This is true
also for other MNT levels.

Figure 5.33: Comparison of the different calibrators for the Mean background subtraction method.
On the contrary of α Lyrae all the calibrators give very similar results. This is true also for other
MNT levels.

As we can see on Figure 5.32 , the calibrator HD109742 is the best at all distances from the
star until 0.62 arcsec. On the other hand for the Mean cubes, HD109742 is better close to the
star and HD104979 further from it. On the contrary of α Lyrae, it seems that we cannot choose
one calibrator that will give overall the best results for all the cubes for both subtraction methods.
This is even more true when we consider the 100% null leak threshold cubes where HD108381 gives
fairly good results. Considering this we decided to perform the analysis of the cubes with all the
three calibrators at our disposal. However, for a better visibility, we decided to show only the con-
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trast curves for HD109742. These curves provide a good insight of the changes between the cubes
of different integration times and background subtraction, however, they do not provide the best
contrast curves we obtained. Indeed for RDI the best contrast we reached were obtained thanks
to HD108381. We do not show this result in this section but in the section dedicated to the com-
parison of the ADI and RDI methods. The contrast curves for HD109742 are shown in Figure 5.34.

Figure 5.34: Contrast and sensitivity curves for the Mean and Median background subtraction
methods with HD109742 as calibrator

The Mean 5% null leak threshold cube is not represented here due to its contrast at 1 which
would have degrade the visibility. As we can see at 0.25 arcsec, but for the 5% null leak threshold
the contrast behavior is exactly the one expected: the most selective cubes gave the best results.
In addition, we can see that the curves obtained thanks to Mean background subtraction method
are always slightly better than their Median equivalent. Once again the results obtained by the
5% null leak threshold cubes can be explained by their very small number of frames compared to
the other, less selective, cubes. From 0.25 to 0.52 arcsec the best result is obtained thanks to the
Mean 11,75% null leak threshold cube and from 0.52 arcsec to 0.62 arcsec by the Median 11,75%
null leak threshold cube. This suggests that close to the star the Mean method might be better
for RDI and that the Median method might be more adapted far from the star.

We display in Figure 5.35 the final images for the Mean and Median cubes respectively, with
their S/N maps. One image for each has been built with a PCs number equal to 4 and one other
with an optimized number of PCs.
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Figure 5.35: Final images for the 100% null leak threshold Mean cube (top left) and the 11.75%
null leak threshold Mean cube (top right),the 100% null leak threshold Median cube (bottom left)
and the 11.75% null leak threshold Median cube (bottom right) with their S/N maps.

As for the ADI treatment we then compare interesting cubes to estimate the effect of the dif-
ferent parameters of the cubes. Once again we can compare the Mean and Median background
subtraction methods on Figure 5.34. For the other calibrators, if some Median cube can be better
close to the star than their equivalent Mean cube, in the vast majority of the cases the Mean back-
ground subtraction method gave the best results. Far from the star, as for HD109742, inversions
are much more frequent and Median cubes are often better than Mean cubes. We also compare,
for both those methods the impact of the integration time. As in the ADI case we built a modified
cube with only one image over two from the original cube. These results are shown in Figure 5.36.

57



Figure 5.36: Comparison between the integration time modified cube and the original one for the
Median (left) and Mean (right) background subtraction method.

As we can see for the Median cubes, the reduction of the integration time degrades the whole
contrast curve. However, this effect is more mitigate for the Mean subtraction method as it shows
between 0.5 and 0.6 arcsec better results for the modified cube than the original. A possible ex-
planation for this result is the level of noise that has been discard from the modified cubes which
might be more advantageous than in the original cube.

Then, as in the ADI case, we did a second comparison to estimate the effect of the parallactic
angles range. For this we once again built a cube which only takes the first half of the images from
the original cube thus reducing the integration time at the same value as for the previous modified
cube while significantly narrowing the parallactic angles range. These results are shown in Figure
5.37.

Figure 5.37: Comparison between the parallactic angles modified cube and the original one for the
Median(left) and Mean (right) background subtraction method.

We can see a huge degradation of the contrast curves when the parallactic angles range is re-
duced. It is also interesting to note that the degradation is even stronger in the case of the Mean
cube, suggesting that the Mean background subtraction method is more sensitive to the parallactic
angles range than the Median background subtraction method. This degradation is much greater
than in the case of a reduction of the integration time and so mainly due to the narrower range
of parallactic angles. This shows, as in the ADI case that widening the parallactic angles range to
improve the contrast curves is here much more efficient than increasing the integration time.

58



Comparison of the methods

6.1 α Lyrae
We first compare the processing with no PSF subtraction (see section 5.1.1) with the ADI processing
(see section 5.2.1). To make this comparison, we plotted the two best curves of the simple analysis,
one for the Mean derotated image and the other for the Median derotated image, along with the
contrast curves obtained for various 2018’s cubes in the ADI processing. This is shown in Figure
6.1.

Figure 6.1: Comparison between the ADI processing and the processing without subtraction. The
two black curves corresponds to the best curves of the processing without PSF subtraction. The
red curves represent the worst curve obtained with ADI for the merged cube.

As we can see the processing without any subtraction provides better results very close to
the star but the ADI processing proves to be more efficient everywhere else for the 2018’s cubes.
One can also notice that the 100% null leak threshold merged cube provides better result at all
distances. It is thus clear that the ADI technique is generally more efficient than the processing
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without any subtraction for α Lyrae.

In order to compare the ADI and RDI results for the analysis of α Lyrae ’s merged cube,
we choose to plot for each cubes the most external and the most internal values of the contrast
(at 0.77 and 0.25 arcsec from the star respectively) for both techniques. This is shown in Figure 6.2.

Figure 6.2: Comparison of the contrast behavior for the ADI and RDI techniques at 0.25 arcsec
(left) and 0.77 arcsec(right)

Figure 6.2 allows to easily compare the most adapted method for those two extreme distances
from the star but also with respect to the selection operate on the flux. As expected the RDI
technique displays better results close to the star. However a much more surprising result is the
tendency of the RDI results to be better far from the star too compared to those obtained thanks
to ADI. It is however important to note that the differences in contrast between ADI and RDI are
larger by one order of magnitude close to the star.

Another interesting result is found when comparing the ADI and RDI techniques with the
2018’s cube images only. Indeed as shown in Figures 6.3, the ADI technique gives extremely good
results compared to the RDI technique.

Figure 6.3: Comparison of the ADI and RDI techniques for both the merged cube and the 2018’s
cube alone at 0.77 (left) and 0.25 (right) arcsec from the star.

As we can see on the left graph the RDI results close to the star are better than far from it and
this is coherent with the particularities of those techniques. However, even with this nuance it is
still obvious than ADI works much better on this cube but for the most selective ones close to the
star. This seems to indicate that the 2018’s cube is very well suited for the ADI technique or, on
the opposite, that it is not all adapted for RDI technique. We found interesting to further study
this difference of results for ADI and RDI between the merged and the 2018’s cube. To do so we
first make another comparison on the 2017’s cube alone. These results are presented in Figure 6.4.
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Figure 6.4: Comparison of the ADI and RDI technique for the 2017’s cubes at 0.77 arcsec (left)
and at 0.25 arcsec (right). For this cube the results provide by RDI and ADI are much more
similar. Suggesting that some parameters of the 2018’s cube might be responsible for the poor
results obtained in RDI.

As we can see in Figure 6.4, the results for both techniques are much more similar (an order of
magnitude) than in the 2018’s case. The 2017’s cubes have slightly more integration time for the
16.14%, 14.53%, 11.91%, 9.68% and 8.07% null leak threshold cubes, about the same integration
time for the 6.46% and 4.84% null leak threshold cubes and less integration time for the two most
selective cubes. But those graphs do not display any behavior which would tend to indicate that
this slight integration time difference is responsible for the better results of RDI in the 2017’s cubes.
Another parameter which differentiates those two cubes and thus can play a role in the better results
of RDI is the overall null quality of the 2017 original cube (less images with very bad null quality
-above 100 000 ADU and even above 60 000 ADU- but less images with very good null -below 30
000 ADU) is better than the 2018’s cube one. As the two cubes were not observed on the same
night the observing conditions might play an important role too in those differences. However the
parameter which differentiates the most those two cubes is the parallactic angles range. Indeed the
2018’s cubes only have 10◦ of parallactic angles range whereas the 2017’s cubes possess a 25◦ range.

If we start from the postulate that the greater parallactic angle range of the 2017’s cubes has
a positive impact of the results from the RDI technique it can seem contradictory as this method
has been developed not to be sensitive to the parallactic angle range. Another contradictory obser-
vation is that the improvement of the results are greater far from the star where ADI is supposed
to be more adapted. Considering those contradictions it is uneasy to determine which parameters
of the cubes lead to the results obtained for the merged cube where RDI provides on the whole
curve better results. A possibility resides in the fact that even with the combined parallactic an-
gles range (35◦) the calibrator used for α Lyrae (HD177808) still has a greater impact, and that
the bad results obtained with the 2018’s cube are due to a lesser correlation with the calibrator.
In this hypothesis the 2017’s cubes are also more suited for the RDI PSF subtraction built with
HD177808 and that can explain the difference between those two cubes without the intervention
of any other parameters. In this way the parameters which increase the quality of RDI between
the 2017’s cubes and the merged cubes would be the integration time and this would finally be
consistent with the RDI technique. However as the calibrator HD177808 has been observed on the
night 2018-03-28, it is unclear why the 2017’s cubes would be more adapted to this calibrator.

It would also be interesting to investigate the effect of a Mean or Median image subtraction
before running the FFPCA processing with the RDI technique in order to compare the improvement
of the contrast curves with this additional subtraction. However this will not be done in this master
thesis.

6.2 β Leo
A first comparison was made between the processing without any subtraction and the ADI pro-
cessing. To do so we took the best curves close to the star and far from the star for both technique,
this is presented in Figure 6.5
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Figure 6.5: Comparison between the ADI technique and the processing without PSF subtrac-
tion. The black curves correspond to the processing without PSF subtraction while the red ones
correspond to the ADI processing.

As we can see in Figure 6.5, the processing without subtraction provides better results ev-
erywhere but very far from the star. Furthermore, one should remember that at this distance
we are in the cropping of the images so that the processing without any subtraction might prove
to be more efficient than the ADI processing for cubes with similar parameters than those of β Leo.

We now compare the ADI and RDI techniques. Unlike α Lyrae, where one calibrator for the
RDI technique proves to be better, the calibrators for β Leo were all very similar in terms of per-
formances, and none was find to be better on the overall contrast curve. For this reason comparing
the two methods through the same process than α Lyrae was much less intuitive, we so decided to
plot only the best curves for ADI and RDI. These results are shown in Figure 6.6.
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Figure 6.6: Comparison of the best contrast curve for ADI and for RDI. The RDI curve gives really
good contrasts close to the star which is coherent with the purpose of RDI. ADI however stays
much more efficient far from the star. This illustrates perfectly the complementarity of these two
techniques.

Figure 6.6 clearly shows the complementarity of those two techniques as the RDI curve much
better results close to the star and the ADI curve, on the opposite, provides much better contrast
far from the star. This kind of results was much more expected than those found for α Lyrae as
the RDI technique is designed to compensate the need of a greater parallactic angles range close
to the star at the expense of the performance further from the star.

This new knowledge already suggests that the processing without PSF subtraction might be
more adapted far from the star. We however compared the processing without subtraction to
the RDI best curve. The processing without any PSF subtraction proves to be once more more
adapted than the more complex techniques. A possible explanation of this result is the good null
quality of the overall cube, and thus the important amount of kept frames even with very selective
criteria on the flux.

However, one should remember the very good contrast we obtained with a subtraction of the
Mean or the Median image of the cubes for the ADI processing. Indeed it improves the contrast
curves by an order of magnitude thus providing much better result than the processing without
subtraction. However the subtraction of the Mean and Median image of the cubes before derotating
the images and process without PSF subtraction ( after the images have been derotated) have
proven to degrade the curves. So if we consider this pre-subtraction of the Mean or the Median
images of the cubes, the ADI technique proves to be the more powerful. As for α Lyrae, it would
be very interesting to conduct a similar experience for the RDI technique but this will not be done
either in this master thesis.

6.3 Comparison of α Lyrae and β Leo results
First of all we should remember the parameters that differentiate α Lyrae and β Leo cubes. The
most obvious is of course that the two stars do not have the same brightness, see Table 3.1. They
also have really different integration times. As an example the most selective merged cube of α

63



Lyrae is about the same integration time that the 100% null leak threshold cube of β Leo. Further
more, if β Leo’s cubes possess a wider range of parallactic angles (16) than α Lyrae 2018’s cube
(10) it is much narrow than the merged cube of α Lyrae (35). Another parameter is the overall
null quality of the cubes. Indeed, β Leo’s cubes tend to show a better null quality, and a very
strict selection has been applied without discarding an important amount of frames. Finally, a
last parameter which the impact would be much more difficult to investigate is the excess in zodis
level of β Leo which ha been detected while no excess has been found for α Lyrae. From those
parameters we will try to find conclusions about the cubes which are more adapted to each methods.

As see in the two previous sections, α Lyrae and β Leo are not adapted for the same method.
Indeed the best method for α Lyrae seems to be the RDI technique while for β Leo it is the pro-
cessing without subtraction. Once again, one should remember than with a pre-subtraction of the
Mean or Median image of the cubes for the RDI technique could change the results of this compar-
ison. However, from the data we are able to compare today, we will start with the assumption that
RDI and processing without subtraction are the methods which respectively give the best results
for α Lyrae and β Leo.

A first interesting comparison is to be made between the results obtained with the processing
without subtraction for both stars. Indeed if it works really well with β Leo it however does not
provides as good results for α Lyrae. As no subtraction is operated, it would be very surprising
that the source of this difference comes from the different parallactic angles range. However a good
way to prove this hypothesis would be to run a processing without subtraction on cubes with only
the half of the parallactic angles range and compared it with the results for cubes with only the
half of the integration time and the total merged cubes. Another parameter that might play an
important role is the integration time. Indeed as α Lyrae’s cubes have greater integration times
and on overall lower null quality, the summation of the remaining light is much more important
than in the case of β Leo. If we look at the Mean or Median derotated images (Figure 5.1 and
Figure 5.5) for both cubes we can clearly see that there are much less remaining light in β Leo’s.
As there is no subtraction in this case, the combination of those two parameters seems to be a
coherent explanation for the difference of efficiency of this method for the two stars.

A second comparison must be made for the ADI technique. Indeed if it works well (in particular
with the pre-subtraction of the Mean or Median images) and does not provide surprising results
for β Leo, it is not the case for α Lyrae. As we can see on Figure 6.6 the ADI technique works
better far from the star while the RDI technique is more adapted for the close in probing. However
as we discussed in the previous sections, RDI provides better results for α Lyrae’s merged cubes.
This difference can seem even more surprising knowing that β Leo’s cubes possess narrower par-
allactic angles range than α Lyrae’s. The brightness of α Lyrae and the overall lower null quality
of its cube is a possible explanation of this difference. Indeed the need for wider parallactic angles
range could be even stronger at greater separation due to the brightness of the star. However
this hypothesis hardly explained the situation for the whole curve. Indeed it is unlikely that this
proposition extends to the whole frame until 0.77 arcsec. Further investigation of this situation
would be needed to fully understand this result, but this is beyond the scope of this master thesis.

Finally, one should mention that the zodis level might impact the efficiency of the different
methods, in particular for RDI and ADI. Indeed as the reference stars do not necessarily have the
same zodi levels, the RDI might be more or less impacted whereas the ADI technique, as it builds
the reference PSF from the images of the target star, would take into account this parameter.
However, as the exozodiacal disks are much probably really close to the star and that the ADI
technique knows limitations at small separation, due to the need of parallactic angles range, such
impact is much probably really limited.
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Conclusion and Prospects

In this master thesis, we analyse the images of two emblematic A stars α Lyrae (Vega) and β Leo
(Denebola) taken during the HOSTS survey with the LBTI in nulling mode at 11µm. The goal of
this master thesis is twofold: looking for the signature of resolved circumstellar emission and char-
acterize the performance of the LBTI, in nulling interferometry mode, with the different processing
methods at our disposal. To our knowledge, this is is the first time that images obtained using
nulling interferometry as coronograph are analysed using classical imaging processing techniques
such as PCA. In this work, we compared different processing methods and their performance with
respect to several parameters of the data cubes. We first began by processing the image cubes
without PSF subtraction and then move to the ADI and RDI processing. We did all this processing
for α Lyrae and β Leo. This allows us to compare the efficiency of these different methods and
estimate the imaging performance of the LBTI. This allows us to determine which parameters are
more likely to positively impact the efficiency of one method or on the contrary to degrade its
efficiency.

Regarding the performance of the LBTI, the best contrast obtained in this study was obtained
on α Lyrae with the RDI technique by two different cubes with respective integration times of
30 and 25 minutes and reach, at large angular separation (0.77 arcsec), 10-4, corresponding to
about 4.10-3 Jansky in sensitivity (16.14 and 6.46 % null leak threshold merged cubes, see Figure
5.28). However, the ADI technique with the pre-subtraction provides even better results: 8.10-5

in contrast at 0.25 arcsec and 3.10-5 in contrast at 0.77 arcsec which corresponds respectively to
2.10-3 and almost 10-3 Jansky in sensitivity for 12 minutes of total integration time (3.23% null
leak threshold cube, see Figure 5.21). It is however important to note that this pre-subtraction
might be too optimistic given the limited parallactic angle range and was not made for RDI and
that this last technique combined with this pre-subtraction might still be more efficient than ADI
for α Lyrae.

The best contrast obtained for β Leo, excluding the pre-subtraction, were obtained with the
processing without PSF subtraction, and reach about 1.5.10-3 in contrast and 9.10-3 Jansky in
sensitivity for 16 minutes of integration time (100% null leak threshold) at 0.55 arcsec (see Figure
5.5). However, as for α Lyrae, the pre-subtraction combined with the ADI methods give even
better results: 4.10-4 in contrast and 3.5.10-3 Jansky in sensitivity 15 minutes of integration time (
11.75% null leak threshold Mean cube, see Figure 5.24). Once again this pre-subtraction was not
apply to RDI and this technique might provide similar results than ADI if we do apply this pre-
subtraction. However the pre-subtraction was applied to the processing without PSF subtraction
and does not give any improvement of the contrast curve.

This analysis, applied to nulling interferometry, brings several surprising results that we think
deserve further investigation. A first interesting result was obtained during the analysis of β Leo.
Indeed, we observed that the mean background subtraction approach provides better contrasts,
for ADI and RDI, than the Median background subtraction (see Figure 5.16 and Figure 5.34).
On the contrary, for the processing without PSF subtraction the Median background subtraction
tends to gives better results (Figure 5.5). This analysis has, however, been conducted on only
one star and it would be interesting to extend this study to other stars. This would prove to be
very useful to constrain the reduction and observing parameters which lead to better performances.

Another surprising result was found when considering the impact of the parallactic angle ranges
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of the cube on the improvement of the contrast curves. This analysis was performed on both stars
for the ADI and RDI techniques. The comparison was made thanks to two modified cubes: one
with only one in two images from the original cube allowing to estimate the integration time impact
and one with only half of the original cube. By comparing those two with the original cube we find
out that the parallactic angles have a much greater impact on the improvement of the contrast
curves for both stars and both techniques (see Figure 5.14 and 5.19 for ADI and Figure 5.30 and
5.37 for RDI). This indicates that the final sensitivity is limited by contrast over the whole field-
of-view. This result seems surprising for RDI which should be independent of the parralactic angle
range. Further investigating those results will be of great interest for future nulling interferometry
images processing and to improve them.

A third surprising result was found when we tried to improve the ADI contrast curves. Indeed,
by subtracting the Mean or the Median images of the cubes to each individual frame before running
the FFPCA processing, we significantly improve the reachable contrast. This was performed for
both stars with the ADI technique. In each case we found that this pre-subtraction improves the
contrast curves by one order of magnitude (report to Figure 5.21 for α Lyrae and Figure 5.24 for β
Leo). We also tried this pre-subtraction on the processing without PSF subtraction but it degrades
the contrast curves in each case. A first step to further understand this improvement would be to
realize the same test with the RDI technique and to compare those new results with the ADI ones.
Of course extending this analysis to more stars would also be of great help to understand why this
pre-subtraction is so efficient.

Extending the different analyses made during this master thesis to a larger sample of stars would
be of great interest to further understand the result mentioned above and to put stronger constraints
on the parameters which lead to such results. Adding the stars for which the HOSTS Survey has
found an infrared excess would also be particularly interesting. If one wants to investigate the
impact of zodis levels on such results pursue with stars without detected excess would be an
important addition to this analysis. It would also be particularly interesting to study the impact
of more complex background subtraction methods on the obtained contrast curves, such as the
PCA methods (Hunziker et al (2018)).
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